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Markers Close to the Dopamine D5 Receptor Gene
(DRD5) Show Significant Association With
Schizophrenia but not Bipolar Disorder
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Following the description of linkage of
markers at chromosome 4pl6 to bipolar
disorder in several families [Blackwood et
al., 1996], and the association of the alleles of
a polymorphism closely linked to D5 dopa¬
mine receptor gene with schizophrenia
[Williams et al., 1997], we have looked for
linkage disequilibrium between a series of
microsatellite markers from this region and
major psychoses including schizophrenia,
bipolar disorder, and unipolar major de¬
pressive disorder. A significant increase in
the frequency of the 148 bp allele of DRD5
(P = 0.024) and the 244 bp allele of D4S615
(P = 0.001) was found in patients with schi¬
zophrenia (n=158 DRD5; n=133 D4S615),
compared with patients with bipolar disor¬
der (n = 270 DRD5; n= 107 D4S615), or con¬
trols without psychiatric illness (n = 437
DRD5; n = 309 D4S615). The frequency of
the 148 bp allele of DRD5 was also increased
in schizophrenia over unipolar major
depressive disorder (n = 65). D4S615 was
not typed in unipolar disorder. The esti¬
mated odds ratios confirmed that the 148 bp
allele of DRD5 and the 244 bp allele of
D4S615 conferred increased risk of schizo¬
phrenia. Estimated Haplotype (EH) analysis
of 174 controls and 128 patients with schizo¬
phrenia who were typed for both markers
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confirmed the strong associations with
these alleles but did not show evidence that
the markers were in linkage disequilibrium
with each other even though they lie ap¬
proximately 150 kb apart. The data are
consistent with an association between
markers close to the D5 dopamine receptor
and schizophrenia, but not bipolar disorder
or unipolar major depression.
© 2001 Wiley-Liss, Inc.
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INTRODUCTION

Significant linkage of markers to the pl6 region of
the short arm of chromosome 4 has been found in a

percentage of families segregating for bipolar disorder
[Blackwood et al. 1996; Polymeropoulos and Schaffer,
1996; Ewald et al., 1998; Detera-Wadleigh et al., 1999;
Visscher et al., 1999] or schizoaffective disorder
[Asherson et al., 1998] making this a candidate locus
for susceptibility gene(s) for psychiatric illness. A pro¬
tective locus decreasing the risk of developing bipolar
disorder also has been mapped to this region in the
Amish [Ginns et al., 1998]. In addition, the gene for the
dopamine type 5 receptor (DRD5) maps to this area
[Sherrington et al. 1993a], and dopaminergic dysfunc¬
tion remains a key hypothesis for the development of
psychotic disorders [Harrison, 2000], Williams et al.
[1997] found that the microsatellite polymorphism at
DRD5 showed a significantly different allele distribu¬
tion in schizophrenics compared to population controls,
but did not examine whether the difference was also
present in patients with bipolar disorder. We have
undertaken a case control association study using
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microsatellite markers that map around the DRD5
locuo in unrelated individuals with bipolar disorder,
unipolar depression, and schizophrenia, and compared
the results with population control camples, In addition
to patients from Southeast Scotland, patients with
bipolar disorder from the Irish Republic were typed.
Population controls without psychiatric illness were
typed from Southeast Scotland, the Irish Republic, and
from CEPH families. Thirty-one offspring with schizo¬
phrenia and their parents were genotyped, and the
data was analyzed using the transmission disequili¬
brium test (TDT) to control for a possible effect from
population stratification. Linkage analysis using those
markers was also carried out in 12 families multiply
affected with schizophrenia.

SUBJECTS

The study was approved by the local psychiatry
research ethics subcommittees and informed consent
was obtained in all cases.

Case/Control Comparisons
Inpatients and outpatients of Southeast Scotland and

Ireland psychiatric services were invited to participate
after giving informed consent. DSM-IV [American
Psychiatric Association, 1994] diagnoses of definite
schizophrenia, bipolar disorder, or recurrent unipolar
disorder wore reached after interview by a psychiatrist
using SADS-L [Endicott and Spitzer, 1978] and a case
note review. All 158 schizophrenic subjects were
resident in Southeast Scotland. Of the total group of
270 patients with bipolar disorder, 184 were from
Southeast Scotland and 86 were from Ireland. All 65
subjects with recurrent unipolar disorder were from
Southeast Scotland. The 437 controls without psychia¬
tric illness comprised 292 from Southeast Scotland, 87
blood donors from Ireland, and 58 members of CEPH
pedigrees.

Linkage Analysis
DNA samples from 12 Scottish families multiply

affected with schizophrenia were genotyped. Details of
those families have boon published previously [St Clair
et al., 1989].

METHODS

Genotyping
DNA was obtained by standard extraction proce¬

dures after venepuncture.
DRD5 microsatellite polymorphism. This

complex (CT/GT/GA)n repeat (DRD5) [Sherrington
et ah, 1993a] has 12 known alleles (134 to 156 bp).
Flanking oligonucleotide primers were (5'-
CGTGTATGATCCCCTGCAG-3') (5'-GCTCATGAGAA-
GAATGGAGTG-3'). PCR amplifications were carried
out in a final volume of 25pl containing 50-100 ng of
DNA template, 10 mM Tris pH 9.0, 50 mM KC1, 0.1 %
Triton-100, 1.0 mM MgCl, 200 pM of each DNTP, 20
pmol of each primer, and 0.3U Taq polymerase (Perkin-
Elmer Corp., Boston, MA) as follows: denaturation at

94°C for 4 min followed by 94°C for 1 min, annealing at
55°C for 2 min and extension at 72°C for 2.5 min. The
cycle was repeated 26 times with a final extension
period at 72°C for 10 min. Electrophoresis was carried
out using an automated laser fluorescence (ALF)
sequencer (Pharmacia Biotech, Uppsala, Sweden) with
6% Hydrolink Long Ranger Gel Solution (Flowgen,
Ashhy de la Zouch, UK), 0 5-1 pi of reaction product
containing internal standards diluted with 4.5 pi of a
formamide-based running dye. External standards
were applied every eight gel lanes. ALF conditions
were 2000 V; 70 mA; 55W; 50°C; laser power 3; and was
left to run for 150 min. Intensity versus time profiles
were obtained and analyzed with the Fragment
Manager program (Pharmacia), which detects and
tabulates fluorescence peaks. All runs were carried
out in triplicate and the data read both by visual
inspection and automatically using the ALP series of
programs [He et ah, 1995].

D4S615 microsatellite polymorphism. Ampli-
mers for this polymorphism were (5'-CTA TAC ATC
ACC ATT TGT CTG TGG C-3') and (5'-GCT AAG CTA
TTG CAG TAA TTT GCT AC-3'). The PCR conditions
were as described for DRD5 above. Ten alleles were

detected.

GA1A22GQ6 tetranucleotide polymorphism
and D4SS94, D4S1582, D4S1605, D4S1599,
D4S403 and HOX7 dinucleotide polymor¬
phisms. These markers were typed according to
standard published protocols. Electrophoresis and
ALF conditions were similar to those above. Full pro¬
tocol details are available on request from the authors.

Statistical Analyses
Case-control allele frequency comparisons used the

CLUMP [Sham and Curtis, 1995] and EH [Xie and Ott,
1993; Zhao et ah, 2000] programs. Odds ratios (OR)
[Ott, 1999] were calculated to estimate the significance
of the increased risk of schizophrenia in those with and
without susceptibility alleles. To test for linkage given
association, the transmission test for linkage disequili¬
brium (TDT) [Spielman and Ewens, 1996] was applied
to a series of affected offspring-parent trios where the
offspring had schizophrenia and where at least one
parent was heterozygous for a given marker. Two-point
linkage at specific recombination fractions was com¬
puted on genotype data from the 12 families multiply-
affected with schizophrenia using the MLINK program
[Terwilliger and Ott, 1994]. Parameters are given in
the results section.

RESULTS

Studies With DRD5 Microsatellite

Polymorphism. Case/Control Comparisons
Allele counts and frequencies for controls from

Edinburgh, Dublin, and CEPH are shown in Table la.
They did not differ between groups or from published
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TABLE la. Numbers of Chromosomes With a Given Allele Size by Subject Diagnosis and Place of Origin

Southeast
Scotland control

population n = 292
Ireland control
population n = 87

CEPH control
population n = 58

Southeast Scotland
bipolar disorder

n = 184
Ireland bipolar
disorder n = 86

134 11 (1.88) 1 (0.57) 3 (2.59) 1 (0.24) 3 (1.74)
136 12 (2.05) 6(3.45) 4 (3.45) 8 (2.17) 4 (2.33)
138 45 (7.71) 23 (13.2) 10 (8.62) 31 (8.42) 19 (11.0)
140 30 (5.14) 6 (3.45) 3 (2.59) 15 (4.08) 6(3.49)
142 17 (2.91) 8 (4.60) 6 (5.17) 8(2.17) 1 (0.58)
144 31 (5.31) 3 (1.72) 1 (0.86) 19 (5.16) 5 (2.91)
146 44 (7.53) 13 (7.47) 10 (8.62) 22 (5.98) 11 (6.4)
148 260 (44.5) 75 (43.1) 49 (42.2) 169 (45.9) 93 (54.1)
150 75 (12.8) 18 (10.34) 17 (14.7) 49 (13.3) 13 (7.6)
152 40 (6.85) 15 (8.62) 9 (8.62) 29 (7.88) 12 (7.00)
154 15 (2.57) 4 (2.30) 3 (2.30) 12 (3.26) 5 (2.91)
156 4 (0.68) 2 (1.15) 1 (8.60) 5 (1.36) 0 (0.00)

The left hand column is the allele size in basepairs. Figures in brackets are the percentage allele frequencies.

frequencies (Genome Database, GDB) [Sherrington
et al., 1993a] and were combined into a total group of
437 controls. Twelve alleles were identified. The South¬
east Scotland and Ireland bipolar disorder samples
were initially analyzed separately (Table la). The 86
subjects with bipolar disorder from Ireland did not
differ in their allele frequencies from the 87 Irish
control samples and thus replicated the negative
Southeast Scotland bipolar vs. control findings.

There were no significant differences in allele counts
between controls from Southeast Scotland, Ireland, or
CEPH, or between subjects with bipolar disorder from
Southeast Scotland or Ireland. Therefore the control
subjects and the bipolar subjects were combined into
single groups. Table lb shows the allele counts and
frequencies for these groups. Allele counts were
significantly different in the 158 schizophrenic subjects
compared to the 437 controls, but did not differ between
controls and 270 bipolar disorder subjects or the 65
subjects with recurrent unipolar disorder.

Odds Ratio (OR) Calculations

Odds ratios were calculated as a measure of associa¬
tion between schizophrenia and the 148 bp allele. The

TABLE lb. Numbers of Chromosomes With a Given Size Where Controls From SE Scotland,
Ireland and CEPH are Combined Into One Group As Are Bipolar Disorder Samples From SE

Scotland and Ireland

Control population Schizophrenia Bipolar disorder Unipolar
n = 437 n = 158 n = 270 disorder n — 65

134 15 (1.72) 4 (1.27) 4 (0.74) 3 (2.31)
136 22 (2.51) 3 (0.95) 12 (2.22) 2 (1.54)
138 78 (8.92) 29 (9.18) 50 (9.26) 11 (8.46)
140 39 (4.46) 6 (1.90) 21 (3.89) 3 (2.31)
142 31 (3.55) 12 (3.80) 9 (1.67) 4 (3.08)
144 35 (4.00) 18 (5.70) 24 (4.44) 5 (3.85)
146 67 (7.67) 12 (3.80) 33 (6.11) 3 (2.31)
148 384 (43.9) 169 (53.5) 262 (48.5) 59 (45.4)
150 110 (12.9) 32 (10.1) 62 (11.5) 20 (15.4)
152 64 (7.32) 21 (6.65) 41 (7.59) 13 (1.00)
154 22 (2.52) 10 (3.16) 17 (3.15) 5 (3.85)
156 7 (0.80) 0 (0.00) 5 (0.93) 2 (1.54)

Figures in brackets are the percentage allele frequencies. The left-hand column is the allele size in basepairs.
Comparisons using CLUMP program showed that Controls differ from Schizophrenia x2 = 22.6, df— 11, P - 0.02;
Controls — Bipolar disorder x2 = 10.9, df- 11, /J - 0.45; Controls = Unipolar disorder x2 = 10.3, df— 11, P = 0.50.

estimated odds ratio (OR= 1.47, 95% confidence inter¬
val 1.14-1.9) showed that the 148 allele is a significant
risk factor for schizophrenia.

Affected Offspring/Parent Trios
In 31 affected offspring/parent "trios" there were no

differences in frequencies of the transmitted and not
transmitted alleles but numbers were small as there
were only 21 trios where one parent was heterozygous
for the 148 bp allele. TDT showed a nonsignificant
trend for the 148 bp allele to be transmitted to affected
offspring (28 transmitted and 19 not transmitted,
X2 = 1.72, NS).

DRD5 Linkage in Families Multiply
Affected With Schizophrenia

The microsatellite DRD5 polymorphism was used
to test for linkage in 12 families with schizophrenia
that have been described previously [St. Clair et al.,
1989]. Analysis by MLINK used two definitions of
the phenotype: Model 1: schizophrenia, schizoaffective
disorder and Model 2; schizophrenia, schizoaffective
disorder and recurrent unipolar disorder, under both
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TABLE II. Table of LOD Scores at Specified Recombination Fractions for DRD5 Polymorphism
From 12 Families Multiply Affected by Schizophrenia

Recombination fraction (theta)
0 0.01 0.05 0.1 0.2

Model 1: narrow -7.6 -5.6 -3.7 -1.6 0.1

phenotype
Model 2: broad - 15.6 -11.8 -7.7 -4.9 - 1.4

phenotype
Recessive: model 1 -11 -8.4 -5 -3 - 1.1

There is no evidence for linkage. Dominant inheritance was examined using a narrow (model 1) and broad (model
2) definition of affection status.

dominant and recessive assumptions. Other psychiatric
diagnoses including minor depression, anxiety states,
and alcohol dependence syndrome were coded as
"unknown" phenotypes. The disease gene frequency
was 0.004 for model 1 dominant, 0.006 for model 2
dominant, and 0.12 for model 1 recessive. Age-related
penetrances calculated from the family data ranged
from 0.15 to 0.7 for model 1 and 0.19 to 0.88 in model 2.
Allele frequencies were from the Genome Database
(GDB) and were indistinguishable from those derived
from our control sample.

Table II shows that close linkage of DRD5 with the
disease phenotype in these families was excluded under
all models. In addition no single family showed a lod
score of one or over.

Studies With D4S615 Microsatellite
Polymorphism. Case/Control Studies

The allele frequencies were analyzed using the
CLUMP program and the data are shown in Table III.

A subset of patients was typed, all from Southeast
Scotland. The 244 bp allele was significantly more
common in 133 schizophrenic subjects than in 309
control subjects, but did not differ in 107 bipolar
disorder subjects. The frequencies of the other alleles
did not differ between groups, nor were any sex
differences observed.

Odds Ratio (OR) Calculations

Odds ratios were calculated as a measure of the
strength of the association between schizophrenia and
the 244 bp allele of D4S615. The odds ratio (OR = 6.62,
95% confidence interval 4.7-9.3) shows the 244 allele to
be a significant risk factor for schizophrenia.

EH Analysis of Allele Counts for
DRD5 and D4S615

Both polymorphisms were typed in 174 controls and
128 patients with schizophrenia. EH analysis was
performed to test for disease-marker and marker-
marker associations. There was a significant associa¬
tion between DRD5 and schizophrenia (xz = 25.2,
df =12, P = 0.014) and even more so for D4S615 and
schizophrenia (%2 = 41.6, df=8, P = 0.00002). However
DRD5 and D4S615 were not in linkage disequilibrium
with each other (x2 = 85.6, df= 77, P = 0.23).

Other Polymorphic Markers Mapping
Near the Dopamine Receptor

Type 5 Gene
A series of other polymorphisms, spanning a region of

approximately 18 cM on chromosome 4p around the locus
of DRD5, were also typed. No differences in the allele
counts for the tetranucleotide GATA22G05 (CHLC) or

TABLE III. Numbers of Chromosomes With a Given Allele Size of D4S615 by Diagnosis

Control population Schizophrenia Bipolar disorder
n = 309 n = 133 n —107

234 2 (0.32) 1 (0.38) 0 (0.00)
238 0 (0.00) 0 (0.00) 1 (0.47)
240 1 (0.16) 0 (0.00) 0 (0.00)
242 190 (30.7) 65 (24.4) 51 (23.8)
244 74 (12.0) 63 (23.7) 28 (13.1)
246 102 (16.5) 36 (13.5) 40 (18.7)
248 29 (4.69) 12 (4.51) 8 (3.74)
250 125 (20.2) 53 (19.9) 41 (19.2)
252 95 (15.4) 36 (13.4) 44 (20.5)
254 0 (0.00) 0 (0.00) 1 (0.47)

Figures in brackets are the percentage allele frequencies. D4S615 data were all from the SE Scotland samples
and did not use exactly the same controls or bipolar patients as the data for DRD5. The left-hand column is the
allele size in basepairs of a given allele. Comparisons using CLUMP program showed that allele frequencies in
controls differed significantly from schizophrenia x'2 = 20.5, df = 5, P = 0.001; Bipolar disorder also differed
significantly from Schizophrenia x2 = 12, df = 5, P = 0.034; Controls did not differ from Bipolar disorder
X2 = 6.2, df = 5, P = 0.29.
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the dinucleotide markers D4S394, D4S1582, D4S1605,
D4S1599, D4S403, and HOX7 were seen between
schizophrenic and control groups.

DISCUSSION

We have demonstrated significant association
between alleles of the microsatellite markers DRD5
and D4S615 that map close to the dopamine receptor
type 5 gene on chromosome 4p with schizophrenia but
not bipolar (DRD5, D4S615) or unipolar affective
disorder (DRD5). The DRD5 polymorphism [Sherring¬
ton et ah, 1993aJ is a complex (CT/GT/GA)n 12 allele
repeat close to the DRD5 gene and is physically close to
the D4S615 polymorphism. Our own data has shown
D4S615 and DRD5 to be approximately 150 kb apart
(Evans et ah, in press).

Other markers at progressively greater distances
from DRD5, spanning a maximum interval of around
18cM, did not show association. Odds ratio calculations
showed a significantly increased risk of disease with
either the 148 bp allele of DRD5 or the 244 bp allele of
D4S615. EH analysis in the subset of patients typed for
both markers confirms the strong associations between
DRD5 and D4S615 independently with schizophrenia,
but showed that the two markers were not in linkage
disequilibrium with each other. The most likely inter¬
pretation of these results is that the DRD5 and D4S615
polymorphisms show independent linkage disequili¬
brium with an allele at 4pl6 that increases the risk of
developing schizophrenia. The findings can be inter¬
preted as showing two pools of risk present in the
Scottish schizophrenic population; however, we do not
have sufficient numbers of trios to convincingly study
the segregation patterns. The results confirm the
finding of Williams et al. [1997] of differing allele
frequencies between schizophrenics and controls in
Wales; however, in that study they reported an excess
of the 140 bp allele. A possible explanation is that the
different allelic associations with the same polymorph¬
ism reflect a high mutation rate around this locus. The
frequencies of the implicated alleles are common in the
control population, which suggests that the locus
probably acts in synergy with other factors in increas¬
ing the risk of schizophrenia, and by itself is usually an
insufficient cause. The frequencies of alleles for DRD5
did not differ between control subjects (without psy¬
chiatric illness) from Southeast Scotland, Ireland, and
those from CEPH pedigrees. Eighty-six subjects with
bipolar disorder from Ireland were also genotyped and
showed no differences in any analysis, separately or
combined with Scottish bipolars, from controls.

The transmission disequilibrium test [Spielman and
Ewens, 1996] on independent affected offspring-parent
trios estimates linkage in the presence of association
and showed a trend towards increased transmission of
the 148 bp allele of DRD5. The overall number of trios
tested was small, and certainly the trend to significance
would warrant testing a larger group and the possibi¬
lity of population admixtures causing an apparent
association still exists. The failure to detect linkage
between schizophrenia and DRD5 in multiply affected
families is in keeping with other family studies that

have failed to detect linkage or association LRavindra-
nathan et al., 1994; Houatta et ah, 1994; Kalsi et ah,
1996; Asherson et ah, 1998], In bipolar disorder while
linkage with chromosome 4p markers has been found
by several groups, others have not found linkage
[Sherrington et ah, 1993b; Byerley et ah, 1994; De
Bruyn et ah, 1996] or association with DRD5 [Asherson
et ah, 1998], and a similar heterogeneity seems likely
with schizophrenia.

The strong association of two markers closely linked
to the gene for the dopamine D5 receptor on chromo¬
some 4p with the development of schizophrenia, but not
more distant 4p markers, suggests that the gene, DRD5
itself, may be a candidate. The most easily testable
assumption is that it is functionally disrupted in some
way in the schizophrenic population under study.
Disorders of dopamine neurotransmission remain an
attractive hypothesis to explain clinical symptom
generation in schizophrenia and affective psychoses,
and from their role in neurodevelopment and their
differential distribution in the human brain, dopamine
receptors are important candidate genes for the disease
processes themselves. The gene, DRD5, encoding the
human D5 receptor, is closely homologous to the D1
receptor gene (DRD1), and the D5 receptor has an
interesting anatomical distribution being more preva¬
lent in primate pre-frontal cortex than subcortical
zones including the striatum [Goldman-Rakic et al.,
1997], A recent PET imaging study using a radioligand
that binds both D1 and D5 receptors showed reduced
binding in the prefrontal cortex of schizophrenics that
correlated with negative symptom severity and some of
the cognitive deficits found in schizophrenia [Okubo et
ah, 1997]. There is also evidence from PET studies that
dopamine synthesis is increased in medial pre-frontal
cortex in patients with schizophrenia [Lindstrom et al.,
1999], perhaps reflecting compensatory effects in pre¬
synaptic dopamine regulatory mechanisms.

However there are several findings against a direct
involvement of DRD5 in schizophrenia. Functional
sequence variation or mutations in the gene's coding
region have not been found in most studies of schizo¬
phrenic patients [Sobell et ah, 1995; Asherson et ah,
1998; Blackwood et ah, submitted) although one of
possible significance has been described by Cravchik
and Gejman [1999], The promoter region of the gene
[Beischlag et ah, 1995] has not yet been sequenced and
examined for variants. Apart from the present study
and that of Williams et ah [1997], other linkage and
association reports with polymorphic markers close to
DRD5 receptor gene or within its promoter region
[Beischlag et ah, 1996; Asherson et ah, 1998] have not
yielded positive results with schizophrenia, although a
LOD of 1.9 has been reported in a single schizoaffective
family [Asherson et ah, 1998].

A similar mixed picture emerges from linkage studies
of bipolar disorder to DRD5 where most have not found
linkage but several others report positive LOD scores
with markers from the chromosome 4 region that con¬
tains DRD5 [Cichon et ah, 1996; Polymeropoulos and
Schaffer, 1996; Ewald et ah, 1998; Detera-Wadleigh
et ah, 1999], As an alternative to the direct involvement
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of the D5 receptor gene our results may point instead to
linkage disequilibrium with another gene in the region.
In a single bipolar family showing strong linkage to this
region no mutations were detected in DRD5 [Black¬
wood et ah, 1996]. In addition a protective locus that
reduces the risk of developing bipolar disorder has been
proposed for the Amish pedigree by Ginns et al. [1998],
The positive findings with DRD5 in subgroups of
patients with bipolar disorder and schizophrenia could
imply that the same susceptibility locus is producing an
effect in a percentage of both disorders with secondary
factors dictating the final clinical presentation. This
type of model has been suggested for other genomic loci
that have been described as involved in both conditions
[Wildenauer et al., 1999].

Association studies have an important role in gene¬
tically complex disorders such as the major psychoses,
particularly in investigating the contribution of a
candidate gene or locus with high a priori likelihood
of involvement in the disorder [Risch and Merikangas,
1996], and association studies using a dense set of
polymorphisms mapping to this region of 4p in larger
sample sets are warranted.
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Substantial evidence supports a role for dysfunction of
brain serotonergic (5-HT) systems in the pathogenesis
of major affective disorder, both unipolar (recurrent
major depression) and bipolar.' Modification of sero¬
tonergic neurotransmission is pivotally implicated in the
mechanism of action of antidepressant drugs2 and also
in the action of mood stabilizing agents, particularly lith¬
ium carbonate.3 Accordingly, genes that code for the
multiple subtypes of serotonin receptors that have been
cloned and are expressed in brain,4 are strong candi¬
dates for a role in the genetic etiology of affective ill¬
ness. We examined a structural variant of the serotonin
2C (5-HT2C) receptor gene (HTR2C) that gives rise to a
cysteine to serine substitution in the N terminal extra¬
cellular domain of the receptor protein (cys23ser),5 in
513 patients with recurrent major depression (MDD-R),
649 patients with bipolar (BP) affective disorder and 901
normal controls. The subjects were drawn from nine
European countries participating in the European Col¬
laborative Project on Affective Disorders. There was sig¬
nificant variation in the frequency of the HT2CR ser23
allele among the 10 population groups included in the
sample (from 24.6% in Greek control subjects to 9.2%
in Scots, ^ = 20.9, df 9, P=0.01). Logistic regression
analysis demonstrated that over and above this inter-
population variability, there was a significant excess of
HT2CR ser23 allele carriers in patients compared to nor¬
mal controls that was demonstrable for both the MDD

(/ = 7.34, df 1, P = 0.006) and BP (y2 = 5.45, df 1, P = 0.02)
patients. These findings support a possible role for gen¬
etically based structural variation in 5-HT2C receptors in
the pathogenesis of major affective disorder. Molecular
Psychiatry (2001) 6, 579-585.

It is widely accepted that the genetic basis of affective
disorders, both unipolar (recurrent major depression)
and bipolar (manic depressive illness) is complex and
is likely to involve several genes and also environmen¬
tal factors."'7 A principal aim of the European Collabor¬
ative Project on Affective Disorders (ECPAD) is to har¬
ness the statistical power potentially provided by the
large numbers of subjects who can be recruited by the
participating centers in order to elucidate the role of
candidate genes and environmental factors in the
pathogenesis of affective illness." In the course of the
project a very large sample has been recruited and
clinically evaluated, with blood samples obtained for
DNA extraction. The method of recruitment of patients
has been described in detail by Souery et al" and is
summarized below in the Methods section. Subjects
were genotyped for the HT2CR cys23ser polymorphism
in the participating laboratories according to a stan¬
dardized protocol (see below). Clinical and genotype
data were centralized in the ECPAD database in Brus¬
sels and were electronically transferred to BL and FM
for statistical analysis. After removal of subjects whose
geographical origin was unclear, whose genotype data
were ambiguous or contradictory or who were missing
key demographic variables (total number of subjects
dropped = 149), the subject groups available for the
current analysis were generated. These consisted of
513 patients with a diagnosis of Major Depression:
Recurrent (MDD-R) according to DSM-IV criteria,9 649
patients with DSM-IV Bipolar Disorder (BP) and 901
normal control subjects who wore screened to exclude
personal and family history of DSM-IV Axis I psychi¬
atric disorders. The distribution of the 2063 subjects
according to diagnosis, gender and population group is
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Table 1 Distribution of the sample according to diagnosis, gender and population

Major depression Bipolar disorder Control

Male Female Total Male Female Total Male Female Total

Belgian 20 29 49 37 44 81 30 42 72

Bulgarian 12 35 47 20 65 85 22 76 98
Croatian 9 33 42 32 60 92 33 71 104

German 9 29 38 19 20 39 144 78 222

Greek 18 37 55 34 25 59 27 21 48

Israeli
Ashkenazi" 15 36 51 20 30 50 17 20 37

Non-Ashkenazi 9 13 22 23 22 45 21 33 54

Italian1' 19 52 71 44 53 97 61 40 101

Scottish 21 32 53 50 51 101 37 46 83

Swedish 31 54 85 - - - 34 48 82

Total 163 350 513 279 370 649 426 475 901

"Includes Ashkenazi Jews from Belgian sample.
''Includes ethnic Italians from Belgian sample.

summarized in Table 1. Although nine countries par¬
ticipated in the current project (Belgium, Bulgaria,
Croatia, Germany, Greece, Israel, Italy, Sweden and
Scotland), there were 10 population groups in the
analysis (Table 1). These were generated by combining
individuals of the same geographical origin across
national samples.

The initial focus of our analysis was on determining
differences between the population samples in the dis¬
tribution of the HT2CR cys23ser polymorphism. After
that, the distribution of the polymorphism in relation
to mood disorder diagnosis was examined with the
population contribution to variability taken into
account. MDD and BP diagnoses were considered sep¬
arately in these analyses under the hypothesis that gen¬
etically based variability in HT2CR may contribute to
vulnerability to these two disorders in different ways.
As shown in Table 2, there was substantial variability
in the frequency of the HT2CR ser23 allele among the
population samples, ranging from 24.6% in the Greek
control subjects to 9.2% in the Scottish controls

(y2 = 20.9, df 9, P=0.01). In previous studies of this
polymorphism in mood disorders, reported frequencies
of the ser23 allele in control groups have been in the
range of 6% in Croatians,1" 9% in Spaniards,11 20% in
Israeli Ashkenazi Jews and 21% in Israeli Non-Ashken-
azi Jews.12 It is clear that a direct comparison of the
frequency of the ser23 allele in combined patient and
control groups could lead to spurious results that
reflect differences in the frequency of the allele among
populations and not association with illness.

To examine the association of HT2CR cys23ser with
mood disorders, we first compared allele frequencies in
the patient and control groups stratified by population
group. Prior to that we performed power analyses.
These were based on small effect sizes since previous
reports have shown either small or no differences in
the distribution of the HT2CR cys23ser polymorphism
between affective patients and controls.1"-12 The power
analyses revealed that most of the individual samples,
for MDD in particular, had less than 80% power to
demonstrate a difference of 15% in the frequency of

Table 2 HT2CR Ser23 allele frequency according to diagnosis and population

MDD % (n) BP % (n) CON % (n) MDD vs CON BP vs CON
X* (df 1), P y2 (df t). P

Belgian 12.8 (10) 19.2 (24) 21.1 (24) 2.22, >0.1 0.13, >0.1
Bulgarian 23.2 (19) 16.0 (24) 10.3 (18) 6.99, 0.008 2.27, >0.1
Croatian 16.0 (12) 17.1 (26) 10.3 (18) 1.55, >0.1 3.24, 0.07
German 14.9 (10) 22.0 (13) 17.0 (51) 0.17, >0.1 0.81, >0.1
Greek 28.3 (16) 17.9 (15) 24.6 (17) 0.27, >0.1 1.05. >0.1

Israeli
Ashkenazi 25.9 (22) 26.3 (21) 15.8 (9) 1.89, >0.1 2.20. >0.1
Non-Ashkenazi 19.4 (7) 11.9 (8) 12.6 (11) 0.90, >0.1 0.01, >0.1

Italian 13.8 (17) 18.0 (27) 14.2 (20) 0.01, >0.01 0.80, >0.1
Scottish 14.1 (12) 13.2 (20) 9.2 (12) 1.2, >0.1 1.09, >0.1
Swedish 15.8 (22) - 19.2 (25) 0.53, >0.1 -
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the ser23 allele between patients and controls. Thus,
the separate analyses shown in Table 2 should be
regarded as exploratory.

All the control samples were in Hardy-Weinberg
equilibrium (females) except for the control groups
from Croatia (y2 = 5.24. P= 0.02) and Greece (x~ = 6.96.
P= 0.008). In both cases, there was a deficiency in the
observed proportion of heterozygotes. Therefore,
analyses involving all the populations were also car¬
ried out without the Croatian and Greek samples in
order to avoid the possibility of spurious results.

As shown in Table 2, in six out of the 10 samples,
there was an excess of the ser23 allele in the patients
with MDD compared to the controls. This difference
was highly variable and reached statistical significance
only in the Bulgarian sample. In four of the samples
the excess was of the order of 5% or more. However,
in four samples the direction of the difference was
opposite with the cys23 allele predominating; in one
case by more than 5% but not to a statistically signifi¬
cant degree in any of the samples. Genotype distri¬
bution was also examined but this analysis was limited
by the size of the individual case groups when separ¬
ated by gender as well as population group and the
results are thus not presented (available on request).
Considering ser23 allele carriers (as homo- or hetero¬
zygous females or hemizygous males), in eight out of
10 groups there were more ser23 carriers among the
MDD patients than controls (Figure 1, a), the difference
reaching statistical significance in the Bulgarian and
German samples. Considering the ser23 allele under a
'recessive' model did not yield a clear trend except for
a significant absence of ser23 hemi- and homozygotes
among the Italian patients with major depression (data
not shown).

In the comparison of BP and controls by population
groups, an excess of ser23 allele in the BP patients was
seen in six of the 9 groups (Table 2). The difference
was 5% or more in five of the groups but was not stat¬
istically significant in any of them. Genotypic analysis
is not presented because of the small sizes of the
groups when separated by gender and population
group (available on request). Considering ser23 allele
carriers (Figure 1, lower panel), the rate was higher
among the BP patients than the controls in six of the 9
groups but no differences were statistically significant.

In order to determine whether there is an association
of HT2CR ser23 with affective disorder, over and above
the difference in the frequency of the allele among the
different populations, we performed stepwise logistic
regression analyses. In these analyses, the response
variable was ser23 allele carrier status (ser23-ser23
homozygous females, ser23 hemizygous males and
cys23-ser23 heterozygous females vs cys23—c:ys23
homozygous females and cys23 hemizygous males).
This approach was used because of the suggestive fin¬
dings from the exploratory analyses reported above and
also the fact that it enabled us to count each female
subject once only as for the hemizygous males. Since
the approach may be seen as implying a 'dominant'
role for ser23, we also examined the alternative recess-
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Bel Bui Cro Gor Gr Ash N-Ash Ital Scot Swe

Bel Bui Cro Ger Gr Ash N-Ash Ital Scot

Figure 1 FIT2CR ser23 allele carriage in patients with major
depression (a) and patients with bipolar disorder (b) vs con¬
trols from the same population. Ser23 carrier status, MDD vs
CON: X2 = 7.29, df 1, P= 0.007 (Bulgaria). Ser23 carrier status.
MDD vs CON: x2 = 4.25, df 1, P= 0.04 (Germany). For all other
comparisons, P > 0.05.

ive hypothesis in a separate analysis, correcting the
output of both analyses for multiple testing. With the
stepwise logistic regression analysis we evaluated the
effect of 'population' and 'diagnosis' as predictors of
the response variable, ser23 allele carrier status; the
likelihood ratio (LR) test of the two models
(population + diagnosis and population alone) deter¬
mines the significance of diagnosis, controlled for the
potential confounding effect of population.

The log of the likelihood ratio for the diagnosis of
major depression in predicting ser23 allele carrier
status was 3.724 (y2 = 7.45, df 1, P=0.006) (Table 3).
For bipolar disorder the log of the likelihood ratio was
2.72 [x2 = 5.45, df 1, P= 0.02). (Table 4). Both these dif¬
ferences remain significant when corrected for the fact
that the ser23 recessive model (ser23 homozygous
females and hemizygous males) was also tested. The
recessive model did not reveal a significant relation¬
ship with major depression or bipolar disorder. An
additional, conservative analysis without the Croatian
and Greek samples, due to the departure of their con-
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Table 3 Backward stepwise logistic regression for variables
predicting HT2CR serine23 allele carrier status in patients
with major depression and normal control subjects from 10
European population groups

Table 4 Backward stepwise logistic regression for variables
predicting HT2CR serine23 allele carrier status in patients
with bipolar disorder and normal control subjects from nine
European population groups

Variable Log Chi Significance Odds Variable Log Chi Significance Odds
likelihood square ratio likelihood square ratio

(df) (df)

Null model -7 38.63 - - - Null model -749.06 - - -

Population Population
Belgium - - - 1.17 Belgium - - - 1.54

Bulgaria - - - 1.17 Bulgaria - - - 1.06

Croatia - - - 0.85 Croatia - - - 1.07

Germany - - - 0.67 Germany - - - 0.71
Greece - - - 1.54 Greece - - - 1.11
Israel: Ashk - - - 1.41 Israel: Ashk - - - 1.93
Israel: N-Ashk" - - - Israel: N-Ashk" - - -

Italy - - - 0.97 Italy - - - 1.19

vSweden - - - 1.12 UK - - - 0.76
UK - - - 0.61 Diagnosish 1.36

Diagnosis1' 1.45

Model A -734.94 28.50 (9) 0.002
Model A -723.22 30.81 0.0006

(10) Population
Belgium - - - 1.56

Population Bulgaria - - - 1.06

Belgium - - - 0.77 Croatia - - - 1.07

Bulgaria - - - 0.75 Germany - - - 0.65
Croatia - - - 0.54 Greece - - - 1.15

Germany - - - 0.40 Israel: Ashk - - - 1.99

Greece - - - 1.07 Israel: N-Ashk" - - -

Israel: Ashk" - - - Italy - - - 1.20

Israel: N-Ashk - - - 0.63 UK - - - 0.78

Italy - - - 0.65

Sweden - - - 0.77 Model B -737.67 22.78 (8) 0.004 -

UK - - - 0.40

LRtest
Model B -726.95 23.36 0.0054 - (-2[(LogL model B)- - 4.22 (1) 0.04 -

(a) (LogL model A)]

LRtest

(-21(LogL model B)- - 7.45 0.0064
(LogL model A) | (1)

"Dropped due to collinearity.
''Major depression, control.

trol groups from HWE, confirmed the findings (MDD,
X2 = 8.80, df 1, P= 0.003; BP, A'2 = 5.48, df 1, P=0.02)
and showed that the increased risk for mood disorders
associated with ser23 allele carrier status cannot be
attributed to population distorting forces.

Having demonstrated an association of major
depression and bipolar disorder with HT2CR ser23
allele carrier status, we sought to determine whether
there are specific clinical correlates of carrying this
allele in the context of either of the two diagnoses. This
was determined by comparing ser23 allele carriers with
ser23 non-carriers (cys23 hemi- or homozygotes) on a
series of clinical variables for which data had been
entered into the ECPAD database. These variables
included age at first depressive episode, frequency of

"Dropped due to collinearity.
''Bipolar disorder, control.

depressive episodes (corrected for years of illness) and
history of suicide attempts, in both diagnostic groups,
and age at first manic episode and frequency of manic
episodes (corrected for years of illness) in the bipolar
patients. None of these comparisons emerged as stat¬
istically significant (data available on request).

The results of this study should be considered on the
background of previous reports of the HT2CR cys23ser
polymorphism in major affective disorders. These are
summarized in Table 5. We could identify only one
previous study in major depression.12 This was con¬
ducted in Israel and showed no significant difference
between patients with MDD and controls among Ash-
kenazi or Non-Ashkenazi Jews. However, the study did
not have sufficient power to identify a difference in
ser23 allele carriers of 15% in the Ashkenazi sample
and of 25% in the non-Ashkenazi sample (at alpha 5%
and with a power of 80%). This observation is also
applicable to the previous study of HT2CR cys23ser in
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Tabic 5 MT2CR cys23ser polymorphism in bipolar disorder and major depression: previous studies
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Study Subjects Findings Notes

Bipolar disorder
Gutierrez et al11

Oruc et al10

Vincent et al1:1

Major depression
Frisch et a/12

BP-88 (F-51)
CON-113 (F-52)
Spanish—matched for
geographical origin.

BP-42 (F-25)
CON-40 (F-25)
Croatian

BP-98 (F-57)
CON-98 (F-57)
Canadian matched for ethnicity
(95%) Caucasian, 3% Oriental,
2% Native American)

MDD:
Ashkenazi-63 (F-41)
Non-Ashkenazi-39 (F-33)
CON:
Ashkenazi-112 (F-54)
Non-Ashkenazi-60 (F-44)
Recruited in Israel

Incr. ser23 allele in female
BP vs female controls
(14% vs 8%, P= 0.04)
Incr. ser-ser genotypes in
females BP vs females
controls (ser23 recessive,
10% vs 0%, P = 0.03)
Incr. cys-ser heterozygotes in
female BP vs female controls
(10% vs 3%, P= 0.051)

No significant differences
between BP and control

No significant differences
between MDD and Control
(Ser23 allele frequency: Ashk:
MDD 23% CON 20%
Non-Ashk:
MDD 20% CON 21%)

Findings slightly stronger in
females with family history of
psychiatric disorder.

No female or male BP and no

female controls in the sample
homozygotes or hemizygous
for ser23
Allele frequencies not given
in the paper

bipolar disorder by Oruc et a/,'" while those of Gutier¬
rez et al" and Vincent et a/13 had somewhat stronger
power. Nevertheless, Oruc et aP" and also Gutierrez et
al11 found evidence for an association of HT2CR ser23
with bipolar disorder, although this was limited to
females and was marginal in the Oruc et aP" data. In
the Gutierrez et al11 study the finding was demon¬
strable with ser23 as recessive, in contradistinction to
our study which did not show evidence for a recessive
hypothesis. The study of Vincent et aP3 did not find
any significant differences between bipolar patients
and controls in the distribution of the HT2CR
cys23ser polymorphism.

Spurious findings due to population effects are con¬
sidered a major problem of case control studies in psy¬
chiatric genetics,14 although there are views that the
magnitude of the problem is overwrought and that it
can be dealt with by appropriate matching and by stat¬
istical means.15 Family-based association studies effec¬
tively address the potential problem of spurious find¬
ings due to population stratification.10 On the other
hand, such samples are more difficult to recruit than
population-based case control samples leading to dif¬
ficulties in achieving adequate statistical power. A
further limitation is that in the family-based design it
is more difficult to evaluate environmental variables in

conjunction with genetic variables.15,17 This is a sig¬
nificant limitation in studying the genetics of complex
disorders. Our study demonstrates the power of a case
control design employing very large samples to demon¬
strate small genetic effects. It is also shows that popu¬

lation stratification which can lead to spurious find¬
ings,1" may be accounted for in the context of an
appropriate statistical model. Use of genomic controls
is another approach that may be implemented for this
purpose and a comparison of the approaches would be
of interest.1"

Association of ITT2CR with major depression and
bipolar disorder, demonstrated in this study, does not
permit the conclusion that the polymorphism exam¬
ined (c:ys23ser) plays a causative role in either dis¬
order. A brief consideration of the role of 5-HT2C

receptors in these disorders is nevertheless warranted.
Serotonin receptors of the 5-HT2C subtype have a very
characteristic distribution in brain, which is quite simi¬
lar in all mammalian species. The highest concen¬
tration of 5-HT2C receptors is on the epithelial cells of
the choroid plexus and it is hypothesized that they
may regulate the composition and volume of cerebro¬
spinal fluid.7" 5-HT2C receptors have also been ident¬
ified in human basal ganglia, particularly substantia
nigra, globus pallidus and caudate, by autoradio¬
graphic techniques,20 and by radioligand binding with
3H-mesulergine in these areas and also hippocampus,
amygdala, hypothalamus and prefrontal cortex.21 Stud¬
ies in 'knockout' mice lacking functional 5-HT2C
receptors have suggested the possible importance of
these receptors in the serotonergic control of food
intake and in the tonic inhibition of neuronal excit¬

ability.22,2'1 The efficacy of anticonvulsant drugs as
mood stabilizers24,25 is interesting to note in the context
of the latter correlate of 5-HT2C receptor function.
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Studies with 5-HT2C receptor agonists in humans,
specifically m-chloro-phenylpiperazine (mCPP), indi¬
cate that direct stimulation of these receptors induces
a spectrum of anxiety manifestations in psychiatric
patients and normal controls.2"

Neuroendocrine challenge studies with d and dl fen¬
fluramine have consistently shown blunted release of
prolactin in depressed patients and it has been
reported that this blunting is a trait phenomenon
which is also observed in the well state.27 Fenfluram-
ine-induced prolactin release has been shown to be
mediated by 5-HT2C receptors.2" The HT2CR cys23ser
polymorphism examined in this study may have func¬
tional effects on mCPP binding in vitro.'' In a study of
normal female subjects, Quested et al20 found a
reduced hypophagic response to mCPP in ser23 car¬
riers. but no effect on endocrine or thermic responses.
Thus, the cys23ser polymorphism may have functional
correlates in humans, but this needs to be further
examined.

In conclusion, we have found that both major
depression and bipolar disorder are associated with
HT2CR ser23 allele carrier status and that this effect is
demonstrable over and above considerable inter-popu¬
lation variability in the frequency of this allele. Repli¬
cation of this finding in a sample of sufficient statistical
power is important. If it is confirmed that the ser23
allele is associated with major depression and bipolar
disorder, further studies will be needed in order to
establish whether ser23 itself is the risk factor or

another polymorphism in IIT2CR or in a nearby gene
that is in linkage disequilibrium with cys23ser. Func¬
tional studies will be needed in order to determine the
mechanism whereby 5-HT2C receptor mutation may
contribute to the pathogenesis of major depression and
bipolar disorder.

Methods

The patients for this study were consecutively
recruited in the nine participating centers. Diagnoses of
major depression: recurrent and bipolar disorder were
according to DSM-IV criteria" and were based on semi-
structured interview using the Schedule for Affective
Disorders and Schizophrenia: Lifetime version (SADS-
L) (New York State Psychiatric Institute, New York,
1978) or, for the Bulgarian patients, the Schedules for
Clinical Assessment in Neuropsychiatry (SCAN)
(World Health Organisation, Geneva, 1992). Control
subjects wore screened to exclude a personal or family
history of major psychiatric disorder. Background data
and specific clinical characteristics of the subjects were
centralized in Brussels and entered into the ECPAD
database.

DNA was available from all subjects after being
extracted from fresh whole blood by standard methods.
Genotyping was performed in the participating labora¬
tories by PCR-based restriction analysis, according to a
standardized protocol that was provided by the refer¬
ence laboratory (University of Antwerp, CVB). Primers,
PGR conditions and restriction digestion were as

described in Xie et al.'"' An error checking procedure
was implemented to insure standardization of genotyp¬
ing by typing three identical CEPH individuals in each
participating group which served as reference geno¬
types for intergroup genotyping and scoring.

The statistical analyses employed Stata Statistical
Software (Release 6, Stata Corporation; 1999). For cat¬
egorical analyses, maximum likelihood chi-square stat¬
istics were employed. For bivariate comparisons of
parametric data, the student's t-test was used. To
evaluate the relationship of more than one inde¬
pendent variable to genotype, a stepwise logistic
regression procedure was implemented. The outcome
('response') variable of the logistic regression was the
presence of the HT2CR ser23 allele. The covariates of
the model were the clinical phenotype of interest ie UP
vs control in the first model, BP vs control in the
second model and ethnicity, given a possible popu¬
lation effect on the frequency of HT2CR ser23 allele.
In this case, the phenotype of interest is a predictor
of the outcome and ethnicity a potential confounder.
Ethnicity was tested generating a set of dummy vari¬
ables equal to the number of populations included in
the sample in order to evaluate the specific effect of
any population. Results from the model are presented
as Likelihood Ratio Tests. P values of <0.05 (two-
tailed) were regarded as significant in all analyses. The
data were also evaluated with a stratified analysis for
2x2 tables using both the Cornfield and the Mantol-
Haenszel methods to control for the population effect
as more standard ways to look for possible confounders
in a case-control study. With this approach, as in the
logistic regression analysis, we checked for the hom¬
ogeneity of the odds ratios across populations and
tested whether the combined effect of the odds ratio
showed an equivalent significant effect of ser23 allele
carrier status in increasing the risk for the disorder, ie
major depression and bipolar disorders respectively.
These results may be found at our website: http://www.
hadassah.org.il/departments/biopsych/data.html.
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Tryptophan Hydroxylase Polymorphism and Suicidality
in Unipolar and Bipolar Affective Disorders:
A Multicenter Association Study
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Background: Being the rate-limiting enzyme in the bio¬
synthesis of serotonin, the tryptophan hydroxylase gene
(TPH) has been considered a possible candidate gene in
bipolar and unipolar affective disorders (BPAD and
VPAD). Several studies have investigated the possible role
of TPH polymorphisms in affective disorders and suicidal
behavior.

Methods: The TPH A2 ISC polymorphism has been inves¬
tigated in 927 patients (527 BPAD and 400 UPAD) and
their matched healthy control subjects collected within the
European Collaborative Project on Affective Disorders.
Results: No difference ofgenotype distribution or allele
distribution was found in BPAD or UPAD. No statistically
significant difference was observed for allele frequency
and genotypes counts. In a genotype per genotype analysis
in UPAD patients with a personal history of suicide
attempt, the frequency ofthe C-C genotype (homozygosity
for the short allele) was lower in UPAD patients (24%)
than in control subjects (43%) (\~ = 4.67, p = .03). There
was no difference in allele or genotype frequency between
patients presenting violent suicidal behavior (n = 48) and
their matched control subjects.
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Conclusions: We failed to detect an association between
the A2I8C polymorphism ofthe TPH gene and BPAD and
UPAD in a large European sample. Homozygosity for the
short allele is significantly less frequent in a subgroup of
UPAD patients with a history of suicide attempt than
in control subjects. Biol Psychiatry 2001;49:405-409
© 2001 Society of Biological Psychiatry

Key Words: Bipolar affective disorders, suicide, trypto¬
phan hydroxylase polymorphism, association study, link¬
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Introduction

During the past two decades, the search for genes formood disorders has highlighted the genetic complex¬
ity of these disorders. Studies screening parts of or the
total genome have identified promising candidate regions
on chromosomes 4, 5, 11. 12. 18, 21, and X (Souery et al
1996). A number of candidate genes have also been
investigated, and some of these are directly linked to
neurobiological hypotheses of the etiology of affeetive
disorders. Since gene(s) of minor effect may be involved
in affective disorders, the association method testing
candidate genes is a powerful alternative approach to
linkage (Nothen et al 1993). Given that the affective
disorders are genetically heterogeneous, one of the prin¬
cipal limitations of association studies is the large sample
size required to have power to detect gene(s) of minor
effect. This has been taken into account within the

European Collaborative Project on Affective Disorders
(Souery ct al 1998). This project (BIOMED 1 and 2
projects in the area of brain research; European Commu¬
nity Grants Nos. CT 92-1217 and BMH4-CT-97-2307;
project leader, JM) has as its major objective the use of
both linkage and association strategies, in very large
samples of patients and families from several populations,
to locate genes contributing to these complex traits.

D 2001 Society of Biological Psychiatry 0006-3223/01/S20.00
PI I S0006-3223(00)01043-X
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Being the rate-limiting enzyme in the biosynthesis of
serotonin, the tryptophan hydroxylase gene (TPH) has
been considered a possible candidate gene in bipolar and
unipolar affective disorders (BPAD and UPAD). The TPH
gene is located on 11 p 15.3-p 14 (Craig et al 1991). Two
biallelic polymorphisms have been identified in intron 7 of
TPH, on positions 218 and 779 (A218C and A779C;
Bellivier et al 1998; Nielsen et al 1997). Several studies
have investigated the possible role of these polymor¬
phisms in affective disorders, suicidal behavior, and lith¬
ium prophylaxis. The A779C (allele 779C) polymorphism
was first reported to be associated with a history of suicide
attempts in violent offenders in a sample of Finnish
alcoholics (Nielsen et al 1994), whereas an association
with allele 779A was observed in a subsequent study
(Mann et al 1997). The first finding was replicated in a
larger sample including siblings (Nielsen et al 1998), but
Abbar et al (1995) found no association between suicidal
behavior and TPH polymorphism. Other studies have
included patients with major affective disorders (BPAD
and/or UPAD). The A218C polymorphism was associated
with a small increase in susceptibility to BPAD in a

European sample (Bellivier et al 1998), but this finding
was not replicated in several other studies (Furlong et al
1998; Kirov et al 1999; Kunugi etal 1999; McQuillin et al
1999; Vincent et al 1999). Scrretti et al (1999) have
recently investigated the possible association between
TPH and the prophylactic efficacy of lithium in mood
disorders and found an association between TPH variants

(patients with genotype A/A of the A218C polymorphism
had a trend toward a worse response) and lithium outcome.

In this article we present the results of a large multi-
center association study between the TPH A218C poly¬
morphism and UPAD and BPAD. Subgroups of patients
with suicidal behavior have also been analyzed.

Methods and Materials

Sample
A total of 927 patients (527 BPAD and 400 UPAD) (Table 1) and
their matched healthy control subjects have been included with
DNA available. Each patient is matched to a control subject of
the same ethnogeographic origin, the same gender, and a maxi¬
mal age difference of 5 years. All these subjects have been
diagnosed using the Schedule for Affective Disorders and
Schizophrenia—Lifetime Versions (SADS-LA) or the Schedules
for Clinical Assessment of Neuropsychiatry (SCAN). All the
patients met the diagnosis of BPAD or UPAD according to
Research Diagnostic Criteria, DSM-III-R, and DSM-1V classifi¬
cation systems. One of the two diagnostic interviews was used
for all patients and control subjects recruited lor the project. The
decision to adopt two instruments arose out of different research
experience within individual research teams having their own

preferences and expertise with the two interviews. Comparability

D. Souery et al

Table 1. Number of Patients Selected for Each Country

Country BPAD UPAD

Belgium 72 48

Bulgaria 79 34

Croatia 67 35

Germany 36 25

Greece 34 12

Israel 52 36

Italy 73 57

Sweden — 83

United Kingdom 114 70

Total 527 400

Each patient is matched to a control subject of the same ethnogeographic origin,
the same gender, and a maximal age difference of 5 years (527 control subjects for
BPAD patients and 400 control subjects for UPAD patients). BPAD. bipolar
affective disorder; UPAD, unipolar affective disorder.

between SADS and SCAN instruments is inferred from data

published by the European Science Foundation (Farmer et al
1993) showing good concordance between (he two instruments.

Within the control group, subjects with a positive personal or
family history (assessed by the Family History Research Diag¬
nostic Criteria) of major affective disorder were not included.
Specific clinical characteristics recorded in the central data base
include age at onset and suicide attempts (both violent and
nonviolent). Suicide attempt is defined as having at least one
suicide attempt in the lifetime. After description of the study
written informed consent was obtained from each subject, and
the research conformed to the standards set by local ethics of
medical research committees for each of the participating
centers.

DNA Analysis
Standard polymerase chain reaction (PGR) was performed on

genomic DNA using the primers TPTI-F (5'-TTCAGATCCCT-
TCTATACCCCAC.AG-3') and TPH-R (5'-GGACATGAC-
CTAAGAGTTCATGGCA-3'). Polymerase chain reaction was
performed in a 20-jxL volume containing 100 ng genomic DNA,
20 mmol/L of each dinucleotide triphosphate (d'NTP) (20
mmol/L of a 7-deaza-deoxyguanosine triphosphate [dGTP]/
dGTP mixture was used), 1.5 mmol/L MgCl2, 10 pmol of each
primer, and I U Taq DNA polymerase. After an initial denatur-
ation step at 94° for 4 min, 30 cycles were performed at 94° for
1 min, annealing at 64° for 0.5 min, and extension at 72° for 1
min. Finally, an additional elongation step was performed at 72°
for 6 min. The PGR products were digested using the Bfal
restriction enzyme at 37° for 1 hour. Unrestricted fragments are
860 bp long and, after digestion, 615 and 245 bp (alleles A and
G, respectively). The fragments were electrophoresed on a 1.5%
agarose gel and were visualized by ethidium bromide staining.

Statistical A nalysis
The analysis of allelic association consisted of comparison of
marker allele and genotype frequencies between patients and
control subjects using x" statistics.

Special effort was made in the final analysis to carefully match
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Table 2. Allele and Genotype Counts and Frequencies for the TPH Polymorph ism in BPAD and
UPAD Patients and Their Matched Control Subjects

BPAD Control subjects. UPAD Control subjects.
[n = 527 (%)] [n = 527 (%)] (« = 400 (%)] [„ = 400 (%)]

Allele"

A 438 (42) 434 (41) 349(44) 358 (45)
C 616 (58) 620 (59) 451 (56) 442 (55)

Genotypes''
A A 90(17) 82 (16) 70(18) 78(19)
A-C 258(49) 270(51) 209 (52) 202 (51)
C C 179 (34) 175(33) 121 (30) 120(30)

Number for each allele represents a total number of times the allele was observed (ti X 2). Frequencies are given in
parentheses. TPH, tryptophan hydroxylase gene; BPAD. bipolar affective disorder: UPAD, unipolar affective disorder.

"BPAD vs. control subjects, \2 = 0.03. p = .86; UPAD vs. control subjects, \2 = 0.205, p = .65.
''BPAD vs. control subjects, x2 0.69,/? — .708: UPAD vs. control subjects, \2 — 0.55,/? .757.

patients and control subjects for ethnogeographic origin to
reduce the possibility of stratification bias. Analyses were

performed on the pairwise sample of patients and control
subjects according to ethnogeographic origin. Hardy-Weinberg
equilibrium is calculated for the overall sample with the updated
version of GENEPOP software (version 3.Id, March 1999,
Raymond and Rousset 1995).

Results

The genotypic distributions of patients and controls were
in Hardy-Weinberg equilibrium in the overall sample
(X" = 20.6, p = .298 for UPAD patients; x2 = 17.4, /7 =
.492 for control subjects matched to UPAD patients; =
16.9, p = .393 for BPAD patients; and x2 = 21.5,;? =
.160 for control subjects matched to BPAD patients).

We tested the power of our sample considering an alpha
value of .05, two-tailed. For the BPAD sample we had a

good power (.80) to detect an odds ratio (OR) of 1.43
(considering a frequency of the risk allele of .50 among
patients and of .41 among control subjects, effect size w =
0.09) (G POWER computer program, Bonn University,
Department of Psychiatry, Germany). For the UPAD
sample we had a power (.80) to detect an OR of 1.49
(considering a frequency of the risk allele of .55 among
patients and of .45 among control subjects, effect size w =

0.1). The power was 1 for both samples, considering a
moderate effect size of 0.2. The allele frequencies used in
these estimations differ from those described by Nielsen et
al (1997), but we investigated a different polymorphism in
a different population. The frequencies observed are also
different from the Genome Data Bank, in which the
shorter (A) allele is found in 60% of the population and the
longer (C) allele in 40% of the population.

Table 2 shows the genotype and allele distributions for
the TPH polymorphism in the overall sample of 527
BPAD patients and 400 UPAD patients and their matched
normal control subjects. No difference of genotype distri¬
bution (BPAD vs. control subjects, X2 = 0.69, p = .71;

UPAD vs. control subjects, x2 = 0.55. p = .76) or allele
distribution (BPAD vs. control subjects. X2 = 0.031,;? =
.86; UPAD vs. control subjects, x2 = 0.205,;? = .65) was
found in BPAD or UPAD.

In a next step we stratified the patient samples with
regard to presence or absence of suicide attempt. Finally,
we looked at the patients who presented violent suicidal
behavior such as hanging, drowning, jumping, and wrist
cutting. For this last subgroup, BPAD and UPAD patients
were analyzed together due to the small number available
(48 patients). Among the 927 patients, 167 patients had at
least one suicide attempt (58 UPAD and 109 BPAD). As
shown in Tabic 3, no statistically significant difference
was observed for allele frequency (BPAD vs. control
subjects, x" = 0.038,;? = .85; UPAD vs. control subjects,
\2 = 2.97, p = .084) and genotypes counts (BPAD vs.
control subjects, X2 = 0.088, p = .96; UPAD vs. control
subjects, X~ = 4.75, p = .09). However, when a genotype
per genotype analysis was done, the frequency of the C-C
genotype was lower in UPAD patients (24%) with suicide
attempts than in control subjects (43%) (x2 = 4.67,;? =
.03). When corrected for multiple testing (Bonferoni
correction, three tests), this observation did not remain
significant (;? = .09).

There was no difference in allele (;? = .31) or genotype
frequency (;? = .30) between patients presenting violent
suicidal behavior (n = 48) and their matched control
subjects (data not shown). A logistic regression (stepwise
method) was conducted with diagnosis as the dependent
variable and genotypes (A-A, A-C, C-C) as predictors.
Genotype C-C entered in the equation X2(') = 4.67,;? =
.03. However, R~ < .16 indicated a weak relationship
between the two variables.

Stratification of the sample according to age at onset did
not reveal any significant difference between BPAD (n =

236) and UPAD (/? = 93) patients having an age at onset
inferior to 25 and normal control subjects for genotype
frequency (;? = .451 and ;? = .423).
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Table 3. Allele and Genotype Counts and Frequencies for TPH in BPAD and UPAD Patients
with Suicide Attempts and Their Matched Control Subjects

BPAD Control subjects. UPAD Control subjects.
[« = 109 (%)] [h = 109 (%)] [n = 58 (%)] [n = 58 (%)]

Allele"

A 87 (39) 85 (38) 56 (48) 43 (37)
C 131(61) 133 (62) 60(52) 73 (63)

Genotypes''
A -A 17(16) 17(16) 12(21) 10(17)
A-C 53 (48) 51(47) 32 (55) 23 (40)
C-C 39 (36) 41 (37) 14(24) 25 (43)

TPH. tryptophan hydroxylase gene; BPAD, bipolar affective disorder: UPAD, unipolar affective disorder.
"BPAD vs. control subjects, x2 ~ ^.04. p - .85; UPAD vs. control subjects, x2 ~ 2.97, p - .08.
''BPAD vs. control subjects, x2 = 0.09, p = .96; UPAD vs. control subjects, x" = 4.75, p = .09.

Discussion

Some association studies have implicated TPH gene vari¬
ants in the etiology of mood disorders or in suicidal
behavior, supporting a role of serotonin both in mood
disorders and suicidality. However, these findings have
not been replicated in this study nor by several other
groups. The absence of a significant difference of TPH
variants between patients and control subjects should,
however, be interpreted with caution because sample sizes
used in previous studies may not be large enough to detect
association, making it difficult to conclude on the exact
role of this marker in the phenotypes investigated. Two
different polymorphisms (A779C and A218C), both in
intron 7 of the TPH gene and in tight linkage disequilib¬
rium, were investigated in these studies (Bellivier et al
1998; Nielsen et al 1994).

The A218C polymorphism was not associated with
BPAD or IJPAD in our large European sample. Previously
we also reported the lack of association between serotonin
2A (5-HT2a) receptor gene T102C variants and BPAD and
between a tyrosine hydroxylase polymorpism and BPAD
in the same population (Massat et al 2000; Souery et al
1999). The large sample size provided by the multiccnter
approach in our study (527 BPAD and 400 UPAD patients
and their matched control subjects) allows reaching a high
statistical power (see Results).

Ethnic and geographic origin are frequently a cause of
stratification bias in case-control association studies. This
observation stresses the importance of carefully taking
into account population stratification. To circumvent this
problem, each patient was matched to an unrelated control
subject of the same ethnogeographic origin. In addition,
the overall sample in the analysis was in Hardy-Weinberg
equilibrium.

We also investigated the possible role of TPH polymor¬
phism in suicidal behavior in mood-disordered patients.
Only in UPAD patients with prior personal histories of
suicide attempts was an association found with TPH. The

frequency of the genotype C-C, which means homozygos¬
ity for the short allele, was lower in UPAD than in control
subjects. No difference was found for BPAD patients, nor
for patients with violent suicidal behavior. However, for
this last subgroup results should be interpreted with
caution because BPAD and UPAD patients were analyzed
together to reach a reasonable sample size of 48 patients.

The negative findings of Abbar et al (1995) and Kunugi
et al (1999) are not consistent with our finding for
suicidality. Our population is very different from the
population of Finnish alcoholics studied by Nielsen et al
(1998), and the TPH polymorphism investigated is not the
same. However, both polymorphisms are in tight linkage
disequilibrium (Kunugi et al 1999; Nielsen et al 1997), and
in both studies an association with suicidality was found.
This suggests the implication of serotonin disturbances in
suicidal behavior.

In conclusion, we failed to detect an association be¬
tween the A218C polymorphism of the TPH gene and
BPAD and UPAD in a large European sample. Homozy¬
gosity for the short allele is significantly less frequent in a
subgroup of UPAD patients with a history of suicide
attempts than in control subjects. In the small sample of
patients with violent suicide attempts, no association with
TPH polymorphism was found.
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Age-at-onset (AAO) in a number of extended families ascertained for bipolar disorder was analysed using survival
analysis techniques, fitting proportional hazards models to estimate the fixed effects of sex, year of birth, and generation,
and a random polygenic genetic effect. Data comprised the AAO (for 171 affecteds) or age when last seen (ALS) for 327
unaffecteds, on 498 individuals in 27 families. ALS was treated as the censored time in the statistical analyses. The
majority of individuals classified as affected were diagnosed with bipolar 1 and II in = 103) or recurrent major depressive
disorder (n =68). In addition to the significant effects of sex and year of birth, a fitted 'generation' effect was highly
significant, which could be interpreted as evidence for an anticipation effect. The risk of developing bipolar or unipolar
disorder increased twofold with each generation descended from the oldest founder. However, although information from
both affected and unaffected individuals was used to estimate the relative risk of subsequent generations, it is possible
that the results are biased because of the 'Penrose effect'. Females had a twofold increased risk in developing depressive
disorder relative to males. The risk of developing bipolar or unipolar disorder increased by approximately 4% per year of
birth. A polygenic component of variance was estimated, resulting in a 'heritability' of AAO of approximately 0.52. in a
family showing strong evidence of linkage to chromosome 4p (family 22), the 'affected haplotype' increased the relative
risk of being affected by a factor of 46. in this family, there was strong evidence of a time trend in the AAO. When either
year of birth or generation was litted in the model, these effects were highly significant, but neither was significant in the
presence of the other. For this family, there was no increase in trinucleotide repeats measured by the repeat expansion
detection method in affected individuals compared with control subjects. Proportional hazard models appear appropriate
to analyse AAO data, and the methodology will be extended to map quantitative trait loci (QTL) for AAO. Psychiatr
Genet 11:129-137 © 2001 Lippincott Williams & Wilkins.

Keywords: bipolar disorder, unipolar disorder, anticipation, age-at-onset, survival analysis, proportional hazard

INTRODUCTION

Anticipation describes a pattern of inheritance that
includes earlier age-at-onset and increased severity
of symptoms in younger generations and is a feature
of at least nine neurodegenerative diseases, includ¬
ing Huntington's disease, fragile X, and myotonic
dystrophy. The underlying dynamic mutations are
unstable tri-nucleotide repeat sequences whose in¬
creasing size in succeeding generations or through
sex-specific meiosis causes greater disruption to gene
function, leading to increased severity of clinical
symptoms and a reduction in age-at-onset (Paulson
and Fischbeck, 1996). Several studies have reported

0955-8829 © 2001 Lippincott Williams & Wilkins

anticipation in bipolar families selected to take part
in linkage studies after controlling for several possi¬
ble sources of bias (Mclnnis et al., 1993; Nylander et
al., 1994; Grigoroiu-Serbanescu et al., 1997;
Mendlewicz et al., 1997; Ohara et al., 1998). How¬
ever, Merette et al. (2000) found no evidence for
anticipation in a group of Canadian bipolar families
after controlling for an information bias that results
from the availability of higher quality of information
from younger generations compared with older sub¬
jects. Reports of anticipation have led to several
studies of CAG repeat expansion in bipolar disorder
using the repeat expansion detection (RED)
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technique (Schalling et al., 1993) or by examining
candidate genes known to contain triplet repeat
sequences (Sasaki et al., 1996; Jain et al., 1996; Hawi
et al., 1999). The RED method uses a thermostable
ligase in a cycling procedure to detect tri-nucleotide
repeat expansions from genomic DNA, but the
method provides no information on the chromoso¬
mal location of expanded repeats. Using this method,
association between expanded triplet repeat length
and bipolar disorder was reported in several studies
(Lindblad et al., 1995; O'Donovan et al., 1996;
Mendlewicz et al., 1997). Lindblad et al. (1998) found
that most of the expanded RED products detected
in bipolar patients and control subjects were the
result of expansions in one of two loci, the ERDA1
locus on chromosome 17 or the CTG18.1 locus on

chromosome 18. Expansion at the CTG18 locus sig¬
nificantly increased the risk of bipolar disorder.
However, other studies have failed to find an in¬
crease in repeat expansions (Schurhoff et al., 1997;
Li et al., 1998; Zander et al., 1998), and Craddock et
al. (1997) found no correlation between length of
CAG repeats measured by RED and severity of
illness or age-at-onset of bipolar disorder.

Age-at-onset (AAO) of a disease is a complex trait
for genetic analysis because: (i) it is influenced by
both the environment and by multiple genes; and (ii)
it is measured on affected individuals only. There
have been several quantitative genetic analyses pro¬
posed. The most common approach in linkage and
association studies is to ignore age data, and to
concentrate on affected versus unaffected individu¬
als. A second method is to adjust the affected/un¬
affected scores for age (Zhu et al., 1997; Hanson et
al., 1998). A third method (Daw et al., 1999) is to
sample the AAO conditional on the actual age and
inferred major genotype in segregation analysis. All
these methods have drawbacks, because they do not
use the information efficiently by ignoring the na¬
ture of the censored records. For example, the ration¬
ale for the method by Hanson et al. (1998) appears
to be to adjust the binary trait affected/unaffected
for age [whether AAO or age when last seen (ALS)],
and thereby creating a quantitative trait. The au¬
thors use the population incidence to adjust for
AAO or ALS, but for a large data set their method
is equivalent to including age (AAO or ALS) in the
model of analysis as a covariate. Depending on the
true (unknown) genetic architecture underlying af¬
fected status (will a person get the disease) and the
AAO (when will an affected person show the dis¬
ease), adjusting for age may or may not be appropri¬
ate. Daw et al. (1999) assume that AAO is normally
distributed (which is most likely not true for most

late onset disorders or for bipolar disorder). Survival
analysis methods, which properly take into account
that ALS data are censored observations, have been
used to model AAO for segregation analysis to
detect a major gene (Abel and Bonney, 1990; Es-
sioux et al., 1995) or to estimate residual effects to
be used in subsequent linkage analysis (Zhu et al.,
1997). These studies did not consider the general
case of correlated AAO between family members
due to polygenic effects, nor take phenotypic rela¬
tionships between certain pairs of relatives (e.g. sis¬
ter-sister and mother- daughter relationships in the
breast cancer study of Essioux et al. (1995)) into
account by fitting additional regressions in the model
of analysis. Bivariate survival models based on corre¬
lated frailties have been applied to twin data to
estimate a genetic component of longevity (Yashin
and Iachine, 1995; Petersen, 1998). To our

knowledge, quantitative genetic analyses of AAO to
estimated variance components in complex pedi¬
grees have not been reported previously.

In addition to the problem of the nature and
distribution of the AAO trait, which makes a genetic
analysis difficult, data from families may be subject
to several types of bias (for example, Penrose, 1948;
Hodge and Wickramaratne, 1995). These include
reduced fertility in individuals who develop illness
early, an information bias that results from the
availability of higher quality of information from
younger generations compared with older subjects
(Merette et al., 2000), and a censoring bias when the
younger generations are assessed over a shorter
period of risk than older generations (Vieland and
Huang, 1998). An ascertainment bias in favour of
younger AAO offspring of affected parents is likely
to be a feature of families collected for the purpose
of linkage analysis (Huang and Vieland, 1997). These
types of bias are likely to influence the inference on

anticipation strongest when sampling affected par¬
ents and affected offspring only, but should have a
smaller effect when dealing with extended pedigrees
that are followed over time (Vieland and Huang,
1998).

The aim of the present study was to apply novel
statistical methods based on survival analysis to ge¬
netically analyse AAO data for bipolar disorder in a
number of extended families. The purpose of such
analyses is to quantify the amount of genetic varia¬
tion that exists in populations for AAO, and to
estimate environmental risk factors simultaneously.
In addition, wc test for a possible anticipation effect,
i.e. for evidence that the AAO is decreasing each
generation. The application of survival analyses to
test for anticipation in complex pedigrees was
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recently suggested by Vieland and Huang (1998). In
single large, multiply affected pedigrees, genetic and
non-genetic heterogeneity is likely to be reduced.
Therefore, we have also looked for evidence of
anticipation in a single large Scottish bipolar family
showing linkage between a bipolar and unipolar
phenotype and a series of polymorphic markers
mapped to a region on the short arm of chromo¬
some 4 (Blackwood et al., 1996). We have also used
the RED method to compare the trinucleotide re¬
peat expansion length in affected and unaffected
members of this family.

MATERIALS AND METHODS

Family data
Twenty-seven extended families were recruited for
linkage studies. A summary of the data is presented
in Table 1. Probands with bipolar 1 disorder were
in-patients or out-patients at hospitals in the south
of Scotland. All family members gave their consent
to participate in genetic studies, provided a blood
sample for DNA analysis, and were interviewed by a
trained psychiatrist using the Schedule for Affective
disorders and Schizophrenia — Lifetime version
(Endicott and Spitzer, 1978). Diagnoses were made
according to Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV) and RDC criteria after
a review of hospital case records. Families were
selected in which two lirst-degree relatives were
diagnosed with bipolar disorder, or bipolar disorder
and recurrent major depression. Pedigrees with ap¬
parent bilineal descent were not included. Data on
AAO (affected individuals), ALS (unaffected indi¬
viduals), year of birth, sex, and family were used
from 498 individuals from 27 unipolar- and bipolar-
affected extended families. Pedigree information was
known and a total of 582 individuals were included
in the pedigree file. From the pedigree information,
the number of generations since the oldest founder
was calculated to test for an anticipation effect in
the analysis. One hundred and seventy-one individu-

TABLE 1. Summary of data on age-at-onset and age
when last seen

All families Family 22a
Individuals in pedigree 582 160
Individuals with observations 498 143
Number affected 171 29

Age-at-onset (years) 25.9 28.6
Number unaffected 327 114

Age last seen (years) 48.2 43.3

aFor the statistical analyses on Family 22 only, 27 af¬
fected individuals with known haplotypes were used.

als were recorded as affected, with AAO varying
from 12 to 70 years. The majority of records
(327/498), i.e. the individuals coded as unaffected,
were treated as censored in the statistical analysis.
The average AAO and ALS were 25.9 and 48.2
years, respectively. Diagnoses in these families were
bipolar I and bipolar II (103) and (recurrent) major
depressive disorder (68). The relatives with a diagno¬
sis of schizophrenia belonged to four extended fami¬
lies where the proband and the majority of affecteds
had bipolar or unipolar illness and there was no
evidence from interview with relatives of bilineal
inheritance. For the statistical analyses, the AAO of
any of the aforementioned disorders was used. A
five-generation family was ascertained as described
by Blackwood et al. (1996). In this family (Family
22), all nine family members with bipolar disorder
and 16 of the 18 relatives with recurrent unipolar
disorder share the same haplotype across a 10 cM
region of chromosome 4p. For two affected individu¬
als (one individual born in 1907 and one recently
diagnosed), no haplotype information was available.
This region may harbour a gene of major effect for
bipolar disorder since the region explains 30% of
the variance in this one family (Visscher et al., 1999)
and several other studies have found evidence for

linkage to this region (Polymeropoulos and Schaffer,
1996; Asherson et al., 1998; Ewald et al., 1998;
Ginns et al., 1998; Detera-Wadleigh et al., 1999).
For this family (143 individuals with observations),
29 individuals were affected, giving a proportion of
29/143 = 0.80 records that were censored. The aver¬
age AAO and ALS were 28.6 and 43.3, respectively.
The statistical analysis included data on the 27 indi¬
viduals with recorded haplotypes and 114 unaffect-
eds. The uncorrected AAO data (all 29 affected
individuals in Family 22) as a function of generation
number are shown in Figures 1 and 2.

Statistical methods

We applied survival analysis methodology to model
AAO, using correlated frailty models (for example,
Ducrocq and Casella, 1996; Petersen, 1998; Hou-
gaard, 1999) to estimate covariates and a polygenic
variance component. All available pedigree informa¬
tion was used in the estimation of the variance

component. Survival analysis models the trait of
interest (here, AAO) properly as a function of time,
and takes into account that some records are uncen-

sored (affected individuals) and some are censored
(unaffected individuals). The effects of factors such
as sex, environmental time trend and genotype are
estimated in terms of the risk of becoming affected.

Psychiatric Genetics 2001, Vol 11 No 3 131



VISSCHER ETAL.

70

60

b 50

Z. 40

eu
< 30

20

10

Generation

FIGURE 1. Age at onset of 29 affected individuals in Family 22 as a function of the number of generations from
founders.

We assumed that the risk (or hazard) of develop¬
ing a disease follows a proportional hazard model,
with the proposed mixed linear model as the expo¬
nential part of such a model. For an individual k,
the hazard function is:

h(t\b,u) = /t0(r)exp(x'kb + uk)

with hit | b,u) the hazard at time t for an individual
with covariates xk, and polygenic value uk. The
hazard function describes the instantaneous rate of

Children Parents

FIGURE 2. Mean and standard error of age at onset of parents and their children of 13 parent-child pairs from Family
22.
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'failure' at time t, given that a person was unaf¬
fected before t. In our application, the hazard func¬
tion measures the risk of becoming affected at age t,
given that an individual was not affected at age {t -

1). hu(t) is the baseline hazard function at time t,
which is an 'average' hazard function pertaining to
all individuals in the population, and is similar to the
average probability of becoming affected at age /,
conditional on not being affected at age {r - 1). b is
the vector of fixed effects and covariates.

The aforementioned model is called a mixed sur¬

vival model or frailty model because the polygenic
effects are random variables. The model assumes

that there is an average baseline hazard function,
h0{t), which represents the ageing process in the
population (or, in our case, the average risk of
becoming affected as a function of time), and that
covariates and polygenic values act multiplicative to
increase or decrease an individual's hazard through¬
out his life. The terms exp(uk) are frailty terms. The
baseline hazard function is usually described by as¬
suming that the survival function (which describes
the probability of being unaffected at a particular
point in time) has an exponential or Weibull dis¬
tribution. We will use the latter, since the exponen¬
tial distribution is a special form of the Weibull
distribution, so that we could, if necessary, perform
a statistical test for a Wcibull versus exponential fit.
The baseline hazard function under the assumption
of a Weibull survival function is:

hu(t) = hp{t)"~'

The Weibull parameters p and A define the shape
and scale of the hazard function, respectively. If
p> I (respectively, p< 1) the hazard of an individ¬
ual increases (respectively, decreases) with time. For
example, if p= 2, then the relative hazard (risk) of
individuals aged 60 and 20 is 602~1 /202~1 = 3, i.e. a
threefold difference in risk. For p= 1, the baseline
hazard is constant and the Weibull model reduces to

an exponential regression model. Wcibull models
can also be viewed as special cases of accelerated
(p> 1) or decelerated (p<l) failure time models.
The Weibull model is a parametric proportional
hazards model. Estimation of fixed and random ef¬
fects and of genetic parameters is much less de¬
manding with a Weibull model than with a semi-
parametric model, such as the popular Cox (1972)
model, for which the baseline hazard function is left
arbitrary. The Wcibull model is also very flexible; in
particular, when time-dependent covariates are in¬
cluded in the exponential part of the model.

If we assume that the vector of polygenic values
has variance var(t/) =/lo-„2, then we have the same
linear model as for normally distributed traits but
the effects now act multiplicatively in the mixed
survival (frailty) model. The proposed model fits into
the general class of multivariate frailty models dis¬
cussed by Petersen (1998). Essentially, we propose to
put a genetic structure (additive relationship matri¬
ces) derived from quantitative genetics to account
for correlated frailties (and, therefore, correlated
failure times or AAO) between related individuals.
For longevity traits in animal (livestock) populations,
these models have been applied before including the
polygenic component in the model (for example,
Ducrocq and Casella, 1996).

All analyses were performed using the software
package Survival Kit (Ducrocq and Solkner, 1994).
To estimate parameters in the model a Bayesian
analysis is used, with flat priors for the fixed effects,
genetic variance and Weibull parameter p (Ducrocq
and Casella, 1996).

Models

Sex, family and generation were Irealed as fixed
factors in the model, and year of birth was treated as
a linear covariate. The rationale for including year
of birth in the model was to account for a possible
environmental trend (e.g. due to better diagnosis
and reporting) in the data. Family effects were filled
to account for non-genetic differences in AAO
between families. Initial analyses of treating families
as fixed gave convergence problems because of a
strong confounding between individual (genetic) ef¬
fects and year-of-birth effects and the parameter p
from the Weibull model. Therefore, the shape
parameter (p) was first estimated from a model ex¬
cluding any individual genetic effect, i.e. a com¬
pletely fixed model, and held constant for subse¬
quent analyses.

Family 22 was analysed individually, fitting a model
with sex, generation, haplotype, and year of birth.
Haplotype was coded as the presence or absence of
the 'affected haplotype' from the Blackwood et a!.
(1996) study. In addition to ihese models, two fixed
models fitting either year of birth or generation were
analysed because these effects are expected to be
highly correlated.

RESULTS

The estimate of the Weibull shape parameter (p)
from the fixed model was 2.48. Hence, for two indi¬
viduals with the same covariates (sex, year of birth,
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TABLE 2. Estimates of fixed effects and variance components and their standard errors

All families Family 22

Fixed effects/covariates
Sex (males versus female) -0.77± 0.20 -0.57+0.40 (NSa)
Generation 0.86 + 0.20 0.52 + 0.61 (NS)
Year of birth 0.04 + 0.01 0.04 + 0.03 (NS)
Chromosome 4p haplotype 3.84 ± 0.56

Random effects
Additive genetic variance 1.16 + 0.20 0.82 + 0.51 (NS)

aNon significant (P> 0.05).

family), the relative hazard (risk) of becoming af¬
fected at ages 50 and 20 years of age is 50'-48/201'48
= 3.9. This value of p = 2.48 was held constant for
subsequent analyses to allow a more robust estima¬
tion of the remaining parameters. The full model,
i.e. including a random individual genetic compo¬
nent, resulted in an estimated genetic variance com¬
ponent of 1.10 (i.e. the mode of the posterior dis¬
tribution of the estimated variance component). The
mean and standard deviation of this variance com¬

ponent were 1.16 and 0.20, respectively (see Table
2). An approximation of the heritability for failure
time data using the Weibull model was recently
derived (Yazdi et al., 2001) as h2 = tr2/(a.2 + \),
with a2 being the estimate of the additive genetic
variance. For the present data, the estimate of the
heritability is 0.52, i.e. 52% of the variation in AAO
for unipolar and bipolar disorder can be attributed
to genetic risk factors. A separate analysis excluding
Family 22 resulted in similar estimates of fixed ef¬
fects and genetic variance (results not shown), so the
amount of genetic variance estimated in the com¬
plete data set is not an artefact of the quantitative
trait loci (QTL) of large effect detected by Black¬
wood et al. (1996) in Family 22.

The effects of families were significant (P <
0.0001) both in the fixed model and in the full
model, indicating differences in the risk of develop¬
ing bipolar disorder across families. The estimates of
individual family effects are not shown because most
families have only few (< 5) affected individuals, so
the standard errors of family effects are large. Sig¬
nificant differences in the risk of developing affec¬
tive disorder between families may be due to genetic
effects, environmental effects, or a combination
thereof.

The effects of sex, generation, and year of birth
were -0.77 (+ 0.20), 0.86 (+ 0.20), and 0.04 (± 0.01),
respectively (see Table 2). From these results we
conclude that males have an exp(-0.77) = 47%
smaller risk than females in developing affective
(bipolar and unipolar) disorder. This effect was due

to a large excess of both unipolar and bipolar de¬
pression in women (n = 48 for unipolar and n = 66
for bipolar) compared with men Oi = 20 for unipolar
and n = 37 for bipolar). A separate analysis in which
either unipolars or bipolars were analysed revealed a
significant increased risk for females of threefold in
unipolars and twofold in bipolars (results not shown).
Each generation from the oldest founder increases
the risk by exp(0.86) = 2.4-fold, which possibly points
to an anticipation effect. The risk of becoming af¬
fected increases by exp(0.04) = 4% each year.

The full fixed model for an analysis of Family 22
only resulted in a large estimated effect of the
affected haplotype, 3.84 + 0.75. Out of the 27 af¬
fected individuals with scored haplotypes, 25 carried
the haplotypes determined by the Blackwood et al.
(1996) study. This effect of haplotype on the hazard
means that the risk of developing bipolar or unipolar
disorder increased exp(3.84) = 46-fold for those indi¬
viduals carrying the identified haplotypc from the
analysis of Blackwood et al. (1996). The effect of sex
was not significant for this (small) data set. When
both year of birth and generation were fitted, nei¬
ther of these highly correlated covariates were sig¬
nificant in the presence of the other (Table 2).
However, fitting a fixed model with generation only
(in addition to sex and haplotype) resulted in a

highly significant effect (P < 0.001) of 1.21 for gen¬
eration, i.e. an increased risk ratio of exp(1.21) = 3.4
per generation. Similarly, when fitting year of birth
but not generation, the significant effect of year of
birth was 0.058 per year, i.e. an increased risk of
exp(0.058), or 6% per year. These results suggest an
average generation interval of 1.21 /0.058 = 21 years.

RED analysis in extended pedigree Family 22
The RED method was carried out on seven relatives
with bipolar disorder, each of whom carried the
disease-related haplotype of chromosome 4 poly¬
morphic markers, and eight relatives who had no
psychiatric diagnosis and did not carry this haplo-
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type. Reactions were performed and analysed as
described by Lindblad et al. (1995) using a (CTG)IO
oligonucleotide giving a representation of bands on
a polyacrylamide gel at an interval of 30 nucleotides.
Reactions used 15 U Ampligase per reaction. Ex¬
panded RED products (120 base pairs or over) were
observed in 5/7 bipolar and 4/8 control subjects,
indicating no association of bipolar illness with ex¬
panded repeats in this family.

DISCUSSION

We have shown that survival analysis methods with
random effect accounting for all genetic relation¬
ships can be used to analyse AAO data in complex
pedigrees. It should be possible to extend these
methods to QTL mapping for AAO, fitting both a
polygenic and a QTL random component in the
model of analysis, i.e. to perform a variance
component analysis that properly takes account of
the non-normal distribution of the data and of cen¬

soring.
One assumption of our model is that all individu¬

als are in principle at risk of developing either
unipolar or bipolar disorder. The same assumption
was made by Daw et al. (1999) in their analysis of
AAO of Alzheimer's disease. This assumption may
be reasonable in our study, because families were
selected for their high incidence of the disorder.
Nevertheless, in samples of the population there
may be individuals that would never become seri¬
ously depressed, regardless of the environmental
conditions. In that case, it would be better to at¬
tempt to model a proportion of individuals at zero
risk in the data. Estimates of covariates and variance

components would then only be relevant for the
at-risk group. However, such an analysis would be
difficult or impossible, because there is little (if any)
information to distinguish between unaffected indi¬
viduals who are at risk but have not developed the
disorder (yet) and those that have a zero risk. Fur¬
thermore, even if a zero-risk proportion could be
estimated, it may not affect our conclusions because
the estimated risk of unaffected individuals with

high censored time (ALS) would be very small (i.e.
close to zero) anyway.

Both year of birth and generation number were
highly significant in the analysis of all families. This
could point to an environmental (year of birth or
cohort effect) or biological time trend (generation or
anticipation effect) in the reduction of AAO of
bipolar disorder, or to a selection bias due to the
ascertainment of families for linkage studies
(Penrose, 1948). In addition to the possibility of a

selection bias, the fitted effects of cohort (year of
birth) and generation are highly confounded be¬
cause older individuals are, on average, in the same
generation group. In time, through the accumulation
of additional data, this confounding should decrease.

Two of Ihc most consistent findings in the epi¬
demiology of depression are that the prevalence of
depression is about twice as high among women as
men and prevalence rates are higher among younger
than older people (Kessler et al., 1993; Weissman et
al., 1993). A year of birth effect (cohort effect) for
bipolar and unipolar disorders has been well de¬
scribed in several countries (Klerman et al., 1985;
Gershon et al., 1987; Wickramaratne et al., 1989;
Joyce et al., 1990). These studies have detected a
consistent trend for the AAO of affective disorders
to become steadily younger over the past 50 years.
This could be due to cultural factors such as more

tolerant public attitudes to mental illness coupled
with increased availability of effective treatments
leading to earlier diagnosis. An epidemiological study
that compared the prevalence of depression in 1952,
1970 and 1992 in a population within a single catch¬
ment area in Canada by Murphy et al. (2000) mea¬
sured a stable overall prevalence of depression at
the three time points, but within the overall constant
rate there was a significant redistribution of cases by
sex and age, with a recent increase in prevalence of
depression in younger women. In the families in¬
cluded in the present study, the increased rate of
affective disorder in women was found for both

unipolar major depression and bipolar depression,
and the men:women ratio of approximately 3:1
(unipolar disorder) and 2: 1 (bipolar disorder) is in
keeping with all the aforementioned studies.

The effects of sex and generation were not sig¬
nificant when year of birth was fitted in the model
for the analysis of Family 22. However, the effects of
year of birth and generation are highly confounded,
and fitting either of these effects showed a highly
significant effect. It is not clear whether the reduc¬
tion in AAO illustrated in Figures 1 and 2 is due to
censoring bias, an environmental time trend or a
real biological phenomenon. This extended family
has been studied over a long period of time, and the
possible bias due to selection effects should diminish
because all contemporary relatives are included in
the analysis. There is no clear indication from natio¬
nal studies that the population incidence of bipolar
disorder has increased over time. Hence, it is possi¬
ble that the data on Family 22 (and indeed the other
families) indicate real evidence of anticipation. There
was no increase in trinucleotide repeat expansions
detected by the RED method. It is probable that
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bipolar disorder shows genetic heterogeneity and
that anticipation is found in only a proportion of
families. However, the sample size that was used to
test the hypothesis of an increased proportion of
trinucleotide repeats in affected individuals was very
small, so we cannot rule out that real differences
exist between the affected and unaffected individu¬
als. Nevertheless, we can conclude that there is no
evidence in this family that all affecteds have a

larger number of trinucleotide repeats than unaf¬
fected individuals.

For linkage analysis, the application of the sur¬
vival model allows one to test the hypotheses that
some genetic loci influence the risk of developing a
disorder (e.g. certain genotypes are more suscepti¬
ble, at any age), independent of the AAO, while
other loci influence the AAO. This can be achieved

by expanding the models to include stratification
(according to, for example, genotype) and time-
dependent covariates.

In conclusion, we have successfully applied sur¬
vival analysis techniques to estimate genetic varia¬
tion of AAO while simultaneously estimating other
risk factors. There was some evidence of anticipa¬
tion, but we cannot reject a possible bias due to the
well-known 'Penrose effect'. We plan to extend the
analysis to incorporate marker information and esti¬
mate QTLs for AAO.
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Case-control study of neurocognitive function
in euthymic patients with bipolar disorder:
an association with mania1
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Background Neurocognitive
impairments in euthymic patients with
bipolar disorder may represent trait
rather than state variables.

Aims To test the hypothesis that
euthymic patients with bipolar disorder
would exhibit impairment in verbal
learning and memory and executive
function compared with healthy controls
matched for age, gender and premorbid
IQ.

Method Twenty euthymic patients
with bipolar disorder were matched, on a

casc-by-casc basis, to twenty healthy
community controls.Cases and controls
were tested with a battery of
neuropsychological tests.

Results Impairments were found
in cases compared with controls in tests
of verbal learning and memory. Verbal
learning and memory correlated
negatively with the number of
manic episodes.

Conclusions Impaired verbal
learning and memory may be a trait
variable in bipolar disease.There are

implications for adherence to medication
and relapse and for the role ofearly
treatment interventions. Prospective
designs and targeting first-episode groups

may help to differentiate trait v. disease
process effects.
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There is increasing evidence that neuro¬

cognitive impairment in some patients with
bipolar disorder is enduring and may

represent a trait rather than a state vari¬
able. The main abnormalities lie within
mnemonic and executive domains (e.g.
Dupont et al, 1990; Morice, 1990; Gold¬
berg et al, 1993). Structural abnormalities
in the brains of patients with bipolar dis¬
order (Dupont et al, 1995; Klkis et al,
1995; Soares &c Mann, 1997; Videbech,
1997) point to enduring brain changes, and
some positive associations have been made
between these structural abnormalities and

neurocognitive impairments (Lesser et al,
1996). There is evidence also of a positive
association between the number of affective

episodes and neurocognitive impairment.
The few studies that have addressed the

trait-state distinction by examining
patients with bipolar disorder in the
euthymic state (Kessing, 1998; van Gorp
et al, 1998; Ferrier et al, 1999) support
the trait rather than the state hypothesis.

To test the hypothesis that euthymic
patients with bipolar disorder exhibit
impairment in verbal learning and memory
and in executive function compared with
healthy controls, we aimed to recruit 20
euthymic patients with bipolar disorder
and to match these on a case-by-case basis,
for age, gender and premorbid [Q with 20
healthy controls.

METHOD

Patients were matched on a case-by-case
basis with healthy controls. Matching was
on the basis of age, gender and premorbid
IQ. A battery of neuropsychological tests
was administered to both the cases and
their matched healthy controls. Ethical
approval for the study was sought and
granted by the local area ethics committee.
Patients and controls gave informed
consent. All tests on an individual were

carried out on the same day.

Patients

The patient sample was identified via the
computerised psychiatric database at the
Royal Edinburgh Hospital. Inclusion criteria
required that patients conformed to DSM-
IV (American Psychiatric Association,
1994) criteria for bipolar I disorder, were

aged 18-70 years and currently were euthy¬
mic. Exclusion criteria were: significant
physical or neurological illness; history of
stroke or head trauma; evidence from the
Schedule for Affective Disorders and Schizo¬

phrenia - Lifetime version (SADS-L; Spitzcr
& Endicott, 1978) of a significant history of
(or ongoing) alcohol and/or drug misuse;
electroconvulsive therapy (ECT) in the
preceding 6 months; a score above 7 on
the 21 -item Hamilton Rating Scale for
Depression (HRSD; Hamilton, 1960) and
a score above 2 on the Modified Manic

State (MMS) rating scale (MMS; Black¬
burn et al, 1977); evidence of comorbid
psychiatric disorder; neurodegenerative
disorders; learning disability; endocrine
abnormalities.

Thirty-seven patients were identified
who met DSM-IV criteria for bipolar dis¬
order by case note review: 20 were recruited
successfully for the study, 12 did not fulfil
entry criteria and 5 refused to participate.
Information in the case notes indicated that
those who refused did not appear to differ
in terms of demographic variables from
those who participated. Entry criteria were
not met because the patients were unwell at
the time or were over 70 years of age.

Controls

The controls were recruited from the

community and, as far as possible, were
from the same community and occu¬

pational background as the patients. The
controls were subject to the same exclusion
criteria as the patients were. In addition,
any current or past psychiatric history
resulted in exclusion. Twenty controls were

approached, all of whom agreed to partici¬
pate. Controls included friends of other
controls, non-research nursing staff,
hospital administrative staff, computing
staff and ancillary staff. No inducement
was offered for participation in the study.
Participation was voluntary for both
patients and controls.

Initial assessment

In addition to the SADS-L, IIRSD and
MMS, all cases and controls were screened
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using the National Adult Reading Test
(NART; Nelson &C Willison, 1991) as a
measure of premorbid IQ.

Neuropsychological assessment
Patients and controls were assessed using
the same tests administered in the same

order by J.T.O.C. and M.V.B. in the
Department of Psychiatry. The whole
testing session lasted approximately
90 min.

Tests of verbal learning and memory

CaliforniaVerbalLearningTest. The California
Verbal Learning Test (CVLT; Delis et al,
1987) is a memory test that allows the
differentiation of various aspects of verbal
learning, recall and recognition. It comprises
a list-learning task of 16 items presented
orally to the participant by the tester. The
list is composed of four category groupings:
fruit; tools; clothing; herbs.

There are five immediate free recall
trials of list A followed by an interference
list B that is presented once. Immediately
after list B, short-delay recall of list A is
tested in both free and cued forms. Cues
are given in the form of names of the four
categories. Following 20 min of non-verbal
tests, long-delay free and cued recall from
list A are recorded. Immediately following
this, recognition is measured by asking for
a yes/no response to a list containing the list
A items, with an additional 28 distractors
made up of list B words and novel words
both related and unrelated scmantically to
list A words.

The total score of immediate free recall

trials 1-5 provides a global measure of
learning performance. The number of words
remembered in trial 1 is a reflection of
immediate recall. The change in the number
of words recalled from trial 1 to trial 5

shows the rate of learning and reflects little
or no learning if the number of words
recalled on later trials is not much more

than the number remembered during the
first trial (Lezak, 1995). Recognition is an
estimate of ability to recognise target items
correctly and to reject distractor items.

Tests ofexecutive function

Hayling Sentence Completion Test. The
Hayling Sentence Completion Test (HSCT;
Burgess & Shallicc, 1996) assesses the
ability to inhibit and override a dominant
response tendency. It comprises two con¬

ditions, in both of which the sentence must

be completed as quickly as possible with a
one-word answer.

Condition 1 requires participants to
finish a sentence with a word that allows
the sentence to make sense. Condition 2

requires participants to finish the sentence
with an absurd word that renders the
sentence nonsensical (the incongruous
condition). The errors are scored according
to the degree of sense made by the sentence

completion. Category A errors are scored if
a sentence in the incongruous condition is
completed correctly. Category B errors are
scored if the sentence makes some sense

(e.g. The whole town came to hear the
Mayor ; answer: sing).

Raw scores then are converted to scaled
scores. The overall scores were analysed in
this study.

VerbalFluencyTest (FASversion). In the Verbal
Fluency Test (Benton &c Hamshcr, 1978)
participants were asked to recall within
1 min as many words as possible beginning
with each of the letters F, A and S.

Stroop Colour Word Test. The Stroop Colour
Word Test (Trenerry et al, 1988) is a test of
executive function that involves an initial
trial ('priming trial') reading aloud the
words in a list of colour names written in

incongruous coloured ink. This is followed
by a second trial ('colour—word trial') read¬
ing down a list of colour names, again
written in incongruous coloured ink but
this time reading aloud the colour of the
ink in which the words arc printed.

Behavioural Assessment of the Dysexecutive
System. The Behavioural Assessment of the
Dysexecutive System (BADS; Wilson et al,
1996) is used to predict everyday problems
arising from executive disturbances.

The BADS presents a collection of six
tests similar to real-life activities, which
could present difficulties for some people
with dyscxccutivc syndrome. The test
chosen from the six was the Modified Six

Elements Test. This test was based on a task

developed by Shallice & Burgess (1991).
The reasons for choosing this test were as
follows: the entire BADS did not fit within

the time constraints of testing; the modified
test makes demands in the three areas of

planning, organising and monitoring behav¬
iour; in addition, it taps 'prospective
memory' quite highly (i.e. the ability to

carry out an intention at a future time)
(Burgess, 1997).

The participant is given instructions
to do three tasks comprising dictation,
arithmetic and picture naming. Each of
these tasks is subdivided into two parts
called A and B. The participant is asked
to attempt at least something from each of
the six sub-tasks within a 10-min period.
There is one rule that may not be broken,
namely, that it is forbidden to do two parts
of the same task consecutively.

The point of the test is how well parti¬
cipants organise themselves, not how well
they perform on individual tests. The
profile score is based on the number of
tasks completed, the number of tasks where
rule breaks were made and the time spent
on any one task.

Statistical analysis
Parametric statistical tests were used for all
tests with the exception of the HSCT, which
is known to have a non-normal distribution
and therefore non-parametric tests were

employed. Homogeneity of variance was
checked using Levene's test. Independent t-
tests then were used to test the null hypo¬
thesis that the mean test scores between

cases and controls did not differ. The

Mann-Whitney U test was used in the case
of the HSCT. Spearman's correlational
analysis was carried out between clinical
variables and performance on the neuro¬

psychological measures. Partial corre¬
lational analyses also were conducted,
controlling for age, gender, IQ, HRSD score
and duration of illness.

RESULTS

Table 1 shows the demographic profiles,
premorbid IQ, medications and clinical
scores of depression and mania in the
bipolar group and controls. Patients and
controls did not differ with respect to age,

gender or premorbid IQ.
In the bipolar group, the 17-item and

21-item HRSD and MMS had mean scores

of 1.0, 1.1 and 0.5. The respective scores
for the controls were zero.

Those patients currently taking medi¬
cation were divided as follows: anti¬

depressants, namely, selective serotonin
reuptake inhibitors (SSRIs), n—7; anti¬
psychotics, n=8; 'atypical' antipsychotics,
n=0; lithium, rt= 8; anticonvulsant (carba-
mazcpinc), n=5. All doses were within
British National Formulary (BNF) guide¬
lines. No controls were receiving
medication at the time of testing.
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Table 2 describes the clinical indices of
the patients.

Neuropsychological tests
Table 3 illustrates the raw scores and paired
differences between patients and controls.
Significant differences in the neuropsycho¬
logical tests between the bipolar group and
controls were found within the tests for
verbal learning and memory (i.e. CVLT).
Deficits were found in immediate recall on

trial 1 of the CVLT. The total immediate
recall (sum of trials 1-5) of the CVLT was
worse in patients than in controls. The
other impairments were in short- and
long-delay recall and in delayed recognition
with false positives removed. The latter is
regarded as a more accurate reflection of
delayed recognition. Impairment in
delayed recognition itself almost reached
conventional statistical significance.

With respect to the other tests, there
were no significant differences between
patients and controls in verbal fluency
(FAS), the profile score of the Modified
Six Elements Test or in the converted error

score of the HSCT. However, differences in
the Stroop Colour Word Test almost
reached statistical significance.

Correlational analysis was performed
between those neuropsychological tests that
showed statistically significant differences
on univariate testing and clinical indices.
Significant negative correlations were found

Table I Demographic, medication and baseline measures in patients and controls

Cases (n—20) Range Controls (n=20) Range

Age in years (mean, s.d.) 43.6(14.2) 23-70 42.2(14.7) 23-69

Female 10 10

Male 10 10

NART (mean, s.d.) 113.2(9.8) 97-126 110.6(10.1) 95-126

Medications

Antidepressants 7 0

Anticonvulsants 5 0

Antipsychotics 8 0

Lithium 8 0

HRSD, 17-item (mean, s.d.) 1.0 (2.9) 0

HRSD, 21-item (mean, s.d.) I.I (3.2) 0

MMS 0.5(1.5) 0

NART, National Adult Reading Test; HRSD, Hamilton Rating Scale for Depression; MMS, Modified Manic State rating
scale.

Table 2 Clinical indices of the patients

Mean (s.d.) Quartiles

Years of illness 16(12.5) 5, 15, 30

Weeks since last episode of illness 118 3 (162.6) 7.3, 104, 156

Number of admissions 5.4(8) 1,2,4.8

Longest admission (weeks) 11.5(10.3) 3,8, 12

Number of manic episodes 6(7) 2,3,9

Age at first manic episode (years) 27.7 (9.8) 21, 24,31

Age at last manic episode (years) 37.3(13.3) 27, 35, 45

Number of depressive episodes 6(6) 3, 5,7

Age at first depressive episode (years) 23.2 (7.8) 17.3,21, 25.8

Table 3 Raw scores and paired differences between patients and controls

Test Patients Controls Levene's test Mean difference 95% CI for difference P

(two-tailed)

California Verbal Learning Test, mean (s.d.)
Trial 1 6.3(1.9) 8.6(1.8) 0.9 2 3 1.1 to 3.4 <0.00 1*

Total trials 1 5 49.4(11.1) 60.8(10.3) 0.4 -11.3 -18.2 to -4.5 0.002*

Delayed recall 10.3 (3.6) 13.3 (2.6) 0.2 -3.0 -5.1 to -1.0 0.004*

Delayed recognition total 14 (2.2) 15.2(1.6) 0.1 -I.I -2.4 to 0.2 0.09

Number of false positives 0.8(1) 0.5 (0.8) 0.3 0.4 -0.2 to 1.0 0.2

Delayed recognition minus false positives 13.3 (2.5) 14.8(2.0) 0.3 -1.5 -2.3 to -0.01 0.05*

Stroop Colour Word Test, mean (s.d.) 54.1 (41) 75.9 (29.5) 0.01 -21.7 -45.1 to 1.6 0.07

FAS verbal fluency test, mean (s.d.) 44.6(12.1) 48.4(12.4) 0.9 -0.2 -0.6 to 0.2 0.4

Six Elements Test Profile score, mean (s.d.) 3.4 (0.6) 3.6 (0.7) 0.9 -0.2 -0.6 to 0.2 0.4

Hayling Sentence Completion Test1 0.2

Mean 18.1 15.8

Median 27.9 27.1

Range 2.8-85 3-65

I. Converted error score Mann-Whitney 1/=I55.
*P <0.05.
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between performance on neuropsycho¬ noted that delayed recognition (including and delayed recognition minus false
logical tests and number of manic epi¬ false positives) did not reach conventional positives remain significantly correlated
sodes (Table 4). Specifically, there was a statistical significance on univariate testing with the number of manic episodes. The
negative correlation between the number (P=0.09). same results occurred on controlling for
of manic episodes and performance on de¬ Table 5 illustrates the results of the duration of illness. On controlling for
layed recognition (r= —0.6, P=0.01) and partial correlational analyses between the HRSD score, trial 1 of the CVLT
delayed recognition minus false positives CVLT, number of manic episodes and remained significantly correlated with
(r= — 0.7, P=0.002). There was also a ne¬ number of depressed episodes, controlling number of manic episodes, in addition
gative correlation between delayed for age, gender, IQ, HRSD and duration to delayed recall, delayed recognition
recognition and duration of illness in years of illness. On controlling for age, gender and delayed recognition minus false
(r= — 0.5, P=0.03). However, it should be and IQ, delayed recall, delayed recognition positives.

Table 4 Spearman's rank correlational analysis

Neuropsychological measure Years of illness No. of admissions No. of manic episodes No. of depressed
episodes

CVLT trial 1 -0.1 (P—0.7) 0.2 (P-0.4) -0.1 (P=0.8) 0.3 (P=0.3)
CVLT trials 1-5 0.0 1 (P=0.9) 0.2 (P-0.4) 0.4 (P=0.2) 0.03 (P=0.9)
Delayed recall -0.1 (P=0.6) 0.0 (P= 1.0) — 0.3 (P=0.2) 0.2 (P=0.5)
Delayed recognition -0.5 (P=0.03)* -0.1 (P—0.S) — 0.6 (P=0.0 1)* -0.1 (P=0.7)
Total recall (minus false positives) -0.4 (P=0.l) -0.1 (P=0.8) -0.7 (P< 0.001)* —0.2 (P—0.4)

CVLT, California Verbal Learning Test.

Table 5 Partial correlational analyses: correlation coefficient r (P value)

Neuropsychological test (CVLT) Controlling for age Controlling for gender

Manic episodes Depressed episodes Manic episodes Depressed episodes

Trial 1 -0.6 (0.02)* 0.2 (0.5) -0.4(0.1) 0.4 (0.2)
Trials 1-5 -0.4 (0.1) 0.3 (0.3) -0.3(0.3) 0.01(0.9)
Delayed recall -0.6 (0.02)* 0.4 (0.1) -0.7(0.005)* 0.5 (0.06)
Delayed recognition (with false positives) - 0.8 (< 0.001)* 0.01 (0.9) -0.9 (<0.00 1)* 0.3 (0.2)
Delayed recognition (minus false positives) -0.7 (0.001)* -0.03 (0.9) -0.8(0.001)* 0.2 (0.5)

Controlling for IQ Controlling for duration of illness

Manic episodes Depressed episodes Manic episodes Depressed episodes

Trial 1 -0.5(0.09) 0.4 (0.2) -0.5(0.04) 0.2 (0.5)
Trials 1-5 -0.3(0.3) 0.3 (0.3) -0.4(0.1) 0.2 (0.4)
Delayed recall -0.6(0.02)* 0.5 (0.06) 0.6 (0.02)* 0.5 (0.06)
Delayed recognition (with false positives) - 0.9 (< 0.001)* 0.1 (0.7) -0.8 (<0.00 1)* 0.1 (0.8)
Delayed recognition (minus false positives) -0.8 (0.001)* 0.06 (0.8) -0.8(0.001)* 0.06(0.8)

Controlling for HRSD score

Manic episodes Depressed episodes

Trial 1 -0.6(0.03)* 0.2 (0.6)
Trials 1—5 -0.5 (0.06) 0.2 (0.6)
Delayed recall -0.7 (0.005)* 0.5 (0.08)
Delayed recognition (with false positives) - 0.9 (< 0.001)* 0.2 (0.6)
Delayed recognition (minus false positives) -0.8 (<0.00 1)* 0.2 (0.6)

CVLT, California Verbal Learning Test.
*P< 0.05.
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DISCUSSION

This study demonstrates significant neuro-

cognitive deficits in euthymic patients with
bipolar disorder compared with a healthy
control group matched for age, gender
and 1Q. The impairment was specifically
in the domains of verbal learning and
memory. In particular, the relationship
between recall and recognition measures

highlights difficulties within encoding and
retrieval. Importantly, performance on the
CVLT (especially delayed recognition)
showed a negative correlation with dura¬
tion of illness and number of manic epi¬
sodes, although not with depressive
episodes or number of hospital admissions.
The results from the partial correlational
analyses imply that the negative correla¬
tions between delayed recall and recogni¬
tion measures and the number of manic

episodes were not due to confounds of
age, gender, IQ, duration of illness or
unresolved depressive symptoms.

These findings support the proposed
association between the number of affective

episodes and neurocognitive impairment.
These results also confirm that cognitive
impairment persists during the euthymic
phase of illness and docs not appear to
be due to the effects of active illness.

Therefore, these deficits may represent
trait variables.

Limitations

The relatively small sample size gives rise
to power limitations. Such power limita¬
tions, rather than an absence of any such
deficit, may explain the lack of evidence
for deficits in the executive domain. For

example, the trend towards significance in
the Stroop Colour Word Test may have
been convincingly significant with a larger
sample.

Given the mean number of episodes and
admissions, this patient group may repre¬
sent those at the more severe end of the ill¬
ness spectrum and it is not known whether
these results can be generalised to milder
forms of bipolar disorder.

Details of illness history were obtained
from the subjects and from hospital records.
There is the risk of recall bias, in that
patients may forget episodes of illness,
especially less severe episodes. However,
mania is more likely to be recorded in case
notes and to result in hospital admission,
and there was a significant correlation
between number of manic episodes and

extent of cognitive impairment. A greater
number of episodes resulted in poorer test

performance.
The lack of any score on the HRSD in

the controls may indicate an unusually
healthy group. However, as far as possible,
controls were recruited from similar social

and occupational backgrounds and not from
an exceptionally healthy group.

A potential confound is that of sub¬
clinical pathology. Both cases and controls
were interviewed using the SADS-L, HRSD
(17- and 21-item) and MMS. Cases were, on

average, free from illness for 118.3 weeks
(i.e. over 2 years), which indicates a period
of stability. However, it must be recognised
that more detailed tests of subclinical

pathology were not employed (e.g. the
Cambridge Cognitive Examination; Roth
et al, 1986). Also, the absence of psycho-
pathology was a prerequisite for inclusion
in the study. Given that some cases [n—4)
had relapsed more recently than others,
the analyses were repeated but excluding
those who had relapsed within the previous
8 weeks. The results remained robust. The

effects of medication on cognitive function
must be considered, but there is some

debate in the literature as to the strength
of any effect. With respect to lithium, some
studies have demonstrated cognitive
impairment among those on the drug (e.g.
Kocsis et al, 1993) whereas others have
identified no significant deficit (e.g. Engels-
mann et al, 1988). Specifically, some
studies have found that lithium, antidepres¬
sants and antipsychotics can have a deleter¬
ious effect on motor speed and memory

(Shaw et al, 1987; Casscns et al, 1990).
Other studies have found no differences in

lithium- or neuroleptic-treated patients in
tests of attention, visuomotor function
and memory (Joffe et al, 1988; King, 1990).

Among the best-designed studies in this
area is that by Engclsmann el al (1988),
who followed up a cohort of patients
treated with lithium and observed them

over a 6-year period. There was remark¬
ably stable cognitive performance among
the sample, with only 10% of memory
sub-tests demonstrating a statistically (but
not clinically) significant decline. With
respect to anticonvulsants, research to date
has found little or no cognitive impairment
with these (Devinsky, 1995). Similarly, the
majority of evidence indicates that anti¬
depressant treatment is not associated with
cognitive impairment (Thompson, 1991). It
must be recognised that the most methodo¬
logically effective technique is to examine

drug-free patients. However, in contem¬

porary clinical practice it is extremely rare
to find patients with established bipolar dis¬
order who are medication-free. In addition,
to answer the question of trait v. state,

patients must be euthymic. In order to
reach stability and cuthymia, patients arc

required to be adherent to an effective
medication regime. This further militates
against the likelihood of recruiting a drug-
free sample.

Explanations
Possible explanations for the findings of
this study include abnormalities in brain
structure and function (neuroanatomical)
and a deleterious effect of the illness itself

(disease process), which are not necessarily
mutually exclusive.

Neuroanatomical

Although this study included no neuro-

imaging techniques, areas found to be
abnormal in neuroimaging studies subserve
the impairments in verbal learning and
memory identified. For example, volumetric
studies in patients with bipolar disorder
have shown smaller temporal lobes (e.g.
Swayze et al, 1992). Patchy white matter

hyperintensities have been found in dience¬
phalic structures thought to subserve
aspects of memory. However, impairments
have been observed in a variety of neuro¬

psychological tests thought to be subserved
by several different neural regions, and
structural imaging studies of patients with
bipolar disorder have revealed a wide
variety of abnormalities: for example,
increased ventricular/brain ratio and patchy
white matter hyperintensities in frontal lobe
and periventricular regions as well as basal
ganglia (Videbech, 1997). The role of
ventromedial prefrontal cortex has been
emphasised further by the influential find¬
ings of Drevets et al (1997) of differential
activation in mania and depression of sub-
genual prefrontal cortex accompanied by
decreased cortical volume.

As yet, the relationship between these
neuroanatomical findings and the neuro¬

cognitive functions that they subserve is
unclear. Few studies have examined directly
the correlations between neuroanatomy
amd neurocognitive impairment in patients
with bipolar disorder. In those that have
done so, the hippocampus has been impli¬
cated (Sax et al, 1999; Ali et al, 2000).
More recent findings point to an associa¬
tion between poor outcome and subcortical
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CLINICAL IMPLICATIONS

■ Impairments in verbal learning and memory might have a detrimental impact upon
adherence to therapeutic interventions and thus lead to relapse.

■ The negative correlation with the number of manic episodes implies that earlier
and more robust therapeutic intervention might be protective.

■ Interventions designed to improve adherence should account for neurocognitive
impairment as a cause of non-adherence. Such interventions require testing and
implementation if effective.

LIMITATIONS

■ The relatively small sample size gives rise to power implications. Differences in
executive function may have been observed with a larger sample.

■ The effects of medication on neurocognitive function cannot be discounted.

■ The presence of subclinical psychopathology cannot be discounted.
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white matter lesions in patients with bi¬
polar disorder (Moore et al, 2001), and
Dupont et al (1990) reported that patients
with white matter lesions performed poorly
on neuropsychological testing.

Disease process

The finding of negative correlations between
neurocognitive function and the number of
manic episodes lends itself to the explana¬
tion that the greater the number of affective
episodes, the greater the neurocognitive
impairment. Kessing (1998) found that
patients with recurrent affective episodes
were more impaired than those with a

single episode and more impaired than
controls. There is a degree of biological
plausibility in this hypothesis. Hyper-
cortisolaemia and dexamethasone suppres¬
sion test non-suppression arc well-
recognised findings in some patients with
affective disorders. Furthermore, significant
correlations have been found between mean

urinary free Cortisol (Rubinow et al, 1984),
dexamethasone suppression test non-

suppression (Brown et al, 1999) and cog¬
nitive impairment in depressed patients.
Although less well studied, Cassidy et al
(1998) reported abnormal dcxamctha-
sone suppression test and plasma Cortisol
responses in mania and mixed states. Ani¬
mal data have indicated that hypercortiso-
laemia may be toxic to the hippocampus,
reduce the number of glucocorticoid recep¬
tors and cause cell death in the temporal
lobe region (e.g. Sapolsky &c McEwen,
1988). Perhaps the enduring neurocognitive
impairment seen in these patients with
bipolar disorder is due to hypothalamic-
pituitary—adrenal axis-mediated damage. If
this occurs with each episode of affective
illness, then it is reasonable to assume that
the greater the number of episodes, the
greater the potential risk to neurocognitive
function.

Implications
Gallo et al (2000) found that active life
expectancy decreased when measures of
syndromal depression and cognitive impair¬
ment were included along with the usual
measures of activities of daily living.
Similarly, impairments in learning and
memory might affect a patient's ability to
remember directions for medications, why
medication is important and the recollection
of what symptoms are side-effects and the
reporting of these at the clinic, all of which
have an impact on adherence to treatment.

In addition, psychological treatments are,

by their very nature, verbal and impair¬
ments in these domains may be detrimental
to progress. This is especially relevant to
cognitive-behavioural techniques designed
to maintain adherence to medication. The

negative correlation with the number of
manic episodes illustrates the need for
further research on early warning signs in
bipolar disorder and on the efficacy of early
intervention. An earlier and more robust

intervention with mood stabilisers may have
a role in reducing the number of episodes.
Techniques for ensuring adherence to
effective treatment regimes require testing
and implementation if effective. These tech¬
niques should account for the possibility of
neurocognitive impairment as a cause of
non-adherence. Further studies of ncuro-

cognitive function within prospective study
designs arc required in order to explain the
existence of cognitive impairment as a trait
variable in patients with bipolar disorder.
The targeting of first-episode groups may

help in attempts to differentiate trait v.
disease process effects.
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European combined analysis of the CTG18.1 and the
ERDA1 CAG/CTG repeats in bipolar disorder
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Several groups have reported association between large CAG/CTG repeats in the genome and BP disorder
using the Repeat Expansion Detection (RED) method. Molecular interpretation studies demonstrated that
around 90% of the large CAG/CTG repeats detected by RED can by explained by repeat size at either the
CTG18.1 or ERDA-1 locus. In this study we report the findings on a large European BP case-control sample
analysed for these two frequently expanded repeats. The frequency of expanded alleles (>40 repeats) at the
CTG18.1 locus was significantly higher in the subgroup of patients with a more severe phenotype BPI and a
positive first degree family history than in a group of matched controls (9% vs 5%). No difference in ERDA-1
expansion frequency was seen between BP cases and matched controls. We conclude that the ERDA-1 locus is
not related to the BP phenotype while expanded alleles at the CTG18.1 locus cannot be excluded as a
vulnerability factor for BP disorder.
European journal of Human Genetics (2002) 10, 276-280. DOI: 10.1 038/sj/ejhg/5200803
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Introduction

Bipolar (BP) disorder is a severe psychiatric condition
affecting about 1% of the population and is characterised
by disturbances in mood, ranging from an extreme state of
mania to a severe state of depression. BP illness type 1 (BPI) is
characterised by major depressive episodes alternated with
phases of mania, and type II (BPII) is characterised by major
depressive episodes alternating with phases of hypomania.
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Relatives of BP probands have an increased risk for BP
spectrum disorders, comprising of BP and unipolar disorder,
cyclothymia and schizoaffective disorders.

Anticipation - an increase in disease severity in successive
generations - has been described in BP disorder1 ~s and
gained renewed attention with the demonstration of a causal
relationship between anticipation and triplet repeat expan¬
sions in several neurodegenerative diseases.6 A number of
groups have tested this hypothesis using the Repeat
Expansion Detection (RED) method, which identifies the
size of the largest trinucleotide repeat present in the genome
of an individual.7 Of eight independent studies four reported
an association between expanded RED products and BP
disorder5-10 while another four did not find a significant



Triplet repeats in bipolar disorder
J Del-Favero et al

association.11"14 Unfortunately, the RED method cannot
identify the specific repeat(s) responsible for these findings.
Recently it was shown that about 90% of the large CAG/CTG
repeats (repeat size ^40 units) detected by RED can be
explained by two loci.15"18 The first locus is CTG18.1, which
maps to 18q21.1 and is located in the third intron of the
SEF2-1 gene. SEF2-1 encodes one of a family of basic helix-
loop-helix proteins that bind to promoter sequences to
regulate transcription of genes.19 The CTG18.1 locus is also of
particular interest for bipolar disorder since linkage has been
reported in the immediate genetic vicinity.20,21 The second
locus is called ERDA-1, also known as Dir-I and maps to
17q21.3.22,23 Although this repeat may be transcribed, its
function, if any, remains unknown. 2,1

Previously, we reported association between expanded RED
CAG/CTG products and bipolar disorder in a sample of 51
unrelated BP patients and 99 matched controls of Belgian
ancestry.8 In the same study, a Swedish BP sample showed
similar results. The association was strongest in BPI patients
with a familial history of affective disorders. Our group also
replicated this finding in a BP case-control sample from
Croatia.1" Subsequent analysis of both the Belgian and
Swedish case-control samples with the two known CAG/
CTG repeat loci showed a significant association between
expanded ERDA1 alleles and BP disorder (P=0.04) in a Belgian
sample and between CTG18.1 alleles and BP disorder
(P<0.03) in the Swedish sample.16,18These data suggest that
the associations between BP disorder and large CAG/CTG
RED products may be explained at least in part by a specific
association between BP disorder and CTG18.1 and/or ERDA-
1. To test this hypothesis we determined the frequency of the
CTG18.1 and ERDA-1 alleles in a large combined European
case-control sample composed of BP subjects and age, gender
and ethnicity matched controls from Belgium, Croatia,
Denmark, Scotland and Sweden.

Material and methods

Subjects
The patient and control subjects for this study were consecu¬
tively recruited in the five participating centres.24 Whole
venous blood was used for the extraction of DNA by standard
methods. Clinical evaluation of all patients was performed by
a semi-structured interview using the Schedule for Affective
Disorders and Schizophrenia-Lifetime Version (SADS-LA).
Diagnosis of BP was made according to the Research
Diagnostic Criteria (RDC). Control subjects were drawn from
the respective populations and matched for age and gender.
The Belgian sample in this study contains an overlap of 33
patients and 25 control individuals with a previous study.16

Genotyping
CTG18.1 and ERDA-1 primer sequences and the respective
PCR conditions were as described18 and were used in all

participating laboratories.

Genotyping of the Croatian, Belgian and Swedish samples
was performed by a two-stage procedure. First, PCR was
carried out for each locus with one of the primers labelled
with a fluorescent dye. One microlitre of the PCR product was
denaturated, run on a 6% denaturing polyacrylamide gel and
analysed on an ABI 377 DNA sequencer using the Genescan
and Genotyper 2.0 software. Second, all PCR products were

reanalysed to allow detection of expanded alleles that might
not be identified during the fluorescent analysis. Ten pi of the
PCR product was separated on a 2% agarose gel, blotted to
Hybond N+ membranes, fixed and hybridised at 58"C for at
least 2 h with a y-,2P-ATP end-labelled (CAG)io oligonucleo¬
tide. Membranes were washed and autoradiographed for 0.5
to 4 h.

Genotyping of the Scottish and Danish sample was
performed by a one-stage procedure. PCR products were heat
denatured and subsequently separated on a 6% denaturing
polyacrylamide gel. DNA from the polyacrylamide gel was
blotted to Hybond N+ membranes, fixed and hybridised at
58"C for at least 2 h with a -/-'12P-ATP end-labelled (CAG)10
oligonucleotide. Membranes were washed and autoradio¬
graphed for 0.5 to 12 h.

Two raters performed sizing of the alleles independently
and blind with respect to case/control status. An error

checking procedure was implemented to insure standardisa¬
tion of genotyping. For this purpose, each analysis included 3
CEPH individuals to correct for inter-gel variation and five
random samples from each participating group were

analysed and scored by the reference laboratory in Antwerp.

Statistical analysis
Statistical analysis (allelic and genotypic) was performed
by dichotomous analysis, classifying the alleles at each
locus in a group of 'long' alleles in the case the repeat
number was 3=40 and a group of 'short' alleles if the
number of repeats was less than 40. This classification has
no biological validity but is based upon the RED method,
which yields a lower allele size of 40 repeats. The
hypothesis of association between BP disorder and
expansion at the ERDA-1 or CTG18.1 locus was tested by
a x2 analysis. Secondary analyses were performed after
stratification for family history of affective disorder in first-
degree relatives and/or severity of the disease reflected by
BPI diagnosis. In case stratification was used, the
significance level of allelic and genotypic association was

adjusted according to the number of comparisons used
(Bonferroni approach). The significance level after stratifi¬
cation for disease severity was set at 0.025 (i.e. 0.05/2)
while the significance level after stratification for disease
severity and family history was set at 0.017 (i.e. 0.05/3).

Results
The total sample consisted of 889 subjects, 403 BP patients
and 486 controls. A total of 889 CTG18.1 and 884 ERDA-1
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typings were generated for analysis (Table 1). Statistical
analysis of expanded allele frequencies between the respec¬
tive control groups showed no deviation from Hardy -

Weinberg equilibrium among the five control groups. The
dichotomized frequencies for the individual as well as
combined control populations and affected populations are
shown in Table 2.

In the individual samples the two repeat loci ERDA-1 and
CTG18.1 showed no significant difference at either locus, in
the frequency of large alleles in the BP group compared with
the controls under the dichotomous model (Table 2).
However, a borderline statistical significant difference was
observed for the CTG18.1 locus in the Croatian sample after
stratification for first-degree family history and BPI (y2=4.42,
P=0.04). Analysis of the combined BP sample did not show a
significant difference at either of the two CAG/CTG repeat
loci. After stratification for first-degree family history and
disease severity (BPI), a borderline significant difference was
found (y2=4.54, P=0.03).

Genotypic analysis of the two repeat loci in the individual
samples showed no significant difference at either locus nor
in the combined sample (all P-values >0.1). However, a
borderline statistical significant difference was observed for
the CTG18.1 locus in the combined sample after stratifica¬
tion for first-degree family history and BPI (y2=6.33, P=0.02).
For BPI familial cases, the relative risk of the CTG18.1
homozygous expanded genotype is 2.43 (95% CI: 1.37 —

4.33).

Discussion
We genotyped a large combined BP case-control sample of
individuals derived from populations of European descent
with two frequently expanded CAG/CTG containing loci in
normal individuals: ERDA-1 and CTG18.1. In the controls we

observed expansion frequencies of 26% (range 20-32%) for
ERDA-1 and 5% (range 3-7%) for CTG18.1 (Table 2), which
is in agreement with previously published repeat frequen-
c.jes 16,18,19,22,23,25

Dichotomous analysis of the combined sample for ERDA-1
does not support the involvement of this repeat locus in BP
disorder, except for a borderline effect in the Belgian familial
BPI cases (P=0.07). In a previous study by our group,1" we
found a larger proportion of BP patients carrying an

expanded ERDA-1 allele than controls (P=0.03). This was
not replicated in other studies.14'16

Statistical analysis of the genotypes from the CTG18.1
locus showed a higher frequency of expanded CTG18.1
repeats in BP individuals as compared to controls, after
stratification for first degree family history and BPI in the
Croatian sample (P=0.04). The results from the Croatian
sample are in agreement with a previous study by our group,
which showed that expanded RED products are associated
with familial BPI subjects.10

There is no difference in the distribution of expanded
alleles in the BP cases versus controls in the overall sample,
which is in agreement with the data reported by Mclnnes et
al.26 However, a difference in frequencies of expanded
CTG18.1 alleles is present between BPI cases with a first
degree family history and controls (P=0.03). These findings
support those of Lindblad et a/.16 who reported an association
with enlarged alleles at the CTG18.1 locus in a sample of BP
disorder (P<0.03). The replication of this finding in the
present study which is much larger (403 BP cases) than the
Lindblad et al.'6 study (60 BP cases), renders further support
to the specific hypothesis that SEF2-1 cannot be excluded as a

susceptibility gene for bipolar disorder. Moreover, genotypic
analyses showed that there is a relative risk of 2.4 of
developing BP disorder in BPI familial cases homozygous
for the expanded allele.

Our finding is of particular interest since at least two
studies showed linkage in the immediate vicinity of
CTG18.1.20,21 CTG18.1 was of particular interest in the
Belgian BP family MAD31, since this family was previously
shown to segregate with markers from chromosome
18q21.3-18q23.21 However, CTG18.1 is not expanded in
family MAD311" and we recently located CTG18.1 outside
the BP candidate region defined in MAD31.17 Nevertheless,
the possibility exists that CTG18.1 is in linkage disequili¬
brium with a causal gene for BP disorder.

Also, CTG18.1 is located within the third intron of the
SEF2-1 gene, coding for a transcription factor that is widely
expressed, including in brain.19 Altered expression of the
SEF2-1 gene as a direct consequence of the presence of
expanded CTG18.1 alleles can have profound effects on
cellular processes in cells expressing the SEF2-1 gene.
Furthermore, the repeat is transcribed into a prepro-mRNA
CTG sequence and could potentially play a role similar to

Table 1 Number of individuals and typings for the European combined sample
Numbers Tyings

Co BP Total CTG 18.1 ERDA-1

Belgium 64 63 127 127 125
Sweden 91 78 169 169 167
Croatia 87 81 168 168 167
Denmark 146 81 227 227 227
Scotland 98 100 198 198 198
Total 486 403 889 889 884
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Table 2 Results of the statistical analysis on the individual samples and the combined sample
CTG18.1 ERDA-1

Type Number of individuals Expanded alleles % P Number of individuals Expanded alleles % P

Belgium BP 63 5 8 0.98 61 20 33 0.11
BPI 46 3 7 0.80 44 14 32 0.17
BPI fam 29 1 3 0.43 29 11 38 0.07
CO 64 5 8 64 13 20

Sweden BP 78 2 3 0.57 76 22 29 0.30
BPI 63 2 3 0.67 62 19 31 0.23
BPI fam 33 1 3 0.71 33 10 30 0.34
CO 91 3 3 91 20 22

Croatia BPI 81 7 9 0.47 80 18 23 0.80
BPI fam 40 7 18 0.04 39 14 36 0.17
CO 87 5 6 87 21 24

Denmark BPI 81 3 4 0.69 81 20 25 0.28
BPI fam 61 2 3 0.83 61 16 26 0.45
CO 146 4 3 146 46 32

Scotland BP 100 11 11 0.35 100 25 25 0.93
BPI 92 10 11 0.37 92 24 26 0.93
BPI fam 56 9 16 0.08 56 15 27 0.86
CO 98 7 7 98 25 26

Combined BP 403 28 7 0.20 398 105 26 0.93
BPI 363 25 7 0.23 359 95 26 0.86
BPI fam 219 20 9 0.03 218 66 30 0.23
CO 486 24 5 486 125 26

that of the untranslated CTG repeat in myotonic dystro-
phy.26

In summary, we have shown in a large combined BP case-
control sample of European origin that CTG 18.1 expansions
are over-represented in familial BPI cases as compared to age,

gender and ethnicity matched controls. The exact nature of
this finding is not clear at this time but indicates that the
expanded CTG18.1 repeats may predispose to affective
disorder.
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ABSTRACT

We have compared the accuracy, efficiency and
robustness of three methods of genotyping single
nucleotide polymorphisms on pooled DNAs. We
conclude that (i) the frequencies of the two alleles in
pools should be corrected with a factor for unequal
allelic amplification, which should be estimated
from the mean ratio of a set of heterozygotes (k);
(ii) the repeatability of an assay is more important
than pinpoint accuracy when estimating allele fre¬
quencies, and assays should therefore be optimised
to increase the repeatability; and (iii) the size of a
pool has a relatively small effect on the accuracy of
allele frequency estimation. We therefore recom¬
mend that large pools are genotyped and replicated
a minimum of four times. In addition, we describe
statistical approaches to allow rigorous comparison
of DNA pool results. Finally, we describe an
extension to our ACeDB database that facilitates

management and analysis of the data generated by
association studies.

INTRODUCTION

Single nucleotide polymorphisms (SNPs) are the most
common type of polymorphism in the human genome, with
an approximate frequency of one every kilobase (1). These
biallelic variants are relatively easy to genotype compared
with VNTRs and microsatellites. For these reasons SNPs are

thought to have a promising future in a wide range of human
genetics applications including pharmacogenomics, the study
of population evolution, analysis of forensic samples and the
identification of susceptibility genes involved in complex
diseases. Hence, a large proportion of the effort of genome
centres is now focused on the identification and the mapping

of a large collection of SNPs: to date about 1 260 000 have
been mapped onto the human draft sequence (http://snp.
cshl.org/).

The study of complex common diseases and quantitative
traits is confounded by the effects of disease heterogeneity,
gene-gene and gene-environment interactions. This means
that large numbers of SNPs must be surveyed in large numbers
of individuals in order to detect single gene variants with a
small to moderate effect size (2,3). The use of pooled samples,
comprised of equal amounts of genomic DNA from up to 1000
individuals, has been proposed as a means of reducing the
number of genotyping reactions required. The method used to
genotype SNPs in pooled DNAs must provide accurate
estimates of allele frequencies, and must be time and cost
effective. The spectra of methods currently available for
genotyping SNPs in individual samples [for an extensive
review of SNP genotyping methods see Syvanen (4)] can be
divided into three classes. First, methods such as SSCP or

dHPLC that are based on the physical-chemical properties of
the alleles. Secondly, methods such as TAQMAN™ (Applied
Biosystems); oligo-ligation assay; Invader assay™ (Third
Wave Technologies Inc.); and allele-specific amplification
and padlock probes that are based on hybridisation, amplifi¬
cation or ligation of an allele-specific probe. Thirdly, methods
based on allele-specific extension or minisequencing from a
primer adjacent to the site of the SNP such as SNaPshot™
(Applied Biosystems); primer extension read by dHPLC or
by mass spectrometry; primer extension performed on
microarrays; fluorescence polarisation; bioluminometric
assay coupled with modified primer extension reactions
(BAMPER) and Pyrosequencing™ (Pyrosequencing).

Previous studies have shown that allelic frequencies can be
accurately estimated from pools using primer extension
followed by dHPLC (5); TAQMAN™ and RFLP analysis
(6); allele-specific amplification with real-time PCR (7); SSCP
(8); BAMPER (9) and MassARRAY™ (10). In common with
many other groups, we wish to screen a large candidate region
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for evidence of genetic association. The preferred strategy is to
assay small numbers of pooled DNA samples with large
numbers of SNPs. Consequently, methods such as Pyro-
sequencing™, TAQMAN™ or BAMPER that use modified
primers are too expensive. Methods based on hybridisation or
on physical-chemical properties are ruled out as each assay
must be optimised. We therefore chose to compare the
robustness, accuracy and cost of three methods based on
minisequencing: SNaPshot™ (Applied Biosystems) and
primer extension followed either by dHPLC, or mass
spectrometry (MassARRAY™ system by Sequenom).

We have also addressed the important issues of how many
DNAs can be pooled, and how many times pool genotypes
should be replicated to optimise the accuracy of allele
frequency estimation.

In addition, we suggest the use of a modified statistical
method that allows rigorous analysis of allele frequencies
estimated from pools. Classical association studies on indi¬
vidual DNA samples use the %2 test to compare the frequencies
of alleles in case and control populations. However, when
pooled DNAs are used, allelic frequencies are estimated rather
than directly counted from individual genotypes, which
introduces extra sources of error. We have therefore modified
the x2 test to take these sources of error into account,
diminishing the risks of type I error.

Finally, genotyping large numbers of SNPs on pools or on
individual samples generates a large data set. We have set up
an extension of our ACeDB database (11) to store and manage
information on the pools, individuals and markers and to
record and analyse genotyping results. Furthermore, we have
created in ACeDB a model ('Pop_pool_meta') that allows the
data of several pools or populations of individual samples to
be merged and analysed as a single set. This option allows the
pools or populations to be stratified on the basis of phenotypic
traits, and then analysed independently or together. We have
also developed a 'user friendly' web interface for submission
of new data, which is fed automatically into an analysis
pipeline, before being recorded in the database.

MATERIALS AND METHODS

DNA pool set up

All subjects gave written ethical consent to take part in these
studies.

The concentration of the DNAs used to construct pools was
measured using the PicoGreen dsDNA Quantitation Reagent
(Molecular Probes) in a CytoFluor fluorimeter (Applied
Biosystems). The DNAs were diluted to a final concentration
of 8 ng/pl and equal amounts of DNAs were mixed to form the
pools.

Range pools were constructed by mixing appropriate
volumes of homozygote DNA. Five homozygote DNAs for
each genotype were used for pooling. The concentrations
ranged from 50-50% to 85-15%, with 5% increments.
Markers and PCR

SNPs RS643304. RSI402045. RSI5020285, RS489009 and
RS508509 were retrieved from the dbSNP database (http://
www.ncbi.nlm.nih.gov/SNP). Primers were designed using
Primer3 programme (http://www-genome.wi.mit.edu/cgi-bin/

primer/primer3_www.cgi), and synthesised by Genosys
Biotechnologies (Europe) Ltd. Sequences of PCR and
genotyping primers are available upon request.

PCRs were carried out on a PTC225 (MJ Research) using
40 ng total DNA, 10 pmol of each primer, 80 pM dNTPs
(Sigma), 1.5 mM MgCl2 and 1 U Taq (Sigma) in IX PCR
buffer [67 mM Tris-HCl, 16 mM enzyme grade (NH4)2S04,
6.7 mM MgCl2 pH 8.8], The programme used was an
initial denaturation of 94°C for 3 min, followed by 10 cycles
of 94°C for 15 s. touch down annealing from 65 to 55°C for
30 s over 10 cycles (-l°C/cycle) and 72°C for 45 s,
followed by 30 cycles of 94°C for 15 s, 55°C for 30 s and
72°C for 45 s.

PCR clean up

After PCR, the products were checked on a 2% agarose gel.
PCR primers and dNTPs were removed before genotyping:
5 pi of PCR product was incubated with 1 pi of ExoSapIT
(Amersham Pharmacia) for 45 min at 37°C, followed by
20 min at 80°C for enzyme inactivation. For multiplexing of
PCRs, 1 pi of each PCR product was pooled and treated with

1 pi of ExoSapIT.

Primer extension followed by dHPLC
Reactions were carried out as described in Hoogendoorn et al.
(12).

SNaPshot™ reactions

The primers used for the extension reactions were designed
according to the manufacturer's recommendations.
Additionally, we used the mfold server (http://bioinfo.math.
rpi.edu/~mfold/dna/forml.cgi) to assess the secondary struc¬
ture of the PCR product and the accessibility of the SNP, in
order to decide whether to use the forward or the reverse

primer.
Reactions were carried out in a final volume of 10 pi,

containing 2 pi of cleaned up PCR product, I pi of
SNaPshot™ multiplex mix (Applied Biosystems), 2 pi of
half term buffer (200 mM Tris-HCl, 5 mM MgCH pH 9),
2 pmol of genotyping primer. In multiplex reactions 2 pi of the
cleaned PCR multiplex was used. The cycling programme was
25 cycles of 94°C for 10 s, 50°C for 5 s, 60°C for 30 s. After
cycling, the unincorporated fluorescent ddNTPs were removed
by adding 1 U of shrimp alkaline phosphatase (Amersham
Pharmacia) and incubating for 45 min at 37°C. followed by
20 min at 80°C for enzyme inactivation. An aliquot of 9 pi
formamide was added to I pi of SNaPshot™ reactions and
loaded on ABI3700 sequencer (Applied Biosystems). Samples
were run using the POP6 Polymer, with dye set E and analysed
using the Genescan v3.5.2 program. The relative proportion of
each allele was measured by the height of the corresponding
peaks.

Primer extension on MassARRAY™

Reactions were performed at Sequenom GmbH (Hamburg.
Germany; http://www.sequenom.com). Assays were designed
using Sequenom's SpectroDESIGNER™ software (version
1.3.4). Genotypes were performed using MassARRAY™
system and SpectroTYPER™ software.
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Statistical analysis
Correction for unequal allelic amplification and estimation of
frequencies. Let k be the ratio of the two allele peak heights in
heterozygotes. Following Hoogendoorn el al. (5), this factor is
estimated from a number of independent heterozygotes, and
we assume that the estimator k is unbiased with a variance of
Gk2, i.e. k ~ (k, ak2) with ok = SE(k). The error in estimating k
arises from variation in the quality of the DNA from each
heterozygote, and from a pure experimental error attached to
each individual analysis. The estimate of the allele frequency
in the pool is estimated as

p = A/(A + kB).

with p the estimated frequency in pools, and A and B the
observed peak heights corresponding to the two alleles. The
variance of the estimated allele frequency as a function of the
variance of k is, approximately, following a Taylor series
expansion,

var(fi due to k) ~ p2 (I - p)2 CV2(£)

with p the true frequency in the population, and CV the
coefficient of variation. Furthermore we observed a pool
specific error (e) which contributes to a difference between the
allele frequency estimated from the pools and the estimate of
the allele frequency from a direct count of alleles on individual
genotypes (fi),

fi = fi + e

We assumed that these errors are normally distributed. This
assumption was confirmed for the distribution of the frequen¬
cies for 10 replicates of the five markers we have tested in this
study. Following these assumptions, the variance of the
estimated allele frequency from a pool of N individuals is

var(fi) ~ var(p) + var(e) + var(p due to k)
= p(l - p)/(2N) + var(e) + p2 (1 - p)2 CN2(k)

Comparing freqencies between pools. The standard procedure
to test whether the allele frequencies in two pools are
significantly different from each other is to summarise the
observed counts in a 2X2 table and to perform a x2 lest (13).
For a case-control study we use the following notation.

cases

Allele 1 a

Allele 2 c

a + c = Ncasc

controls

b a + b = Nam
d c + d = Na|i2

b + d = Ncontrol N

In this notation Ncase is twice the number of case individuals
and, for an equal number of cases (n) and controls (n), N = 2n
+ 2n = 4n. The standard test statistic of independence can be
written as

T, = (ad - bc)2N/(Ncasc X Ncomrol X Nalll X Nan2)

Under the null hypothesis of the same population allele
frequencies in cases and controls, for large N and not too
extreme population frequencies, this test is distributed as a y2
with one degree of freedom. If estimated counts are substituted
for the observed ones, this test is then Tcsl

Tesl = (acdc - b,.ce)2N/(Ncasa X Ncon,r„i X Nalll x Nall2)

with ac, bc, cc and dc the estimates of a, b, c and d, respectively.
The expected value of Tcs, is, approximately.

E(Tasl) - 1 + var(e)/[2var(/50)],

with p0 the estimate of the allele frequency across the two
pools under the null hypothesis, i.e. fio = (a + b)/N, and its
variance is obtained from the binomial distribution [var(/50) =

p0( 1 - Po)/N]. Under the null hypothesis of equal allele
frequencies, the expected value of the test statistic based upon
observed counts is E(T|) = 1. Hence, the test statistic is
inflated by the extra source of errors in estimating the allele
frequencies and its use would lead to an inflated type I error
rate. We suggest a simple adjusted test,

Tadj = Tcs, X [2var(/50)]/[2var(/50) + var(e)],

i.e. a shrunk version of the standard test statistic, with the
estimate of the sampling variance of the allele frequency under
the null hypothesis obtained from the estimated counts (i.e. fi0
replacing p0).

A more detailed protocol is available online at our website
(http://www.genetics.med.ed.ac.uk/protocols/).

Data management in ACeDB

Modified models. The 'STS' model was modified to cross-
reference to the allele model for the markers (SNPs or

microsatellites) that are present in the STS. The 'allele' model
was modified to store information on the method used to

genotype the marker (e.g. details of the extension primer and
genotyping method used, and the experimental conditions);
the pools, populations, metapopulations and metapools that
have been typed with the marker and the statistical analysis of
the results obtained.

New models. The 'Individual' model was created to store

individual genotypes and indicate which pool or population,
metapopulation and metapool an individual DNA sample
belongs to.

The new 'Pop_pool' model stores the identities of the DNA
samples that constitute the pool or the population, and
provides links to the markers that have been genotyped on
the pool/population and the genotyping results. It also stores
the results of comparison of allele frequencies with those of
other pools/populations, or metapools/metapopulations, and
information regarding inclusion of the pool/population in a
metapool/metapopulation.

The 'Pop_poo]_metapool' model stores data on the set of
pools/populations combined and provides links to the markers
typed on the pools/populations, the statistical description of
the data set obtained, and information on the comparison of
allele frequencies with those of other samples (pools, popu¬
lations, metapopulations and metapools).
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Figure 1. Genotyping a SNP with SNaPshot™, primer extension followed by dHPLC or mass spectrometry (MassArray™) analysis. The three methods are
based on the allele specific extension of a genotyping primer adjacent to the SNP site (see below). The region containing the primer is first amplified by PCR.

The statistical description model 'Stat_des' stores the
results of the statistical analysis of data obtained by
genotyping specified markers on a given sample (mean
frequencies of the two alleles, standard deviation, standard
error).

Finally, the statistical comparison model 'Stat_comp' stores
the results of association studies carried out by comparing
allele frequencies in the samples or direct allele counts for a
given marker, using the appropriate statistical test.

Web interface for submission of data and automation of
statistical analysis
CGI/Perl scripts were produced to facilitate the submission of
new data and to perform statistical description and y} tests.
When entering new data or updating a given object, the tace
program (Morris, J. 1994; http://www.acedb.org/CorneII/
tace.html) is used by the script to retrieve existing information,
e.g. names of the pool and the marker, and information on the
genotyping experimental conditions. The user then selects
parameters from pull-down lists that are either defined in the
script or retrieved from the database (e.g. names of the pool
and the marker), which ensures accurate data entry. Pool
genotyping data are then automatically analysed using a script

that computes descriptive statistics and runs the Shapiro-Wilk
test for goodness-of-fit to normality.

Tests of association based on pools and metapools are
automatically performed using a script that runs the modified
X2 test. The interface also allows classical association studies
to be carried out based on genotypes of individuals. A '.ace'
file storing any new data submitted is generated and read into
the database. All the models and scripts described here are
available at http://www.genetics.med.ed.ac.uk.

RESULTS

Figure 1 gives a brief description of the methods compared in
this study.

Estimating allele frequency in pools: correction for
unequal allele amplification

By definition, heterozygote individuals have an equal number
of copies of the two alleles at any given locus. If genotyping
was equally efficient for the two alleles, then the two amplified
peaks would be the same height. However, in practice unequal
peak heights is the norm. We genotyped individual hetero-
zygotes 6-10 times and recorded the variation in peak height
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Table 1. Unequal allelic amplification

Marker SNaPshot™ dHPLC MassARRAY™

RSI 5020285 0.951 ± 0.272 (0.086) 0.416 ± 0.272 (0.087) 0.566 (nd)
RS508509 0.268 ± 0.085 (0.027) 0.389 ± 0.016 (0.005) 0.593 (nd)
RSI402045 0.447 ± 0.047 (0.015) 0.911 ± 0.465 (0.147) 0.754 (nd)
RS643304 0.648 ± 0.009 (0.003) 0.748 ± 0.063 (0.020) 0.564 (nd)
RS489009 0.813 0.275 (0.087) 0.569 ± 0.161 (0.051) 0.515 (nd)

Ten heterozygote individuals were genotyped for each of the five markers. The mean ratio of the two allele
peaks across 10 different heterozygotes individuals ± standard deviation between the ratios of the
heterozygotes (and standard error of the mean) is shown, nd, not determined.

ratios between replicates. This indicated that the standard error
of the mean (SEM) ratios were less than one-twentieth of the
mean value (data not shown).

We observed greater variation in peak height ratios between
different heterozygotes (SEM ranging from 0.003 to 0.147;
Table 1). Hoogendoorn et al. (5) reported a SEM of 0.005-
0.06 when comparing the peak height ratios of different
heterozygotes for nine markers genotyped by primer extension
followed by dHPLC. It is possible that the variation observed
between helerozygotes could be due to variable DNA quality.
However, all of the DNAs used for this study were collected,
extracted and stored under the same conditions. The observed
variation is therefore more likely to be caused by factors
specific to the experimental procedures. The maximum
variation (SEM) between the ratios of different heterozygote
individuals was within one-seventh of the mean ratio (Table 1).
A mean ratio of unequal amplification (k) can therefore be
accurately calculated for any given marker genotyped by a
given method.

When allele frequencies are estimated by genotyping a
pooled sample the resultant peak heights must be corrected for
unequal amplification by the factor k. If k is the mean ratio of
the allele A and B peak heights (HA and HB, respectively) in
heterozygote individuals, i.e. k = HA/HB, then the frequency of
the allele A in the pools would be pApoo|S = HAp00|S/(HAp00|s +
kHBpo„|s). If the unequal amplification of alleles is ignored and
the ratios of peak heights are used in a %2 statistic this will
result in a biased test procedure, as the test statistic is not
distributed as a %2 under the null hypothesis of equal allele
frequencies in the pools. To a first order approximation, the
expected value of the test statistic based upon the unadjusted
ratio of peak heights is

E(test statistic) = k/[ I + (k - l)p]**2,

where p is the population frequency. This result was validated
by computer simulation. Depending on the true value of k and
the frequency (p). this test is either expected to be smaller or
larger than 1.0 (which is the expected value from a proper y}
test). For example, for p = 0.25 and k = 0.5, the expected value
of the test statistic is -0.65, which will result in a test that is
too conservative.

Hoogendoorn et al. (5) used the mean ratio from eight
heterozygote individuals to determine k. We currently use a
panel of 16 control individuals, which are genotyped for each
marker. We then calculate a mean ratio from the heterozygote
individuals of this panel—we always divide the height of the

smaller allele peak by the height of the bigger allele peak to
keep data homogenous. As long as the SEM of the ratio
between the heterozygotes is less than one-tenth of the mean
value, we use this mean value as k. If the SEM is greater than
one-tenth of k. then either the assay must be optimised or the
number of heterozygote genotypes must be increased appro¬
priately until this criterion is met.

To avoid introducing any extra sources of variation, we
perform all stages of the genotyping procedure simultaneously
on all samples.

Effect of allele frequencies on unequal amplification in
pools
The allele frequencies in pools of cases and controls are both
corrected with the same k factor. This approach is valid only if
unequal amplification is linearly correlated with allele
frequencies. To test this, we constructed two sets of artificial
pools with a range of allele frequencies by mixing appropriate
volumes of two homozygote DNAs for the markers
RSI402045 and RS643304. The ratio of concentrations of
alleles in both sets of pools ranged from 50-50% to 85-15%,
at 5% increments. Each pool was genotyped 5-10 times.
Results (Fig. 2) show that there is a linear correlation between
the allele frequencies and the ratios for all three methods
tested. These data indicate that variation in allele frequency
does not affect the extent of unequal allele amplification, and
that pools with different allele frequencies can be corrected
with the same k factor.

Comparison of accuracy and repeatability of
SNaPshot™, primer extension followed by dHPLC, or
by mass spectrometry (MassARRAY™) methods
Five markers were genotyped on a set of 96 individual DNAs
to obtain the sample allelic frequencies. The 96 DNAs were
then pooled (Pooi96). and the pool was genotyped 10 times
with each of the five markers by the three methods. The k
factors were obtained for the three methods and used to correct

the estimate of allele frequencies within the pools. The
estimated allele frequencies were in good agreement with the
results of individual genotyping. This was true for all methods
and markers tested (Table 2). Several parameters are import¬
ant in comparing the efficiency of the different methods. First,
the estimation of frequencies has to be close to the sample
frequencies, as a large discrepancy would introduce a risk of
type 1 and type II errors. However, as we demonstrate below,
good repeatability (i.e. a smaller SEM) is more important than
pinpoint accuracy. Poor repeatability necessitates a larger
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Figure 2. Test for linearity for the markers RS1402045 and RS643304 across artificial pools with allele frequencies ranging from 50-50% to 85-15% with
5% increments were constructed. Comparison of the three methods: SNaPshot™ (diamonds), dHPLC (triangles) and MassARRAY™ (squares).

Table 2. Comparison of the accuracy of the three methods in estimating allele frequencies in a pool of 96 DNAs (Pool96)

Marker Sample Estimated frequency
frequency

SnaPshot™ dHPLC MassARRAY™

RSI 5020285 0.658 0.666 ± 0.022 (0.007) 0.633 ± 0.013 (0.004) 0.727 ± 0.013 (0.004)
RS508509 0.714 0.702 ± 0.135 (0.043) 0.711 ± 0.013 (0.004) 0.761 ± 0.009 (0.003)
RSI 402045 0.713 0.699 ± 0.047 (0.015) 0.683 ± 0.047 (0.015) 0.724 ± 0.009 (0.003)
RS643304 0.657 0.648 ± 0.032 (0.010) 0.656 ± 0.022 (0.007) 0.645 ± 0.013 (0.004)
RS489009 0.528 0.561 ± 0.063 (0.02) 0.501 ± 0.054 (0.017) 0.503 ± 0.009 (0.003)

The sample allelic frequencies were obtained from genotyping the 96 individuals (using the SNaPshot™ method). A k correction factor for unequal
amplification was obtained for each of the three methods and used to estimate the frequencies in the Pool96. Ten replicates of Pool96 were genotyped to test
the repeatability of the method, which is expressed here as ± standard deviation (and SEM).
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Table 3. Comparison of cost and throughput of the methods

Cost per sample Throughput/day/machi ne

dHPLC 157 cents 192
MassARRAY™ 100 cents 40 000
SNaPshot™ 87 cents 7000'

1500"

The calculations include genotyping reagents and primers (on the basis of
100 reactions per primer), plastic consumables and the cost of running the
assay on the detection platform. Salary costs are not included. PCR costs
are not included, as they are the same for the three methods.
:lWith a 96 capillary system (ABI37000).
bWith a 16 capillary system (ABI3100).

number of replications in order to lower the SEM of the
estimated allele frequencies. The SEMs observed varied from
0.003 to 0.066 for SNaPshot™, 0.003 to 0.017 for primer
extension followed by dHPLC and 0.003 to 0.004 for
MassARRAY™. Thus, from a quantitative point of view, the
three methods tested are all suitable for genotyping pools, with
the MassARRAY™ method performing substantially better
than the other two.

Ease of use and cost considerations

For all of the markers tested, the SNaPshot™ method was

found to be robust and required little optimisation. However,
multiplexing SNP assays was less straightforward, as the
signal strength varied between assays. We circumvented this
problem by multiplexing assays on the basis of signal strength,
or by increasing the amount of genotyping primer for the
weaker assays (14). We currently find that multiplexing four
markers is relatively straightforward, although according to
the manufacturer 10 SNPs can be successfully multiplexed.

In our hands, SNP genotyping using primer extension
followed by dHPLC required extensive optimisation of the
primer extension reaction. Optimisation of the gradient that is
best suited to the elution of each product was also required
and, furthermore, attempts to multiplex reactions were
unsuccessful.

For the MassARRAY™ analysis, sequence files with
information on the marker and localisation of the SNPs to

be detected were provided to Sequenom who designed the
assays using their 'in house' software. Coded samples and
pools were provided, and highly satisfactory results returned
promptly for each SNP assay.

The cost of genotyping pools (Table 3) is highly dependent
on the ability to multiplex reactions and minimise reaction
volume. For these reasons, primer extension followed by
dHPLC or MassARRAY™ is not as cost effective as the
SNaPshot™ method. However, as we demonstrate below, the
MassARRAY™ requires less replicates per pool than the
SNaPshot™, which makes MassARRAY™ as cost effective as
SNaPshot™. Table 3 also provides a comparison of the
throughputs of the different platforms.

Effect of pool size
We wanted to determine whether the number of the samples in
the pool would affect the accuracy of allele frequency
estimation in pooled DNAs. We genotyped 384 individual
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DNAs to calculate the sample frequencies for the markers
RSI402045, RSI5020285 and RS643304. The same 384
individuals were then included in four pools of 96, two pools
of 192, one pool of 288 and one pool of 384 individuals, and
genotyped using the SNaPshot™ method (six replicates per
pool). The frequencies estimated from the pools were
compared with the sample frequencies (Fig. 3). We found
that for the range tested, pool size had no significant effect on
the accuracy of frequency estimations or on repeatability. This
indicates that pooling larger numbers of samples does not
result in a loss of power. We therefore recommend that larger
pools are typed, minimising the number of genotyping
reactions required.

Statistical comparison of two or more pools genotyped
with a given marker

Estimating the allelic frequencies in pools. As we have
demonstrated above, estimating allele frequencies in pooled
DNAs introduces three potential sources of error: (i) error
caused by sampling a finite number of individuals from a
population (the standard sampling error); (ii) error in estimat¬
ing the adjustment factor k; and (iii) a pool-specilic measure¬
ment error. The first source of error is reduced by increasing
the sample size; the second source of error is reduced by using
the appropriate number of heterozygotes to estimate k (see
above); and the third source of error is reduced by genotyping
replicate samples of the pools. When allele frequencies from
two (or more) pools are compared, a minor error in the
estimation of k will induce a covariance between the estimates
from the two pools, because the error in estimating k is the
same for both pools. However, as the same error in estimating
k is made for both pools, and as k is independent of the allelic
frequency, the difference between the estimates of the
frequency in both pools is not affected to a first order
approximation. This was also observed by Hoogendoorn
et al. (5).

Comparing frequencies between pools. We have modilied the
standard x2 tesL which is used in classical case-control
association studies, to take into account the sources of error

discussed above. The effect of a larger variance in allele
frequencies from pools due to the use of estimated rather than
observed counts was investigated using models that simulate
observed and estimated counts. The results are shown in
Tables 4 and 5. Generally, unless the sources of errors are
large, the inflation in the type 1 error is small. However, if the
pool-specific error is large [e.g. experimental error (ac) >
0.025], then the type I error can be substantially inflated. For
example, for ac = 0.025 the type 1 error is at least doubled
relative to the type I error rate on the observed counts.

Regarding the type II error, power is reduced when using
the adjusted statistical test relative to the power based upon
observed counts (Table 5). For ac > 0.025, the reduction in
power can be substantial. To achieve the same power for
pooling and direct genotyping, the pool sample size must be
increased by a factor of 1 /[ 1 — 2var(e)/var(A)], with var(A) the
variance of the difference in allele frequencies in the two
groups obtained from observed counts, and var(e) the
experimental pool-specilic error. For example, for ac = 0.01
(which corresponds to a standard error of 0.01, as is typically
seen in SNaPshot™ experiments) and aA = 0.03 (which



e74 Nucleic Acids Research, 2002, Vol. 30 No. 15 Page 8 of io

96 192 276

Number of individuals in the pools

384

□ rs 1402045 sample frequencies
E3rs1402045 estimated frequencies
□ rs643304 sample frequencies
□ rs643304 estimated frequencies
□ rs15020285 sample frequencies
□ rs 15020285 estimated frequencies

Figure 3. Estimation of allele frequency in different sized pools. Marker RS 1402045, RSI5020285 and RS643304 were typed on 384 individuals (using the
SNaPshot™ method) to obtain sample allelic frequencies. 384 DNAs were combined in four pools of 96, two pools of 192, one pool of 276 and one pool of
384 individuals. Each pool was genotyped six times (using the SNaPshot™ method) and the frequencies were estimated from the mean frequency corrected
for unequal amplification. The repeatability is expressed as the SEM estimated frequency.

Table 4. Empirical type I errors from 10 000 simulations, for 100 cases
and 100 controls, and p = 0.5

Using observed Using estimated counts
counts

Table 5. Power for a significance level of 0.05 and 100 cases and 100
controls, from 10 000 simulations

aa CTeb T i Test Tadj

0.10 0.01 0.099 0.113 0.093
0.025 0.098 0.180 0.094
0.05 0.100 0.345 0.102

0.05 0.01 0.051 0.060 0.048
0.025 0.051 0.112 0.053
0.05 0.051 0.264 0.054

0.01 0.01 0.011 0.015 0.011
0.025 0.011 0.039 0.011
0.05 0.011 0.144 0.011

"Nominal type 1 error.
bSEM of estimated allele frequency.
Ti x2 test on observed counts.
Tes, unadjusted test on estimated counts.
Tadj adjusted test on estimated counts.

corresponds to, for example, 200 case and 200 control
individual populations with frequencies of 0.3 and 0.2,
respectively), the sample size of the pool would have to be
increased by a factor of 1/(1 - 0.0002/0.0009) = 1.3.

To achieve an experimental error of ac = 0.01 or less,
replicate pools must be used. If the estimate of the between-
replicate variation in the estimate of the allele frequency is in
the range of 0.02-0.04 (standard deviation), then to achieve a
SEM of <0.01, approximately 4-16 replicate pools would give
the same power as tests based upon observations, assuming
that there are no errors in determining individual genotypes.

<V p(cases) p(controls) T(h Tadjc

0.01 0.50 0.45 0.17 0.16
0.40 0.52 0.48
0.35 0.86 0.83

0.025 0.50 0.45 0.17 0.13
0.40 0.52 0.38
0.35 0.86 0.71

0.05 0.50 0.45 0.17 0.09
0.40 0.52 0.22
0.35 0.86 0.42

"SEM of estimated allele frequency.
hT| y- test on observed counts.
cT;Kij adjusted test on estimated counts.

From the results in Table 2 we can conclude that most standard
deviations are in this range, so that a minimum of four
replicates appears to be appropriate.

Database development
We have previously used an ACeDB database (15) to manage
the construction of a physical map of chromosome
4p 16.1-15.3 (16). Although this database necessitates expert
bio-informatics support, it possesses the flexible architecture
required to adapt it to our current purpose. We were able to
modify existing models and create new ones to allow storage
of all information relevant to pool construction, populations
and genotyping results. The new models facilitate storage of
statistical analysis and of association data based on both pools
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and populations of individual samples. We have also created a
model CPop_pool_meta') that allows the genotyping data
obtained for a set of pools or populations to be merged and
analysed as a single data set. The data from different pools can
then be merged and the results analysed as a single group.

Submission and analysis of new genotyping data
Data submission via a web interface. CGI/Perl scripts were
produced to facilitate the submission of new data and to
perform direct statistical analysis. A web page with a graphical
representation of a 96-well plate allows the submission of
individual genotypes for use in classical association studies.
This interface can also be used to enter peak heights obtained
from heterozygote samples, which are used to calculate the
correction factor k. Another form is used to submit the allele

peak heights for the different pool replicates.

Statistical analysis and description of pool genotyping data.
Once entered, peak height ratios are subjected to statistical
analyses (the mean frequencies of the two alleles, standard
deviation and SEM are calculated). The interface also allows
the analysis of a data set produced by combining two or more
pools. A table of results is displayed and a tile containing the
new data and their statistical description is automatically
created and read into the database.

Association studies based on pools. The modified %2 test is
used to detect differences between the allele frequencies of
selected pools. The results are displayed and stored in a new
file that is then read into the database.

Association studies based on populations. For a specified
marker, allele numbers in each selected population, or group
of populations, are calculated from the genotypes of all
individuals. A classical y} test is performed on these data to
identify differences between populations. Results are dis¬
played and automatically read into the database.

DISCUSSION

Pool allele frequencies can be estimated with a high degree of
accuracy using SNaPshot™ and primer extension followed by
either dHPLC or MassARRAY™. However, accurate estima¬
tion of allele frequencies requires calculation of a correction
factor for unequal allelic amplification from the peak height
ratios of a small set of heterozygotes. Of the three methods
tested, the MassARRAY™ method gives the best repeat¬
ability, while primer extension followed by dHPLC requires
more optimisation than the other methods and does not allow
easy multiplexing. The number of samples in a pool has a
negligible effect on the accuracy of frequency estimations. We
therefore recommend the use of larger pools (we use pools of
384 individuals) and multiple replicates rather than smaller
pools with fewer replicates. The ideal number of replicates
required is dependent on the reliability of the marker, and the
repeatability of the method. For example, for the majority of
markers four replicates appeared to be sufficient when the
MassARRAY™ method was used.

Choosing a method for genotyping, particularly if this
implies the purchase of expensive equipment, is difficult and
no golden rule can be applied. The deciding factors include the

number of genes/SNPs to be typed, the need for single
genotyping versus pool genotyping, the level of throughput
required and whether there is a need for SNP detection as well
as genotyping. For example, MassARRAY™ may be the best
choice for a core facility that provides a very high throughput
SNP genotyping service on pools and/or individuals, but a
capillary electrophoresis instrument would provide more
flexibility for a project that requires SNP detection and
medium genotyping throughput.

We have expanded the ACeDB architecture to allow the
storage, management and analysis of genotyping data and
related information. The ACeDB database provides a

graphical, multi-window interface and allows the user to
navigate easily between objects. With the new models one can
now navigate from a marker to the pools tested with the
marker, to the data obtained, and to the results of the
comparison of allele frequencies in that pool with those of
other pools. Additionally, we have developed a web interface
that allows easy and accurate submission of new data and their
automatic examination, via descriptive statistical analysis and
association studies. A useful future development of the
analysis pipeline would be a graphical display of the
association data along the DNA sequence of a genomic
region. This would allow researchers to visualise the strength
of the association in the context of other sequence annotation.

We have modified an existing statistical test to correct for
extra sources of error introduced by the pooling methodology.
Our test controls the type I error well, but at the expense of a
slight decrease of power, which is expected because extra
sources of error increase the random variation of the
difference in allele frequencies between pools, so that a true
difference is more difficult to detect. However, the power of
the pooled sample can be maintained at a level equivalent to
that obtained by individual genotypes by minimising the
experimental error and slightly increasing the sample size.

Genotyping accuracy has not been systematically examined
but recent studies (16; L. Peltonen, personal communication)
have suggested that no genotyping method is 100% accurate,
and that as many as 5% of individual genotypes could be mis¬
called. Such genotyping errors would decrease the power to
delect quantitative trait loci (17) or could have serious effect
on linkage disequilibrium measures (18). Most of the scoring
errors are caused by ambiguities in the allele peaks, sample-to-
sample contamination or mislabelling of DNAs. The use of
pools should reduce all of these sources of error. Hence, the
procedures described above can be used to perform very
accurate association studies, saving valuable time and money
compared with genotyping individual samples. Pooling
studies should therefore be used to perform a fast, cheap and
reliable preliminary screen of a candidate region.
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Is Schizophrenia Linked to
Chromosome

Levinson et al. (/) reported the results of a

meta-analysis of families showing no major
schizophrenia locus on chromosome lq.
These results, based on a multicenter study of
affected sibling pairs (ASPs), are in striking
contrast to findings of several recent papers
reporting susceptibility loci on Iq in extended
families. Significant linkage (LOD = 6.5) at
1 q21 -22 was detected in Canadian families
(2) and replicated in European origin families
(3, 4). At lq42, Blackwood et al. (5) obtained
a LOD of 7.1 in a single Scottish family,
while Ekelund et al. (6) obtained a LOD of
3.2 in Finnish pedigrees. How can these ap¬

parently conflicting results be reconciled?
We suggest that locus heterogeneity ade¬
quately explains the failure of an ASP study
with any reasonable sample size to replicate
results from large extended families, and we
have strong reservations about the limited
interpretation of the results in (/).

We considered the effect of heterogeneity in
two ways. First, we evaluated the power of the
ASP mean test under heterogeneity. The num¬
ber of sib pairs required to detect linkage is
inversely proportional to the square of the pro¬
portion of linked families (7). Fig. 1 shows the
effect of heterogeneity on the power to detect
linkage given the effect of an allele segregating
in the linked families, which increases risk to
sibs by a given factor. Three effect sizes small
(factor 1.35), moderate (factor 3). and large
(factor 7)—were considered. As shown, a sam-

1q?
pie of less than 1000 ASPs, as studied in (/), has
little power to replicate linkage of schizophrenia
to a locus that contributes to risk of illness in less
than 20% of families. Note that Levinson et al.
used the relative risk to siblings of affected
individuals across the whole sample |\sibs in (/))
to determine power. Our interest is in showing
how large a part heterogeneity plays in deter¬
mining power. In the case of breast cancer, for
example, the BRCAI and BRCA2 genes have a
large effect on risk (10- to 20-fold) in mutation
carriers (#) but, because they are very rare in
most populations, they are not readily detectable
in large heterogeneous samples.

We also considered the power of nuclear
families using SLINK software (9). Sixty
families (each with 6 individuals in the sib-
ship, equivalent to 15 ASPs) were simulated
under a partially penetrant model and ana¬
lyzed allowing for heterogeneity {10). The
power to detect a LOD of 3 decreased rapid¬
ly; power for 75%, 50%, and 33% of families
with mutations segregating at the gene of
interest was 80%, 40%, and 5%, respectively.

In concluding that there is no locus of
major effect on chromosome Iq, Levinson et
al. have not appropriately considered locus
heterogeneity. The logistic regression used in
(/) ignores within-sample heterogeneity.
Parametric linkage analysis incorporating
heterogeneity is used but only with a reces¬
sive model. To ensure good power one must
also fit a dominant model (//).

0 0.2 0.4 0.6 0.8 1

Proportion (p) of linked families with specified effect size

Fig. 1. Power of the ASP mean test at different heterogeneity levels. The power to detect linkage
(LOD = 3) and replicaton of linkage (LOD = 1.2) were determined for three effect sizes: small
(factor 1.35), moderate (factor 3), and large (factor 7).

Though the results in initial genome scans
are likely to be overestimates of effect size,
the effects found in the studies reporting link¬
age to chromosome I q21 -22 and Iq42 are
unlikely to be small in magnitude. Such ef¬
fects will account for a sizable proportion of
the variance in liability in particular families.
The distribution of risk to schizophrenia can
be well described by a model that incorpo¬
rates genes of major effect and substantial
locus heterogeneity. Under heterogeneity,
ASP studies will require extremely large
samples. Linkage analyses with large fami¬
lies and identification of cytogenetic variants
associated with schizophrenia are appropriate
strategies when heterogeneity is expected.
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Technical Comments

Levinson et al. (I) reported no evidence of
linkage of schizophrenia to chromosome lq
using a combined sample of 779 small nucle¬
ar families (average size of 5 individuals)
from diverse ethnic backgrounds. Their prin¬
cipal objective was to determine if they could
replicate our highly significant linkage
(LOD = 6.5. or a likelihood ratio 3 million to

1 in favor of linkage) of schizophrenia to
chromosome 1 q21 -22 (2). Notably, we used a
different study design, ascertaining 22 larger
Canadian pedigrees (average size of 14 indi¬
viduals) of similar ethnicity, with schizophre¬
nia segregating in a unilineal dominant-like
pattern over multiple generations (2). This
raises the question of whether their failure to
replicate linkage says more about the relative
merits of the two study designs than it does
about the genetics of schizophrenia.

Optimal ascertainment and study design
are essential to increase power for gene
mapping of complex disorders like schizo¬
phrenia, where genetic heterogeneity com¬
plicates determination of linkage (3). Sam¬
pling multigenerational families with simi¬
lar segregation patterns or from population
isolates can help reduce genetic heteroge¬
neity, thus increasing power to detect link¬
age. as illustrated in hereditary deafness
(4). Larger families may also provide addi¬
tional power from unaffected subjects when
likelihood methods using all pedigree in¬
formation are used (2). Of course, optimal
study design depends on the genetics of the
disease being investigated, with some dis¬
eases or loci being more amenable to map¬
ping based on smaller families (5). Nota¬
bly, all four schizophrenia genome scans
reporting LOD scores >4 have involved
larger multigenerational pedigrees, popula¬
tion isolates, or both (2. 6 8).

It is not surprising that the Levinson el
al. study failed to find significant linkage to
chromosome lq, and that subgrouping by
ethnicity or number of affected individuals
per nuclear family, or using different ge¬
netic models or analysis methods, could not
overcome the limits imposed by the initial
design. It is probable that less than 50% of
the families in their combined sample are
linked to any particular locus. Combining
data sets may actually reduce power to
detect linkage because genetic heterogene¬
ity increases. Power may be further low¬
ered by subgrouping, particularly when
each family is relatively uninformative for
linkage on its own (9). Replication may be
more difficult than initial linkage detection
in complex disorders, even in studies with
similar designs. However. Gurling et al.
(10). using 13 multigenerational pedigrees
with unilineal segregation of schizophrenia
(average size of 14 individuals), did find
suggestive linkage of schizophrenia to

1 q22-23.

Population-wide effects of the underlying
loci may be small despite strong linkage sig¬
nals in selected samples. But Levinson et al.
appear to have confused the primary goal of
linkage studies—localizing susceptibility
genes- with estimating a locus-specific ef¬
fect size at the population level. Contrary to
their report, our study did not predict a pop¬
ulation-wide "genetic effect" from the
results. Levinson et al. [note 23 in (/)] inap¬
propriately predicted population-wide rela¬
tive risk to siblings (\sjb.s) from 0Lir linkage
results (2), and then claimed this was an
"over-estimate." Linkage studies have identi¬
fied dozens of loci and genes for hereditary
hearing loss, almost all of which are rare (4).
These genes have provided important infor¬
mation about the pathogenesis of hereditary
deafness, but each would have a small locus-
specific effect size. This is likely to be the
case with many schizophrenia susceptibility
loci, including the 1 q21 -22 locus.

Levinson et al. (!) concluded that they
could not determine whether or not our

LOD of 6.5 is a "false-positive" result. But
their study was not suited to address such a
question because, for complex disorders,
follow-up in an independent sample in or¬
der to distinguish true- from false-positive
initial findings makes neither statistical nor
biological sense (II). Although no definite
conclusions can be drawn until the chromo¬
some 1 gene has been identified, given the
strength of evidence for linkage in our
small sample of larger, genetically more
informative individual families, the failure
of Levinson et al. to detect linkage to Iq
suggests a failure of their study design for
this locus. Indeed, the six genome scans

using their samples (except for a subgroup
of the JHU sample) have failed to find
significant linkage of any chromosomal re¬
gion to schizophrenia.
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Response. Macgregor et al. and Bassett et al.
suggest that linkage findings on chromosome
Iq can be replicated in studies of extended
pedigrees using parametric heterogeneity lod
score analyses, and that our study could not
succeed because we used smaller pedigrees
and nonparametric statistical methods. We
agree on a central point—that there may well
be schizophrenia susceptibility genes on
chromosome lq, given the significant find¬
ings of four recent studies (I 4). We expect
numerous susceptibility genes to be defini¬
tively identified in the years ahead, most
likely in regions such as lq. which have
produced evidence for linkage in several
samples. However, we do not agree that clas¬
sical locus heterogeneity can explain a sub¬
stantial proportion of schizophrenia cases,
that the structure and ethnicity of our pedi¬
grees explain the difference in results, or that
nonparametric methods are inappropriate
methods to test for linkage when heterogene¬
ity is present.

We hypothesized (5) that linkage to
schizophrenia could be identified in one or
more regions of chromosome Iq. and that a
large pedigree sample could help to localize
the findings, as has appeared to be the case in
some but not all of our previous studies (6
15). Our subsequent multicenter findings did
not disprove linkage on lq, although false
positive results could not be ruled out. Our
results suggested that if there are susceptibil¬
ity genes on lq. their population-wide effects
are likely to be small, and that the large
linkage scores observed on 1 q21 -22 could
reflect an upward bias due to maximization of
linkage statistics across the genome in small
samples (16). The magnitude of gene effects

2277a 20 DECEMBER 2002 VOL 298 SCIENCE www.sciencemag.org



Technical Comments

within individual subjects could be much
larger than the populationwide estimates, but
these estimates predict power to detect
linkage.

The comments above assert that locus het¬

erogeneity can explain the divergent results on
Iq. Heterogeneity is likely in the context of
multigenic inheritance, i.e., susceptibility al¬
leles of varying population frequencies in the
same gene and in different genes, with additive
or epistafie interactions conferring risk of dis
ease. However, both comments argue for clas
sical locus heterogeneity, in which the same
phenotype occurs as the result of distinct major
locus effects in different families. This model
cannot be reconciled with the high risk to MZ
twins and Ions' risk to siblings of probands (17).
further, if classical locus heterogeneity ex
plained a modest fraction of schizophrenia cas¬
es, finding single pedigrees that arc sufficiently
large and densely affected to map each locus
should be relatively straightforward. Bassett et
al. point out that this has occurred for many
deafness syndromes, but most of those show
classical Mcndclinn inheritance. Very large,
dense schizophrenia pedigrees have rarely been
found. However, we agree that if a rare genetic
cause of schizophrenia could be identified in
even one family, this could be of enormous
benefit to our understanding of schizophrenia
pathophysiology more generally.

The Brzustowicz et al. study (/, 12; see
comment by Bassett et al.) illustrates the prob¬
lem with the classical heterogeneity hypothesis.
Their pedigrees, recruited because they ap¬
peared to be segregating a dominant disease,
included one family with 15 affected cases, and
21 others with an average of 3 affected cases
(similar to many of our pedigrees). Contrary to
expectation, significant linkage was not report¬
ed in the largest family. To explain why their
maximum linkage result on chromosome 13q
was observed under a recessive model assum¬

ing linkage in 75% of families (similar to Iq),
BniuGtowicz et al. suggostod (12) that common
recessive alleles could produce pedigree pat¬
terns that appear to be autosomal dominant. But
such common alleles should produce many
families with two or three affected cases, and
one would expect to detect linkage in our Irish
and Welsh samples (5). Similarly, how would
Macgregor et al. explain that the strongest sup¬
port for their lq42 finding came from a large
sample of ASPs from the general Finnish pop¬
ulation (4)7 The most parsimonious explanation
would be that population-wide genetic effects
of susceptibility genes on chromosome lq are

relatively weak and that stochastic variation in
the proportion of families showing evidence for
linkage in each sample (especially smaller
ones) accounts for the wide variation in linkage
results (16, 18). This does not preclude the
possibility of mapping a gene in a small sample
with an atypically high proportion of families in
which the gene is segregating but statistical

support for such an association is likely to come
from a larger sample.

Both Nlacgrcgor et al. and Basset* et al.
suggest that our study design and analysis re¬
duced the power to detect to linkage, but our
designs were more diverse than the comments
indicate. The Bonn, Cardiff, and Chicago
projects recruited primarily ASPs, while the
others sought the densest available pedigrees
but did not exclude ASPs. Of the 1905 geno
typed affected cases, 1210 were from sibships
with two ill siblings, and 688 were additional ill
siblings, parents, aunts/uncles, grandparents or
cousins of probands. Nonparamctric analyses
wore employed because they do not depend on
estimates of transmission parameters. Logistic
regression analysis was used to determine
whethci differences uiiioiig samples significant
ly affected results. Allele sharing in sibling
pairs is the most straightforward dependent
variable for this analysis (which is not designed
to test for interfamily heterogeneity).

Regarding affected sibling pair analysis, it is
well known that as the proportion of linked
families drops below 30 to 40% in a classical
heterogeneity model (19, 20), all methods of
linkage analysis become rapidly less powerful,
as Macgregor et al. elegantly describe. Para¬
metric and nonparametric analyses have similar
power when heterogeneity is present, even
though the nonparamotric methods do not for
mally model the heterogeneity. For example, in
an unpublished simulation study of 770 pedi¬
grees containing 1000 ASPs plus affected par¬
ents and offspring in a proportion of families,
wo studied two dominant transmission models
which produced population-wide \sibs esti¬
mates of 1.27 and 1.25 (55.3 or 55% sharing),
which were predicted by theoretical locus-spe¬
cific \sibs values of either 1.3 in 100% of fam¬
ilies, or of 3.5 in 30% of families (hotorogenc
ity). Power to detect linkage (P 0.00002) was
0.84 and 0.87 for heterogeneity led score (hlod)
analysis under the "correct" model, 0.79 and
0.76 for nonparametrio linkage (NPL) analysis,
and 0.76 and 0.65 for the maximim lod score

(MLS). The scores were intercorrelated at 0.92
for hlod and NPL, and 0.87 for hlod and MLS.
ASP (MLS) analysis was most powerful under
recessive transmission or if the sample consist¬
ed only of ASPs. Hlod, NPL, and MLS scores
all can detect linkage in the presence of heter¬
ogeneity, but not if the genetic effect in the
population being studied is too low.

We also stress that statistical significance of
linkage data for complex disorders should be
interpreted with caution. Simulation-based P
values are generally preferred, because theoret¬
ical P values are highly dependent on model
parameters, marker informativeness, and other
factors. The lod score of 6.5 observed by Br-
zustowicz et al. on lq21 -22 was associated with
a simulation-based P-value of 0.0002 to

0.00002 (/), or approximately 20:1 or lower
genome-wide odds for linkage (21) (not

3.000,000:1, which represents a pointwise the¬
oretical value). Bassett et al. mention four other
studies that yielded lod scores greater than 4, an
arbitrary threshold. One is a finding on distal
chromosome 2q in a small sample of nuclear
families from an isolated region of Finland; the
lod score went down when the analysis incor
porated genealogical connections among the
pedigrees (22), Another is a finding on chro
mosomo 6q25 in an extended Swedish pedi¬
gree, where the lod score vuriod considerably
depending on allele frequency estimates (23).
The third is a finding in extended Palauan pod
igrces, where the haplotype vectors were con
structed by Markov chain Monte Carlo meth
ods which are not exact (24). A more cautious
intepretation would be that each of these five
findings probably achieves but does not greatly
exceed the threshold for genomewide signifi¬
cance. Most arc from small samples which can
produce upwardly biased results. While each of
these findings is impressive and will hopefully
lead to a successful gene cloning effort, the
precise level of significance in oach case is not
clear cut and is probably not critical: given the
weak locus-spccific effects that arc being de¬
tected for schizophrenia, observing evidence
for linkage in several studies is probably more
important than the precise P value.

We believe that progress is best served by
multiple approaches. Samples with various
sizes and ascertainment strategies have pro¬
duced important linkage results. Epidemio¬
logical data for schizophrenia arc consistent
with the hypothesis that there are multiple
interacting susceptibility loci and that at least
some of these loci may be important in many
or most populations (17). Very large multi-
center or prospectively-ascertained linkage
samples can help to confirm and localize
some of those findings. Negative results from
large studies should not be interpreted as
excluding any locus, but positive findings
should give strong encouragement to efforts
to identify the relevant genes in the implieat
ed regions.
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The available data from preclinical and pharmacological
studies on the role of gamma amino butyric acid (GABA)
support the hypothesis that a dysfunction in brain
GABAergic system activity contributes to the vulner¬
ability to bipolar affective disorders (BPAD). Moreover,
the localization of the a3 subunit GABA receptor
GABRA3 gene on the Xq28, a region of interest in cer¬
tain forms of bipolar illness, suggests that GABRA3 may
be a candidate gene in BPAD. In the present study, we
tested the genetic contribution of the GABRA3 dinucleo-
tide polymorphism in a European multicentric case-con¬
trol sample, matched for sex and ethnogeographical ori¬
gin. Allele and genotype (in females) frequencies were
compared in 185 BPAD patients and 370 controls. A sig¬
nificant increase of genotype 1-1 was observed in
BPAD females compared to controls (P = 0.0004). Fur¬
thermore, when considering recessivity of allele 1
(females with genotype 1-1 and males carrying allele 1),
results were even more significant (P= 0.00002). Our
findings suggest that the GABRA3 polymorphism may
confer susceptibility to or may be in linkage disequilib¬
rium with another gene involved in the genetic etiology
of BPAD.
Molecular Psychiatry (2002) 7, 201-207. DOI: 10.1038/
sj/mp/4000953

The hypothesis that bipolar affective disorder (BPAD)
is transmitted through a gene on the X-chromosome
was first proposed by Rosanoff et cil in 1935. ' Several
linkage studies have investigated the region Xq26—28
in BPAD2 28 (see Table 1). Among them, the largest
pedigree series reported a high Lod score (z) confirming
linkage (z = 8.1 at 0=0.15) to color blindness (CB) in
17 North American families."' This finding was further

supported by additional studies in different popu¬
lations showing linkage to CB2_5,n'23 and glucose-6-
phosphate dehydrogenase (G6PD).8,11,23 In more recent
studies, genome-wide scans using highly polymorphic
DNA markers in large numbers of pedigrees have pro¬
vided conflicting evidence for X-linkage in BPAD.
Negative linkages,28,28 and modest but not significant
evidence for linkage to Xq26-28, may be indicative of
loci of modest susceptibility.25,27 Conversely, conclus¬
ive evidence for linkage from a Finnish pedigree24 was
reported with a maximum Lod score (ZmaJ of 3.54 at
0 = 0, for DXS994 at Xq25-q26. Those controversial
results support the notion that genetic heterogeneity
and ethnic differences may be a possible source of
divergent results.

Replication was reported in different, populations,
that makes the Xq26-X28 region particularly interest¬
ing for applying other methodologies. Because the two
regions of positive linkage (Xq26 and Xq28) are separ¬
ated by a genetic distance of 15-30 cM, there may be
more than one susceptibility locus for BPAD in that
area. More recent hypotheses of mode of inheritance of
BPAD focus on complex heredity.28 Consequently, true
positive linkage is difficult to replicate in disorders that
are predisposed to by the combined action of several
genes of minor or moderate effect.20 The allelic associ¬
ation strategy offers a powerful means of identifying
such genes in realistically sized samples of unrelated
cases by the study of polymorphisms within candidate
genes and/or regions. To further explore the presence
of a vulnerability gene for BPAD in the Xq28 region, we
selected the dinucleotide repeat (CA) polymorphism of
the t*3 subunit of gamma-aminobutyric acid receptor
gene (GABRA3), located near the 3' end of the gene in
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Tabic 1 Linkage studies for Xq26-28 region in BPAD

Study Pedigree: number
(origin)

Chromosomal
location

Marker Lod score

(Z,,„J

Winokur, 19692
Reich, 1969"
Mendlewicz, 19744
Baron, 1977r>
Gershon, 1979"
Mendlewicz, 19797
Reading, 1979"
Mendlewicz, 1980"
Del Zompo, 19841"

Baron, 1987"

Mendlewicz, 198712
Berretini, 199013

Gejman, 1990'

Neiswanger, 1.99015
Mendlewicz, 1991"'
Lucotte, 199217
Gill, 1992"
Bredbacka, 199310
Baron, 19932"
Jeffries, 199321

De bruyn, 199422

Mendelbaum, 19952"

Pekkarinen, 199524

Stine, 19 9 725 (NIMH)

Smyth, 19972"

Liu, 199727

Vallada, 19982"

2 (US)
17 (US)
1 (US)
6 (US)
8 (Belgium)
1 (Australia)
1 (Iran)
2 (Sardinia)

5 (Israel)

11 (Belgium)
9 (US)

7 (US)

3 (US)
1 (Belgium)
1 (France)
1 (UK)

3 (Israel)
1 (USA)

9 (Belgium)

23 (Belgium)
I

II

1 (Finland)

97 (US)

23 (Ireland and UK)

57 (US and Israel)

43 (Europe and Brazil)

Xq28
Xq28
Xq28
Xq28
Xq28
Xq28
Xq28
Xq28
Xq28

Xq28

Xq26.3-27.1
Xq28

Xq27.1-27.2

Xq28
Xq28
Xq27
Xq27.1-27.2
Xq27.1-27.2
Xq27.1-27.2
Xq27—28
Xq27.3Xq27.l-27.2

Xq27
Xq28
Xq28
Xq28
Xq28
Xq28
Xq24—27.1
Xq27.1—27.2
Xq24—27.1
Xq25—26
Xq2
region Xq26-28

Xq27.3
Xq28
Xq26.3
Xq26

Xq24—27.1

GB
CB
GB
CB
CB
GB
CB
G6PD
CB
G6PD
GB
G6PD
F9

DXS52, DXS15
CB
G6PD
F8
F9
DXS98, DXS105
GABRA3
DXS52

fragile X
F9
F9
F9
F8. G6PD
X fragile
F9
F9
DXS52
GABRA3
F8
CB
G6PD
F9

F9
DXS994
F8
DXS1047
GATA31E08
FRAX.AC2
F8
DXS102
DXS1192
DXS1187
DX51227, DXS1062

3.3

3.3

8.1

2.3

<0

1.6

0.4
4

1

4.75

2.94

3.1
<0

<0
<0

<0

<0

<0

<0

+

3.91

0.9
<0

<0/2
<0

2.2

1.12

1.12
0.28

1.19

7.35
2.9

2.07

0.42

3.54

<0
1.23
1.27

<0
<0

<0
1.95
1.22

0

the 8 intron for carrying out a case-control association
study in a large European multicentric sample. A total
of 555 subjects were recruited, including 185 BPAD
patients, each matched with two controls (n = 370) for
sex and ethnogeographical origin (see Table 2). To our
knowledge, only three association studies have exam¬
ined the role of GABRA3 in BPAD, and didn't report
significant findings30-32 (Table 3). Three other genes
have been investigated in the same region: FMRl
implicated in the fragile X syndrome in Xq27.3:i:i

reported negative findings, G6PD in Xq2834-37 reported
positive results in two different populations. Finally, a
recent preliminary study33 reported a trend of associ¬
ation between BPAD males and the SYBL1 gene (Xq28)
involved in synaptic vesicle function.

Pathophysiological arguments for selecting GABRA3
as a candidate gene are summarized as follows: gamma
amino-butyric acid (GABA) is the principal inhibitory
aminoacid in the vertebrate brain. Emrich et a/3" in
1980 formulated the so-called 'GABA hypothesis of

Molecular Psychiatry



Table 2 Contribution of each center to the recruitment of
case controls sample

Centers BPAD Controls

Males Females Total Males Females Total

Brussels 10 14 24 20 28 48

Sofia 7 22 29 14 44 58

Zagreb 11 25 36 22 50 72

Athens 13 8 21 26 16 42

Milan 19 17 36 38 34 72

Edinburgh 0 20 20 0 40 40

Bonn 9 10 19 18 20 38

Total (n = 555) 69 116 185 138 232 370

GABRA3 and bipolar affective disorders
I Massat et al

affectivo disorder' in which valproic acid was pre¬
sumed to correct a GABA deficit in BPAD. Since then,
several lines of evidence from preclinical and clinical
studies have lent support to the involvement of GABA
in AD (see Massat et al40 for a review). GABA (type A)
receptor is an ionotropic receptor with a hetero-oligo-
meric structure composed of five distinct classes a, fi,
y, 6 and p (divided into subunits) organized as a chan¬
nel. These subunit types differ with respect to their
sensitivity for GABA and recognition sites for drugs,
that is relevant to the pharmacological differences
observed between drugs, such as benzodiazepines
(ISZDs). which interact with GABAa receptors. Recep¬
tors that are composed of c*3 subunits yield much
greater responses to BZD than do receptors, which con¬
tain ori or al subunits.41 Mutations are also known to
alter the binding characteristics of the GABAa receptor.
Especially for the «3 subunit, a single amino acid sub¬
stitution increases by 10 the affinity of certain com¬
pounds for the BZD site.42

i^^i
203

Table 3 Case control association studies for the Xq27—28 region in BPAD

Study Number of patients Chromosomal Marker Association
location

Walsh, 199230 60 BP (UK) Xq28 GABRA3

Puertellano, 199531 59 BP (Spanish) Xq28 GABRA3
Oruc, 199632 38 BP (Croatian) Xq28 GABRA3
Craddock, 199433 79 BP (UK) Xq27.3 FRA(X)CGG
Bocchetta, 199434 267 BP (Sardinian) Xq28 G6PD
Bocchetta, 199935 274 BP and parents (Sardinian) Xq28 G6PD
Kalsi, 199 930 279 BP (English, Irish and Scottish Xq28 G6PD
Bocchetta, 200037 111 BP and parents (Sardinian) Xq28 G6PD-med
Saito, 20003B 53 males BP (Japanese) Xq28 SYBL1

Table 4 Genotype and allelic distributions between BPAD patients and controls, by centers (Al = 169bp, A2 = 167bp,
A3 = 165 bp, A4 = 163 bp)

Genotypes Allelic distribution
(females) (males and females)

1-1 1-2 1-3 1-4 2-3 3-3 4-4 Al A2 A3 A4

Brussels BP 10 (71.4%) 1 1 2 32 (84.2) 1 5 0

C 19 (67.9%) 2 7 64 (84.2) 2 10 0

Sofia BP 17 (77.3%) 1 4 46 (90.2) 1 4 0
C 15 (34.1%) 2 23 2 2 65 (63.7) 3 32 2

Zagreb BP 17 (68%) 2 6 52 (85.2) 2 7 0

C 25 (50%) 3 18 4 92 (75.4) 3 23 4

Athens BP 6 (75%) 2 26 (89.7) 0 3 0

G 9 (56%) 3 3 1 45 (77.6) 4 9 0

Milan BP 14 (82.4%) 3 45 (84.9) 0 25 0
C 20 (58.8%) 13 1 77 (72.6) 2 8 2

Edinburgh BP 17 (85%) 2 2 1 1 36 (90) 0 4 0
G 28 (70%) 2 6 66 (82.5) 3 9 2

Bonn BP 8 (80%) 1 1 26 (89.7) 1 2 0

G 15 (75%) 2 3 49 (84.5) 0 9 0

Total 220 (63.2%) 17(4.9) 91(26.1) 8(2.3) 1(0.3) 10(2.9) 1(0.3) (79.8) (2.4) (16.6) ('1.1

Molecular Psychiatry
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No significant deviation from HWE was observed in

female BPAD patients and control populations. When
considering centers separately, a heterozygote deficit
was noted in the Bonn control sample (P = 0.008) and
Brussels BPAD sample (P=0.02).

The initial focus of our analysis was to detect differ¬
ences between BPAD patients and controls in the dis¬
tribution of genotypes, and alleles (see Table 4 for a
description). Results are shown in Table 5 and
Figure 1. The genotype distribution (after collapsing
genotypes with a frequency less than 3%) showed an
overall significant difference between BPAD and con¬
trol females (P = 0.0024), with a level of significance of
0.03 for the genotype 1—1. When the presence or
absence of genotype 1-1 was tested separately, signifi¬
cance increased (P= 0.0004. OR = 2.5 (1.5-4.3)). The
relatively narrow confidence interval suggested pre¬
cision in the estimate of the magnitude of the associ¬
ation. Comparison of allelic distribution (after collaps¬
ing allele 2 and allele 4 in the same group) between
BPAD and matched controls showed an overrepresent-
ation of allele 1 in BPAD patients (P=0.002, OR= 1.8
(1.2-2.7)). In order to examine the allele 1 recessive
hypothesis, we carried out an analysis that compared
groups of BPAD patients and controls, according to
genotype 1-1 homozygotc females and allele 1 hemi-
zygote males. Robust statistical differences emerged
(P= 0.00002, OR = 2.5 (1.6-3.9)). When comparing the
number of copies of allele 1 in BPAD females, we
found that there was a significant difference between
1 and 2 copies (two copies of allele 1 were present in
78.8% of BPAD patients and 58.7% of controls,
P - 0.0012 after bonferroni corrections). However, there
was no statistical difference between 0 and 2 copies
(two copies of allele 1 were present in 96.7% of BPAD
patients and 93.6% of controls) and 0 and 1 copy (one
copy was present in 88.9% of BPAD patients and
91.1% of controls): power was too low to detect sig¬
nificant results.

Effect modification of center and sex (tested
separately) didn't show any significant: difference (see
Figure 1). The allelic distribution of our overall control
population did not differ significantly from data in
'Genome Database-http://www.gdb.org/'.

In this multicentric European study, a robust associ¬
ation was found in favor of allele 1 recessive hypoth¬
esis of a (CA)„ polymorphism43 in GABRA3, in BPAD
patients. The involvement of GABRA3 may be related
to a direct effect of the polymorphism on the disease.
Microsatellites may alter DNA structure, which has
been implicated in the regulation of transcription and
translation. Altered binding of transcription and trans¬
lation factors may compromise RNA editing.44'4S
Another possibility is that the association may reflect
an indirect effect of another gene close to GABRA3, in
linkage disequilibrium. Our results are not in line with
some previous association studies testing the same
GABRA3 (GA)n repeat polymorphism.3" 32 However,
samples used in previous studies didn't have a suf¬
ficient statistical power for detecting association, if we
consider a minor or moderate effect of genetic variant

Table 5 Comparison of genotypes, genotype 1-1 distri¬
butions, and alleles, allele 1 recessive hypothesis at the
GABRA3 locus, between bipolar patients (BPAD), and con¬
trols
Conditional logistic regression (dependant variable:
diagnosis)

Predictor Sig Odds ratio
(95% CI)

Genotype* 0.0024

n = 116 trios
1-1 0.03 4.2 (1.1-15.4)
1-2 0.25 2.5 (0.5-12.6)
1-3 0.47 1.6 (0.4-6.5)

Genotypes 1-4, 2-2, 2-3, 3-3, 4--4 were col'lapsing because
the frequency was less than 3%.

Genotype 1-1 0.0004" 2.5 (1.5-4.3)
n = 116 trios

'Significant after Bonferroni correction (two tests):
P= 0.0008.

Alleles (males and females) 0.001
n = 301 trios
Allele 1 0.002 1.8 (1.2-2.7)
Collapsing allele 4 and 2 0.465 0.7 (0.26—1.8)

Recessivity of allele 1
li = 185 trios

0.00002 2.5 (1.6-3.9)

Number of copies of allele 1
in females
it = 116 trios
0 copy
2 copies
Comparison between I and 2
copies
n = 113 trios

Comparison between 0 and 1
copy
n 27 trios

Comparison between 0 and 2
copies
n = 92 trios

0.001

0.845
0.001

0.0003"

0.76

0.547

1.6 (0.3-5.1)
2.6 (1.5—4.4)
2.6 (1.5-4.6)

0.7 (0.1—4.6)

1.5 (0.4-6.7)

"Significant after Bonferroni correction (four tests):
P = 0.0012.

at this polymorphism. Furthermore, our present inves¬
tigation supports DNA studies that have reported posi¬
tive association findings for G6PD enzyme deficiency
(Xq28) in BPAD patients in two populations.34 37 In
light of previous positive linkage findings in this
region,2 s-7'"11'23 together with the present results
implicating the GABRA3 candidate gene in BPAD, we
suggest further investigation of the GABRA3 (CA)„

Molecular Psychiatry
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Figure 1 Allele 1 recessivity hypothesis (%) in BPAD and controls: stratification by centers and by sex. Stratification analysis:
(a) Strata = centers. Breslow Day (Homogeneity test) x2 = 5.9, df 6, P=0.43. (b) Strata = sex. Breslow Day (Homogeneity test)
X2 = 0.002, df 1, P = 0.97.
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repeat in other populations, using family-based associ¬
ation methods, to further explore the genetics of BPAD.
Additionally, it would be of interest to investigate
other GABA receptor genetic markers, such as Sups in
the vicinity of GABRE (GABA receptor epsilon) and
GABR/14 (GABA (34 subunit) in Xq28 region.

Finally, the positive association found in this multi¬
centric European study between BPAD patients and
allele 1 of GABRA3 (CA)n repeat polymorphism,
underlines the interest of investigating further this gen¬
etic marker in controlled pharmacogenetic studies eva¬
luating the treatment response of BPAD patients to
anticonvulsants with primary activity at the GABA
system.

Methods

Subjects
The present sample has been recruited within the
Biomedical European (BIOMED 1) European Collabor¬
ative Project on Affective Disorders (ECPAD)
(European Community Grant CT'92-1217, project
leader J Mendlewicz) and BIOMED 2 (European Collab¬
orative Study on Molecular Genetics in Affective Dis¬
orders, Contract No: BMH4-CT-97-2307). This network
was established within the framework of the European
Commission. The objectives and the detailed method¬
ology of the project were described previously.48 A
total of seven clinical centers participated in the
present study (Brussels, Sofia, Zagreb, Bonn, Athens,
Milan and Edinburgh, see Table 2). All subjects were
interviewed using standard diagnostic interviews, such
as the Schedule for Affective Disorders and Schizo¬
phrenia-Lifetime Version (SADS-LA47) and the sched¬
ule for the Clinical Assessment of Neuropsychiatry
(SCAN48). One of the two diagnostic interviews was
used for all patients and controls recruited for the pro¬
ject. The decision to adopt two instruments arose out
of different research experience within individual
research teams having their own preferences and
expertise with the two interviews. Comparability
between SADS and SCAN instruments is inferred from
data published by the European Science Foundation

ESF showing good concordance between the two
instruments.48 Patients met the diagnosis of BPAD
according to RDC, DSM-III-R and DSM-IV classi¬
fication systems.

Within the control group, subjects with a positive
personal or familial history of psychiatric disorder
were excluded. Informed consent was obtained from
patients and controls.

Genotyping
Standard procedures were used for DNA extraction.
The GABRA3 (CA)„ polymorphism was identified
using hot-start polymerase chain reaction (PGR). The
primers employed were those described by Hicks et
a].*3 Cross-examination of DNAs ensured identical
allele assignments between centers. The 169-bp dinu-
cleotide was named allele 1, 167-bp allele 2, the 165-
bp allele 3 and the 163-bp allele 4 in our analyses.

Statistical analysis
The overall sample, as well as the samples of all cen¬
ters separately, were tested for Hardy-Weinberg equi¬
librium (HWE) in female patients and control popu¬
lations by using the exact HW test and the GENEPOP,
3,d program-updated version of GENEPOP.5" Matching
in the design was utilized to control for potential con¬
founding factors, sex and especially cthnogeographical
origin, a complex nominal variable which represents a
wide and undefinable range of environmental and gen¬
etic factors difficult to quantify and thus to control by
other means. Because of the matched design with two
controls individually matched to cases, conditional
logistic regression was used to assess the association
between BPAD and some predictors, and to derive
odds ratios and 95% confidence intervals after adjust¬
ment for potential confounding factors. However, the
limitation of matching is the inability to evaluate the
effect of matching factor on risk of the outcome. To
evaluate the possible effect modification of center, a
stratified analysis was performed (match ignoring) and
odds ratios (OR) and confidence intervals (95% CI)
were calculated. The Breslow Day test was applied to
tost the homogeneity of the stratum-specific estimates

Molecular Psychiatry
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(center and sex for strata and allele 1 recessivity as
exposition). Bonferroni corrections were applied
when necessary.

Acknowledgements
This work was supported by the Association for Mental
Health Research (AESM), the European Community
Biomed Grant (Grant No. CT 92-1217), the National
Fund for Scientific Research (NFSR), and the Fund for
Scientific Research Flanders-Belgium (FWO).

References

1 Rosanoff AJ, Handy LH, Plesset IR. The etiology of manic depress¬
ive syndromes with special reference to their occurrence in twins.
Am I Psychiatry 1935; 91: 725-740.

2 Winokur G, Tanna VL. Possible role of X-linked dominant factor
in manic depressive disease. Dis Nerv Syst 1969; 30: 89-94.

3 Reich T, Clayton P). Winokur G. Family history studies: V. The
genetics of mania. Am f Psychiatry 1969; 125: 1358-1369.

4 Mendlewicz j, Fleiss jL. Linkage studies with X-chromosome mark¬
ers in bipolar (manic-depressive) and unipolar (depressive) ill¬
nesses. Biol Psychiatry 1974; 9: 261-294.

5 Baron M. Linkage between an X-chromosome marker (deutan color
blindness) and bipolar affective illness. Occurrence in the family
of a lithium carbonate-responsive schizo-affective proband. Arch
Gen Psychiatry 1977; 34: 721-725.

6 Gershon ES, Targum SO, Matthysse S, Bunney WE Jr. Color blind¬
ness not closely linked to bipolar illness. Report of a new pedigree
series. Arch Gen Psychiatry 1979: 38: 1423-1430.

7 Mendlewicz J, Linkowski P. Guroff J), Van Praag MM. Color blind¬
ness linkage to bipolar manic-depressive illness. New evidence.
Arch Gen Psychiatry 1979; 36: 1442-1447.

8 Reading CM. X-linked dominant manic-depressive illness: linkage
with Xg blood group, red-green color blindness, and vitamin B12
deficiency. Orthomolccular Psychiatry 1969; 8: 69-77.

9 Mendlewicz J, Linkowski P, Wilmotte J. Linkage between glucose-
6-phosphate dehydrogenase deficiency and manic-depressive psy¬
chosis. Br J Psychiatry 1980; 137: 337-342.

10 Del Zompo M. Bocchetta A. Goldin LR, Corsini GU. Linkage
between X-chromosome markers and manic-depressive illness.
Two Sardinian pedigrees. Acta Psychiatr Scand 1984; 70: 282-287.

11 Baron M, Risch N, Hamburger R, Mandel B. Kushner S, Newman M
et al. Genetic linkage between X-chromosome markers and bipolar
affective illness. Nature 1987: 326: 289-292.

12 Mendlewicz ), Simon P. Sevy S. Charon F, Brocas H. Legros S et
al. Polymorphic DNA marker on X chromosome and manic
depression. Lancet 1987; 1: 1230-1232.

1.3 Berrettini WH, Goldin LR. Gelernter J, Gejman PV, Gershon ES,
Detera-Wadleigh S. X-chromosome markers and manic-depressive
illness. Rejection of linkage to Xq28 in nine bipolar pedigrees. Arch
Gen Psychiatry 1990: 47: 366-373.

14 Gejman PV. Detera-Wadleigh S. Martinez MM, Berrettini WH. Gol¬
din LR. Gelernter J et al. Manic depressive illness not linked to
factor IX region in an independent series of pedigrees. Genomics
1990: 8: 648-655.

15 Neiswanger K. Slaugenhaupt SA, Hughes MB. Frank E, Frankel DR.
McCarty MJ et al. Evidence against close linkage of unipolar affect¬
ive illness to human chromosome lip markers HRASl and INS and
chromosome Xq marker DXS52. Biol Psychiatry 1990; 28: 63-72.

16 Mendlewicz J, Sevy S. Charon F, Legros S. Manic depressive illness
and X chromosome. Lancet 1991: 338: 1213.

17 Lucotte G, Landoulsi A, Berriche S. David F. Babron MC. Manic

depressive illness is linked to factor IX in a French pedigree. Ann
Genet 1992: 35: 93-95.

18 Gill M. Castle D. Duggan C. Cosegregation of Christmas disease and
major affective disorder in a pedigree. Br J Psychiatry 1992: 160:
112-114.

19 Bredbacka PE. Pekkarinen P, Peltonen L, Lonngvist J. Bipolar dis¬
order in an extended pedigree with a segregation pattern compat¬

ible with X-linked transmission: exclusion of the previously
reported linkage to F9. Psychiatr Genet 1993; 3: 79-87.

20 Baron M. Freimer NF. Risch N, Lerer B, Alexander JR. Straub RE
et al. Diminished support for linkage between manic depressive
illness and X-chromosome markers in three Israeli pedigrees. Nat
Genet 1993: 3: 49-55.

21 Jeffries FM. Reiss AL. Brown WT, Meyers DA, Glicksman AC. Ban-
dyopadhyay S. Bipolar spectrum disorder and fragile X syndrome:
a family study. Biol Psychiatry 1993; 33: 213-216.

22 De bruyn A, Raeymaekers P, Mendelbaum K. Sandkuijl LA. Raes
G. Delvenne V et al. Linkage analysis of bipolar illness with X-
chromosome DNA markers: a susceptibility gene in Xq27-q28 can¬
not be excluded. Am / Med Genet 1994: 54: 411-419.

23 Mendelbaum K. Sevy S, Souery D, Papadimitriou GN. De Bruyn A.
Raeymaekers P et al. Manic-depressive illness and linkage reanaly-
sis in the Xq27-Xq28 region of chromosome X. Neuropsychobiol-
ogy 1995; 31: 58-63.

24 Pekkarinen P, Terwilliger J. Bredbacka PE, Lonnqvist J. Peltonen
L. Evidence of a predisposing locus to bipolar disorder on Xq24-
q27.1 in an extended Finnish pedigree. Genome Bes 1995: 5:
105-115.

25 Stine OC, McMahon FJ. Chen L, Xu J, Meyers DA. Mackinnon DF.
Simpson S et al. Initial genome screen for bipolar disorder in the
NIMH genetics initiative pedigrees: chromosomes 2, 11, 13. 14. and
X. Am J Med Genet 1997: 74: 263-269.

26 Smyth C, Kalsi G, Brynjolfsson J, O'Neill J. Curtis D, Rifkin L et al.
Test of Xq26.3-28 linkage in bipolar and unipolar affective dis¬
order in families selected for absence of male to male transmission.
Br J Psychiatry 1997; 171: 578-581.

27 Liu J, Aita VM, Wang Z, Knowles JA, Terwilliger J. Matis TC et
al. Progress in a genome-side search for genetic factors for bipolar
disorder. Am / Med Genet 1997: 74: 590.

28 Vallada HP. Vasques L. Curtis D. Zatz M. Kirov G, Lauriano V et
al. Linkage analysis between bipolar affective disorder and markers
on chromosome X. Psychiatr Genet 1998; 8: 183-186.

29 Comings D. Polygenic inheritance in psychiatric disorders. In:
Blum K, Noble EP (eds). Handbook of Psychiatric Genetics. CRC
Press: Boca Raton, 1997, pp 235-260.

30 Walsh C, Hicks A, Sham P, Castle D, Hunt N, Clements A et al.
GABAA receptor subunit genes as candidate genes for bipolar
affective disorder—an association analysis. Psych Genet 1992; 2:
239-247.

31 Puertollano R, Visedo G, Saiz-Ruiz J, Llinares C. Fernandez-Piqu-
eras J. Lack of association between manic-depressive illness and a

highly polymorphic marker from GAB.RA3 gene. Am / Med Genet
1995; 60: 434-435.

32 Oruc L, Furac I. Croux C, Jakovljevic M, Kracun 1, Folnegovic V et
al. Association study between bipolar disorder and candidate genes
involved in dopamine-serotonin metabolism and GABAergic neur¬
otransmission: a preliminary report. Psychiatr Genet 1996; 6:
213-217.

33 Craddock N. Daniels J, McGuffin P, Owen M. Variation at the fragile
X locus does not influence susceptibility to bipolar disorder. Am J
Med Genet 1994; 54: 141-143.

34 Bocchetta A. Piccardi MP. Del Zompo M. Is bipolar disorder linked
to Xq28? Nat Genet 1994; 6: 224.

35 Bocchetta A, Piccardi MP, Martinelli V, Quesada G, Del Zompo M.
Maternal inheritance of manic depression in hemizygotes for the
G6PD-Mediterranean mutation. Indirect evidence for Xq28 trans¬
mission in Sardinia. Psychiatr Genet 1999; 9: 63-68.

36 Kalsi G. McQuillin A. Lauwrence J, Curtis D, Curling HMD. Posi¬
tive allelic association between bipolar affective disorder and G6PD
polymorphisms on chromosome Xq28. Mol Psychatry 1999; 4: S73.

37 Bocchetta A, Piccardi M. Palmas MA. Pedditzi M. Chillotti C. Del

Zompo M. Family-based association study between bipolar dis¬
order and the G6PD-Mediterranean mutation. Am / Med Genet
2000; 4: 494.

38 Saito T. Guan A, Nishimatsu Y. Lachman 11. Analysis of the
pseudoautosomal X-linked gene SYBL1 in bipolar affective dis¬
order: description of a new candidate allele for psychiatric dis¬
orders. Am 1 Med Gen 2000; 96: 317-323.

39 Emrich HM. Zerssen DV, Kissling W, Moller HJ, Windorfer A.
Effect of sodium valproate on mania: the GABA-hypothesis of
affective disorders. Arch Psychiatr Nervenkr 1980: 229: 1-16.

Molecular Psychiatry



GABRA3 and bipolar affective disorders
I Massat et al

40 Massat 1, Souery D, Fapadimitriou GN, Mendlewicz J. The GABA-
ergic hypothesis of mood disorders. In: Soares JG, Gershon. S (eds).
Bipolar Disorders. Marcel Dekker: New York, 2000, pp 143-165.

41 Luddens II, Pritchett DB, Kohler M. Killisch I, Keinanen K, Monyer
H et al. Cerebellar GAB AA receptor selective for a behavioural alco¬
hol antagonist. Nature 1990; 346: 648-651.

42 Mommer DVV, Skolnick P, Paul SM. The benzodiazepine GABA
receptor complex and anxiety. In: Meltzer HY (ed). Psvchopharma-
cology: The Third Generation of Progress. Raven Press: New
York, 1987.

43 Hicks AA, Johnson KJ, Barnard EA, Darlison MG. Dinucleotide
repeat polymorphism in the human X-linked GABAA receptor
alpha 3-subunit subunit gene. Nucleic Acids Res 1991; 19: 4016.

44 Epplen JT, Kyas A. Maueler W. Genomic simple repetitive DNAs
are targets for differential binding of nuclear proteins. FEES Lett
1996; 389: 92-95.

45 Comings DE. Polygenic inheritance and micro/minisatellites. Mol
Psychiatry 1998; 3: 21-31.

46 Souery D. Lipp O. Serretti A. Mahieu B, Rivelli SK. Cavallini G et
al. European Collaborative Project on Affective Disorders: interac¬
tions between genetic and psychosocial vulnerability factors. Psv-
chiatr Genet 1998: 8: 197-205.

47 Endicott J, Spitzer RL. A diagnostic interview: the schedule for
affective disorders and schizophrenia. Arch Gen Psych 1978; 35:
837-862.

48 Wing JK, Babor T, Brugha T, Burke J, Cooper JE, Giel R et al. SCAN:
Schedules for Clinical Assessment in Neuropsychiatry. Arch Gen
Psychiatry 1990: 47: 589-593.

49 Farmer AE, Cosyns P, Leboyer M, Maier W. Mors O. Sargeant M et
al. A SCAN-SADS comparison study of psychotic subjects and
their first degree relatives. Eur Arch Psychiatry Clin Neurosci 1993:
242: 352-357.

50 Raymond M, Rousset F. Genepop (verl.2): a population genetic
software for exact test and ecuniscism. J liered 1995; 95: 248-249.

Correspondence: 1 Massat, MD, Department of Psychiatry, University
Clinics of Brussels, Erasme Hospital, Free University of Brussels, 808
route de Lemiik, B-1070, Brussels. Belgium. E-mail:
irnas sa t (a)u lb.ac.be
Received 7 December 2000; revised 23 April 2001: accepted 27
April 2001

Molecular Psychiatry



American Journal of Medical Genetics (Neuropsychiatric Genetics) 114:177-185 (2002)

Positive Association of Dopamine D2 Receptor
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Convincing evidence for a genetic component
in the etiology of affective disorders (AD),
including bipolar affective disorder (BPAD)
and unipolar affective disorder (UPAD), is
supported by traditional and molecular ge¬
netic studies. Most arguments lead to the
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complex inheritance hypothesis, suggesting
that the mode of inheritance is probably not
Mendelian but most likely oligogenic (or po¬
lygenic) and that the contribution of genes
could be moderate or weak. The purpose of
the present European multicenter study (13
centers) was to test the potential role in
BPAD and UPAD of two candidate dopami¬
nergic markers, DRD2 and DRD3, using a
case-control association design. The follow¬
ing samples were analvzed for DRD2: 358
BPAD/358 control (C) and 133 UPAD/ 133 C
subjects, and for DRD3: 325 BPAD/ 325 C and
136 UPAD/136 C subjects. Patients and con¬
trols were individually matched for sex,
age (±five years) and geographical origin.
Evidence for significant association be¬
tween BPAD and DRD2 emerged, with an

© 2002 Wiley-Liss, Inc.
DOI 10.1002/ajmg.l0118
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over-representation of genotype 5-5 (P =
0.004) and allele 5 (P = 0.002) in BPAD cases

compared to controls. No association was
found for DRD2 in UPAD, and for DRD3
neither in BPAD or UPAD. Our results
suggest that the DRD2 microsatellite may
be in linkage disequilibrium with a nearby
genetic variant involved in the susceptibil¬
ity to BPAD. Our large European sample
allowed for replicating of some previous
reported positive findings obtained in other
study populations. © 2002 Wiley-Liss, Inc.

KEY WORDS: dopamine D3 receptor; dopa¬
mine D2 receptor; DRD2;
DRD3; association study; bi¬
polar affective disorder; af¬
fective disorders; unipolar
affective disorder; candidate
gene

INTRODUCTION

Affective disorders (AD), including bipolar affec¬
tive disorder (BPAD) and unipolar affective disorder
(UPAD), are presumed to have a complex inheritance,
involving the interaction of multiple genes in combina¬
tion with environmental factors. A polygenic origin
implies a limited impact of each gene and a high phe-
notypic heterogeneity of the disorder, or a large impact
in a small number of families. Association studies are

appropriate for searching susceptibility genes involved
in AD [Risch and Merikangas, 19961, but large samples
of subjects are necessary to obtain sufficient power of
detection. Dopamine (DA) is the most abundant cate-
cholaminergic neurotransmitter in the brain and is
involved in the regulation of emotions, motivation,
reward, and reinforcement behavior, through the
mesocorticolimbic pathway [Sokoloff et al., 19901. Pre¬
clinical and clinical studies incriminate the dopaminer¬
gic system in AD [Gerner et al., 1976; Wald et al., 1978;
Silverstone and Romans-Clarkson, 1989; Elphick et al.,
1990; Cummings, 1992], While hyperfunction of the
dopaminergic system may lead to manic behavior, its
hypofunction may lead to depressive symptoms [Will-
ner et al., 1991, 1992J. In the present study, we have
investigated the possible role of two candidate genes,
the dopamine D2 and D3 receptors (DRD2 and DRD3)
genes, in a European multicenter association study
using a matched case-control design in large samples of
BPAD, UPAP, and control subjects. Both positive and
negative association and linkage findings have been
reported for DRD2 (Table I) and DRD3. We aimed at
replicating either positive or negative association in
large samples of UPAD and BPAD cases.

MATERIALS AND METHODS

The present sample was recruited within the frame¬
work of the Biomedical European multicenter colla¬
borative program (BIOMED 1): European Collaborative
Project on Affective Disorders (ECPAD; Grant CT92-

1217). This network was established within the frame¬
work of the European commission. The objectives and
the detailed methodology of the project were described
previously [Souery et al., 1998]. A total of 13 centers
participated in the recruitment (Athens, Brussels,
Copenhagen, Edinburgh, Helsinki, Jerusalem, Luxem¬
bourg, Milan, Munich, Sofia, Umea, Vienna, and
Zagreb). Diagnoses of BPAD and UPAD were according
to DSM-IV American Psychiatric Association, 19941
and were based on semi-structured interviews using
the Schedule for Affective Disorders and Schizophre¬
nia: Lifetime version [SADS-L, Endicott and Spitzer,
19781. Controls were analyzed in a similar manner.
Family data were assessed using the Family History
RDC [FH-RD instrument, Andreasen et al., 1977].
When available, family data were also collected from
relatives. Within the control group, subjects with a
positive personal or familial history of major psychia¬
tric disorder were excluded. Informed consent was

obtained from patients and controls. Unrelated Cauca¬
sian subjects with AD were individually matched with
the same number of control subjects for age (± five
years), gender and geographical origin to obtain
homogeneous groups, and to minimize the risk of
population stratification. The match between cases
and controls for geographical origin was performed
using in each center the patient and parents birthplace
(country). Since family history of AD, age at onset (< 25
years versus > 25 years old) and presence of psychotic
symptoms (such as hallucinations or delusions) were
available, subgroups of patients were also investigated.

Samples
DRD2 at 1 lq22.2-22.3. A total of 995 subjects

(469 BPAD and 524 controls) were genotyped for the
DRD2 microsatellite (Hauge et al., 1991]. Among these
subjects, 716 unrelated Caucasian subjects were mat¬
ched and analyzed: 358 BPAD cases (169 males and 189
females) and 358 control subjects (169 males and 189
females). The power of our BPAD sample was calcu¬
lated considering an alpha value of 0.05 (two-tailed).
We had a high power (0.80) to detect a small effect size
(w = 0.15) of a significant different genotype distribu¬
tion (df=10). Further, 133 UPAD cases (45 males
and 88 females) matched with 133 controls (45 males
and 88 females). The power to detect a small/moderate
effect size (w = 0.25) in the UPAD sample was 0.80,
considering an alpha value of 0.05 (two-tailed) and
df= 10.

DRD3 marker at 3ql3.3. A total of 650 unre¬
lated Caucasian subjects, including 325 BPAD cases
(149 males and 176 females) and 325 matched controls
(149 males and 176 females) were recruited. The power
to detect a small effect size (w = 0.123), in the BPAD
sample was 0.80, considering an alpha value of 0.05
(two-tailed), for detecting a significant difference in
genotype distribution (df = 2). A total of 272 unrela¬
ted Caucasian subjects, including 136 UPAD cases
(49 males and 87 females) and 136 matched controls (49
males and 87 females), were available. The power was
0.8 (df=2) for the detection of a significant difference



Dopamine D2 Receptor Polymorphism With BPAD 179

in genotype distributions between groups for a small
effect size (0.19), and an alpha of 0.05.

DNA Analysis
Genomic DNA was isolated from heparinized blood

using a standard phenol-chloroform extraction method.
An automated DNA synthesizer was used to generate
primers for the two polymorphisms tested. Standard
Polymerase Chain Reaction (PCR) was performed in
a 25 pi volume containing 100 ng genomic DNA with
200 pM of each dNTP and 30 pmol of each primer. One
primer was end-labelled before PCR with T4 poly¬
nucleotides kinase, and (y-'!2P) ATP. The mixture was
denatured at 94°C for 5 min, followed by 22 cycles
consisting of denaturation at 94 'C for 1 min, annealing
at 70CC for 1.5 min and extension at 72°C for 1 min. An
additional elongation step was performed at 72"C for
5 min. Two raters performed sizing of the alleles
independently, and an error checking procedure was
implemented to assure standardization of allele scoring
between centers. For this purpose, each analysis
included three CEPH individuals to correct for inter-

gel variation, and five random samples from each par¬
ticipating center were analyzed and scored by the
reference laboratory in Antwerp.

The CA-repeat polymorphism in DRD2 [ Hauge et al.,
1991J, is located within intron 2 and has five alleles:
the 88 bp fragment was designated allele 1, while
subsequent fragments of 86 bp, 84 bp, 82 bp, and 80 bp
were numbered alleles 2 to 5. The PCR products were
separated on a polyacrylamide gel and exposed to an X-
ray film. The diallelic restriction fragment length
polymorphim (RFLP) resulting in a Serine to Glycine
change at codon 9 (Ser9Gly) in the N-terminal extra¬
cellular domain of DRD3 [Lannfelt et al., 1992], is
located in exon 1 and was detected by digestion with
MscI (isochizomer, Bail) following nonradioactive PCR.
Fragments were visualized by cthidium bromide stain¬
ing after 3% agarose gel electrophoresis.

Data Analysis
BPAD and UPAD phenotypes were considered

separately in these analyses under the hypothesis that
genetic variability in DRD2 and DRD3 may contribute
to vulnerability to these two disorders in different ways.
For each polymorphism, the alleles and genotypes of
the patient and control groups were checked for Hardy-
Weinberg equilibrium (HWE), using the exact HW test
and GENEPOP [Raymond and Rousset, 1995]. Each
group of subjects was in IIWE, except for a trend of
disequilibrium in BPAD patients analyzed for DRD2
(X2 = 35.2, df=24; P = 0.06). Matching in the design
was utilized to control potential confounding factors,
especially of geographical origin, a complex nominal
variable which represents a wide and indefinable range
of environmental and genetic factors and is difficult to
quantify, and thus to control by other means. Because
of the matched design having one control individual
matched to one case, conditional logistic regression was
used to assess the association between diagnosis and
predictor variables (genotypes, alleles), and to derive

odds ratios and 95% confidence intervals after adjust¬
ment for potential confounding factors. However, the
limitation of matching is the inability to evaluate the
effect of a factor that has been matched on risk of
the outcome. To evaluate the possible effect modification
of center, a stratified analysis was performed (match
ignoring) and Odds Ratios (OR) and 95% confidence
intervals (95% CI) were calculated. The Breslow Day
test was applied to test homogeneity of stratum specific
estimates (center and gender for strata and a dichotomic
variable, as presence of one allele or genotype as
exposition). Bonferroni corrections were applied when
necessary.

RESULTS

Microsatellite DRD2 Polymorphism—BPAD
Cases Compared to Control Subjects

Genotype and allele distributions are shown in
Table II. An association between BPAD and DRD2
genotype distribution emerged (P = 0.008, see Table III),
with a significant overrepresentation of genotype 5-5 in
BPAD cases compared to controls (P = 0.035). However,
the genotype 5-5 is rare and the 95% CI indicated a
low precision for OR. This result is consistent with the
trend of departure from HW equilibrium for BPAD
genotypes (P = 0.06). Test for homogeneity did not report
a modifier effect of center or gender, respectively (x2bd =

2.17, df = 6, P = 0.9 and x2bo = 0.54, df= 1, P = 0.46),
when genotype 5-5 was chosen as the dichotomic
variable.

Comparison of the allele distributions between BPAD
patients and control subjects showed a significant
difference (P = 0.014, see Table III), attributable to
the higher frequency of allele 5 in BPAD patients than
in control subjects (P = 0.002). Comparison of allele
frequencies according to the presence or absence of
allele 5 showed an excess of allele 5 in BPAD patients
(P = 0.0003, OR (95% CI) = 1.9 (1.3-2.8). Tests applied
for testing center and gender modifier effect did not
show heterogeneity (presence/absence of allele 5 chosen
as dichotomic variable): X2bd = 10.24, df=ll, P = 0.5
and x2bd = 0.7, df= 1, P = 0.4. Allele distribution
explored for the number of copies of allele 5 (0, 1, or 2)
gave a significant excess of allele 5 when present as
1 copy (P = 0.002) or 2 copies (P = 0.014). Subgroups
defined by presence of family history of AD in BPAD
patients, early age of onset and presence of psychotic
features, were also investigated. Results showed sig¬
nificant differences between patients and controls for
allele 5 for all comparisons. However, associations were
less robust, probably due to the smaller sample sizes.
Additional analyses were conducted with the non-
matched samples of BPAD (n = 469) and controls
(n = 524), using logistic regression analysis. Findings
consolidated the overrepresentation of allele 5 (x =
12.7, df=l P = 0.00035, OR = 1.7 (1.3-2.3), and geno¬
type 5-5 (x =5.6, df = 1, P = 0.018; OR = 3.4 (1.2-9.5).
Modifier effects of center or gender were not present
(stratification analyses conducted with presence of
genotype 5-5 and presence of allele 5 as dichotomic
variables).
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TABLE I. Association Studies Between BPAD and DRD2

Authors Populations DRD2 polymorphisms

Nothen et al. [1992] German TaqI A
56 BP/69 controls NS

Perez de Castro et al. [1995] Spanish (CA)n repeat in the first intron
51 BPAD/46 controls + for allele (84 bp)

Craddock et al. [1995] British Ser 311 Cys
82 BP/72 controls NS

Arinami et al. [1996] Japanese Ser 311 Cys
78 patients with affective + with patients with mood-incongruent psychotic

disorders/579 controls affective disorders, P = 0.0001
Manki et al. [1996] Japanese Ser 311 Cys

52 BP and 49 UP NS
Souery et al. [1996] Belgium (CA)n repeat in intron 2

69 BP/69 controls NS
Oruc et al. [19961 Croatians (CA)n repeat in intron 2

38 BP/32 controls NS
Furlong et al. [1998] British -141Cins 1 del

131 BP, 128 UP/262 C NS
Stober et al. [1998] Germans -141Cins/del

70 BP/290 controls NS
Savoye et al. [1998] French TaqI A

50 BP/163 controls NS
Kirov et al. [1999] British -141Cins 1 del

FBAS 110 BP NS
Bocchetta et al. [1999] Sardinian (TG)n repeat

FBAS, 53 probands BP NS
Serretti et al. [1999J Italian (CA)n repeat in intron 2

47 BP NS with mood symtomatology
Serretti et al. [1999] (lithium Italian Ser 311 Cys

response) 121 BP NS
(CA)n repeat in intron 2

63 BP NS
Li et al. [1999] -141Cins 1 del

Chinese 121 BP/196 C P = 0.033 (141AC allele increased in BP), OR= 1.97
NS after Bonferroni correction

Caucasian (UK) 57 BP/143 NS

TaqIA
Chinese P = 0.001 (increase allele Al in BP), OR = 1.75

Significant after Bonferroni correction
Caucasian NS

Ser 311 Cys
Chinese and Caucasian NS

Haplotype -141AC and TaqI A
Chinese P — 0.002 (increase of 141 C/TaqAl haplotype)

Significant after correction
Caucasian NS

Heiden et al. [2000] Austria Ser 311 Cys
102 BP/79 controls NS

Serretti et at. 12000] Italian Ser 311 Cys
480 BP/267 controls 1 with disorganized and delusional symptomatology

FBAS, family-based-association-study.

Microsatellite DRD2 Polymorphism—UPAD
Compared to Controls

The genotype and allele frequencies were similar in
UPAD and controls (x2 = 6.34, df= 9, P = 0.7; x2=1.2,
df=3, P = 0.74, respectively). Results were derived
from conditional logistic regression analyses (data not
shown). Stratification by gender, family history of
AD, early age at onset or presence of psychotic
features did not show significant differences. Modifier
effects of center and gender were excluded (x2bd = 7.2,
df= 7, P = 0.408; x2bd = 2.8, df= 1, P = 0.092), when

presence of allele 5 was considered as dichotomic
variable.

DRD3 Ser 9 Gly Polymorphism—BPAD
Cases Compared to Controls

There was no significant association between the
BPAD and allele distribution (x2=1.97, df = 1,
P = 0.16), genotype (x2 = 3.2, df=2, P = 0.19). Stratifi¬
cation by gender, family history of AD, early age at
onset, or presence of psychotic features did not show
significant differences. A modifier effect of center or
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TABLE II. Genotype Distribution for DRD2 in BPAD (BP) Patients and Controls (C)

Genotypes BPAD: N (%) Controls: N (%) Alleles BP N (%) Controls N ('

1-2 1 (0.3) 0 1 (88 bp) 1 (0.1) 0
2-2 19 (5.3) 16 (4.5)
2-3 85 (23.7) 97 (27.1) 2 (86 bp) 158 (22.1) 167 (23.3)
2-4 14 (3.9) 22 (6.1)
2-5 20 (5.6) 16 (4.5) 3 (84 bp) 374 (52.2) 397 (55.4)
3-3 94 (26.3) 111 (31)
3-4 44 (12.3) 47 (13.1) 4 (82 bp) 74 (10.3) 92 (12.8)
3-5 57 (15.9) 31 (8.7)
4-4 3 (0.8) 6(1.7) 5 (80 bp) 109 (15.2) 60 (8.4)
4-5 10 (2.8) 11 (3.1)
5-5 11 (3.1) 1 (0.3)
Total 358 358 716 716

sex was not detected when genotype 1-1 was chosen
as dichotomic variable (x2bd = 14.6, df=10, P = 0.14;
X2bd = 0.53, df = 1, P = 0.46).

DRD3 Ser 9 Gly Polymorphism—UPAD
Cases Compared to Controls

There was no significant association between UPAD
and allele distribution (x2 = 0.157, df=l, P = 0.7). The
genotypic frequencies of the Ser 9 Gly polymorphism
were not different between caoco and control subjects
(x2 = 0.72, df=2, P = 0.7). Stratification by sex, family
history of AD, early age at onset, or presence of psycho¬
tic features did not show significant differences. No
modification effect of center or gender was detected. A
modifier effect of center was detected when genotype 1-
1 was chosen as dichotomic variable (x2bd = 8.3, df = 5,
P = 0.14; x2bd = 0.85, df= 1, P = 0.36).

DISCUSSION

DRD2 Polymorphism and BPAD
The results of our European multicenter study

provide evidence for a significant association between
BPAD and allele 5 and genotype 5-5 of the intron 2
DRD2 microsatellite. Despite our precautions of strict
geographical inclusion criteria for the selection of
subjects, and minimization of type I errors with mat¬
ching and statistical tools applying to the paired-
samplec, wc cannot completely exclude a typo I error
related to population stratification. Regarding the
DRD2 gene, overall the literature reports negative link¬
age results in BPAD [Byerley et al., 1989; Holmes et ah,
1991; Pakstis et ah, 1991; Mitchell et ah, 1992; Nothen
et ah, 1992; Nanko et ah, 1994; De bruyn et ah, 1994,
Ewald et ah, 1995; 1996; Grassi et ah, 1996; Serretti
et ah, 20001, except for three studies, the first reported a

TABLE III. Conditional Logistic Regression Data (Dependant Variable: Diagnosis)

Predictor variable Sig Odds ratio (95% CI)

Genotypes N=358 pairs 0.008
2-3 0.56 0.8 (0.4-1.7)
2-4 0.29 0.6 (0.2-1.56)
2-5 0.8 1.1 (0.4-3)
3-3 0.5 0.7 (0.4-1.6)
3-4 0.64 0.8 (0.4-1.8)
3-5 0.21 1.7 (0.7-4)
4-4 0.19 0.3 (0.05-1.8)
4-5 0.7 0.8 (0.3-2.4)
5-5 0.035 10.4 (1.2-92.3)

Presence of genotype 5-5 0.004a 11 (1.4-85)
Alleles N — 716 pairs 0.014

Allele 1 0.43 3 (0.2-48)
Allele 2 0.99 1 (0.8-1.2)
Allele 4 0.43 0.8 (0.7-1.2)
Allele 5 0.002 1.5 (1.2-1.9)

Presence of allele 5 N = 358 pairs 0.00032b 1.9 (1.3-2.8)
Allele 5, number of copies (0,1,2) N = 358 0.0001

pairs
1 copy 0.002 1.8 (1.2-2.7)
2 copies 0.014 13.2 (1.7-10.4)

"Significant after Bonferroni correction for a second test P = 0.008.
bSignificant after Bonferroni correction for a second test P= 0.0006.
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Introns II 12 13 14 15 16 17
-4—►

250 kb 270 kb

4 ►

Intragenic polymorphisms

-141 Cins/dei. ( Annami ct al, 1997). consists of the presence or absence of a cytosinc at position I4I, functional variant
A-241-G ((Arinami et al, 1997), funcbeoal van 3D!
TCI dinuclcotidr . in the first intron (Hauge et al,!99l)
Tat/IB (Ilaugc ct al, I99I), G to A transition , non functional. 991kb upstream from the llisl axlori in exon 2
TmjrD (Parsian ct al, 1991). functional
(AC)fi repeal {Hauge et al,91 ), nqn functional, l .25kb upstream of exon 3
Hph\ (Sarkar e! al,1991), is a C to G transvenuon in iritrnn 6
Neol (Sakkar ct a), 1991), transition at amino acid 313 that encodes a silent polymorphism
Ser 311 Cys (Ilokawa et al. 1993) is a C to G transversion at amino acid 3] 1 that converts a serine to cysteine, this substitution occurs in the thiid
intracellular loop of ihe receptor functional I decreased inhibition of cAMP synthesis with respect to cells expressing the 31 IS allele Cravchick et
al. 19%)
I aql\ (Grandv ct al, 1993). located at 3' untranslated region, unclear functional significance and matter ofonyoingcontroversy

Current data of 1Jnknge disequilibrium between some markers at the I)1U)2 gene

TaqlB is in LD with TaqlA (Hauge ct al. 1991; Kidd ct al. 1998) in Caucasian and European populations
TaqlA is not in 1.1) with the STRP (I lauge et al. 1991)
A-241-C and -\A\Cins/detarc reported as not in LD (Annami ct al, 1997)
Tor//A and TaqJD and Taq/B and TaqlD: not clear 1.1) (Kidd ct al. 1998). no LD between TaqlA and TaqlD (Gelcrnter et al J 998)
in European populations
(CA)n repeat, the 14 repeal allde=LD with TaqlA and Taq/B (in all populations except in Europeans and Southwest Asian
populations Kidd et al.1998; Gclernter etal.1998, in European-American populations)
(CA)n repeat, 16-repeat allele is in LD with TaqlA and Yaq/B in Europeans (Kidd ct al, 1998).
-14 \Cins/del and TaqlD: are in LD in European- American populations (Gelernter ct aL!998).
-141 Ctns. deI and A-24JG: not in 1 .D ( Arinami et al, 1997)

Fig. 1. Genomic organisation of DRD2 and location of intragenic polymorphisms. E is exon (boxes) ct I is intron (solid line).

balanced t9;ll chromosomal translocation that cose-
gregated with BPAD close to the site of DRD2 in one
family [Smith et al., 19891. The second study reported a
translocation breakpoint in the same region of chromo¬
some 11 that segregated with mental illnesses includ¬
ing BPAD [St. Clair et al., 1990J. The most recent study
IBaysal et al., 1998J, reported an extended pedigree in
which a balanced t(9;ll)(p24;q23.1) translocation was

found, a cosegregation with BPAD in five of 11
translocation carriers. Negative association studies
for BPAD have also been published (see Table I), except
for three reports [Perez de Castro et al., 1995; Arinami
et al., 1996; Li et al., 1999J. Another possibility to
consider is a true positive finding between the (CA)n
repeat and BPAD. Since we don't have clear indication
for a role of the DRD2 microsatellite in the expression
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of DRD2 by alteration of DNA structure, as presumed
in some studies [Epplen et al., 1996; Comings, 1998],
we hypothesize that this marker may be in linkage
disequilibrium (LD) with a functional polymorphism in
the same gene or nearby gene that could increase the
vulnerability to BPAD. The statistical power in our
study may permit the detection of a susceptibility gene
with minor to moderate effect or that acts as a "modi¬
fier" gene. Negative linkage of DRD2 in previous
studies should be interpreted with caution in light
of the high genetic heterogeneity of BPAD, risk of
misclassification of phenotypes, and incomplete pene¬
trance that diminish the statistical power to detect
genes with moderate or weak effect. Furthermore, most
negative reports on DRD2 for BPAD don't exclude asso¬
ciation because they didn't detect LD with a functional
polymorphism (either because the statistical power was
too low, or because the used markers were not in LD
with the susceptibility gene). LD is not a monotonic
function of the inter-marker distances, but is more a

property of the chromosomal region [Taillon-Miller
et al., 2000]. The map of DRD2 is shown in Figure 1,
and current data on LD between some markers arc

specified. To our knowledge, no information exists on
the degree of LD between the (CA)n repeat and the two
functional polymorphisms, i.e., the -141C ins/del pro¬
moter and Ser 311 Cys polymorphisms, see Table 1. It is
possible that the (CA)n repeat may be in LD with one
unidentified functional polymorphism in DRD2 or
another gene in its neighborhood. In light of the lack
of current data about the degree of LD within DRD2, it
is difficult to explain the involvement of DRD2 in BPAD.
Moreover, interpretations based on negative associa¬
tion studies are unclear in light of the recent phylo-
genetic studies, using haplotypes of human DRD2.
Indeed, negative associations might reflect the choice of
a marker that resides on a distant branch of the
phylogenetic tree [Jones and Peroutka, 1998]. Finally,
associations could have been masked by ethnic strati¬
fication between affected and unaffected individuals,
and due to large inter-population differences in marker
allele frequencies.

DRD2 Polymorphism and UPAD
No significant association was found between UPAD

and the DRD2 (CA)n polymorphism. This replicates two
previous association studies LManki et al., 1996; Fur¬
long et al., 1998]. According to the statistical power, a
type II error cannot be totally excluded. Additional
studies should be performed with larger sample sizes of
UPAD patients and controls.

DRD3 Polymorphism
No evidence of genetic heterogeneity was observed

for the DRD3 polymorphism Ser9Gly, between BPAD,
UPAD, and controls. This concurs with most previous
linkage and association results that were also negative
I Mitchell et al., 1993; Rietschelet al., 1993; Shaikh et al.,
1993; Perez de Castro et al., 1995; Gomez-Casero
et al., 1996; Manki et al., 1996; Souery et al., 1996;Oruc
et al., 1996; Piccardi et al., 1997; Savoye et al., 1998;

Kirov et al., 1999, Heiden et al., 2000; Serretti et al.,
2000; Elvidgc ot al., 20011, except for two studies
[Parsian et al., 1995; Dikeos et al., 1999], We cannot
totally exclude a type II error but it is unlikely because
of the high statistical power of our case-control sample.
In conclusion, the positive association found in this
multicenter European study between BPAD and allele
5 of the DRD2 (CA)n repeat underlines the interest of
investigating this genetic marker further. In particu¬
lar, all possible intragenic markers and their haplo¬
types within DRD2 may be relevant for controlled
pharmacogenetic studies, evaluating the treatment
response of BPAD patients to various antipsychotic
treatments.
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Dopa decarboxylase (DDC) catalyses the syn¬
thesis of both dopamine and serotonin as
well as trace amines suggested to possess
neuromodulating capabilities. We have pre¬
viously reported evidence suggesting an
association between DDC and bipolar affec¬
tive disorder (BPAD) [Borglum et al., 1999].
To further investigate the possible role of
DDC in BPAD, we analyzed a 1- and a 4-bp
deletion variant—both of putative func¬
tional significance—in two new samples: a
case-control sample with 140 cases and 204
controls, and 100 case-parents trios. We also
tested for association in subjects with famil¬
ial disease in both the new and the previ¬
ously investigated samples. The previously
reported association was not replicated
in either of the new samples. However, a
preponderance of the 1-bp deletion was

increased by analysis of the familial cases
separately for all case-control samples in¬
vestigated, indicating a possible association
with familial disease (combined analysis,
P = 0.02). In the trio sample, a preferential
paternal transmission of the 4-bp deletion
was observed (P = 0.006). DDC is located next
to the imprinted gene GRB10, which is ex¬
pressed specifically from the paternal allele
in fetal brains. Increased transmission of
paternal DDC alleles has also been suggested
in attention deficit hyperactivity disorder.
We suggest that DDC might confer suscepti¬
bility to BPAD predominantly when pater¬
nally transmitted. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

Dopa decarboxylase (DDC) is an enzyme required
in the synthesis of the monoaminergic neurotransmit¬
ters dopamine, noradrenaline, adrenaline, and seroto¬
nin [Christenson et al., 1972], In addition, DDC is rate
limiting in the production of trace amines such as
2-phenylethylamine (2-PE) that have been suggested
to act as modulators of central neurotransmission
[Boulton, 1976; Juorio and Paterson, 1990; Paterson
et al., 1990; Zhu and Juorio, 1995], Thus, DDC is a
candidate gene for predisposition to a variety of neuro¬
psychiatry disorders includingbipolar affective disorder

© 2002 Wiley-Liss, Inc.



Possible Parent-of-Origin Effect of DDC in BPAD 19

(BPAD) and schizophrenia. The DDC gene is located
at 7pl2.2 approximately 10 cM from the microsatel-
lite marker D7S510 [BromanetaL, 1998; http://genome.
ucsc.edu], which showed a lod score of 2.04 in a genome-
wide linkage scan of a large Costa Rican family seg¬
regating bipolar disorder [Mclnnes et al., 1996]. To our
knowledge, linkage to this region has not yet been
supported by other studies.

Wo havo provioucly idcntifiod two variants in the
DDC gone: a 1 bp deletion in the neuronal promoter and
a 4 bp deletion in the untranslated neuronal exon 1
[Bprglum et al., 1999]. Both deletions affect putative
binding sites for known transcription factors, suggest¬
ing a possible functional impact at the level of expres¬
sion. The 1-bp deletion alters a possible binding site for a
family of zinc fingor transcription factors, called the
NGFI-A family, in a way that may eliminate the binding
capacity [Swirnoff and Milbrandt, 1995; Bprglum et al.,
1999]. In exon 1, the 4-bp deletion comprises a GAGA
sequence located in the beginning of a (GA)B repeat
array. In Drosophila, it is known that such GA-rich
soquoncoo may act as binding sitoo for the important
GAGA transcription factor (GAF), and it has been shown
that a reduction in repeat length (from (GA)4 to (GA)2)
reduces the relative affinity for GAF IWilkins and Lis,
1998].

The two DDC variants are in complete linkage dis¬
equilibrium with each other [Bprglum et al., 1999;
Bprglum et al., 2001J. However, due to power considera¬
tions and the possible functional impact of both the
variants, it is important to analyze both variants in the
assessment ofassociation [see Discussion Bprglum et al.,
1999],

In our first association study, we investigated the two
DDC variants in two case control samples from England
and Denmark comprising a total of 192 bipolar patients
and 572 controls. In this study, a significant association
with the 1-bp deletion suggested DDC as a possible sus¬
ceptibility gene for BPAD with an observed allele-wise
odds ratio of 1.48 (95% CI: 1.02-2.15) [Bprglum et al.,
1999]. The 4-bp deletion variant showed no evidence of
association. Likewise, in a later study testing only the
4-bp deletion variant, no significant association with
BPAD was reported [Speight et al., 2000].

To further investigate the possible role of DDC in
BPAD susceptibility, we have in the present study ana¬
lyzed both deletion variants in a sample of 140 bipolar
patients and 204 controls from Scotland and in a sample
of 100 trios (BPAD proband and parents) from Wales.
Furthermore, we also tested for association in context of
familial disease both in the new samples and in the
samples examined in our first association study.

MATERIALS AND METHODS

Subjects
The case-control samples from England and Denmark

have been described previously [Bprglum et al., 1999].
In those samples, additional information regarding
family history of affective disorders and age of disease
onset was obtained for the present study.

The Scottish bipolar subjects were inpatients or out¬
patients of the Royal Edinburgh Hospital or Hairmyres
Hospital, Lanarkshire. The study was approved by the
local Ethics ofResearch committees. Clinical evaluation
was performed by a trained psychiatrist using the semi-
structured interview, the schedule for affective dis¬
orders and schizophrenia-lifetime version (SADS-L) and
case note review. Diagnosis of bipolar disorder was
according to the diagnostic and statistical manual of
mental disorders (DSM -IV). Control subjects were blood
donors drawn from the respective populations and
matched for age and gender.

The trio sample consisted of 100 probands of British
Caucasian origin and their parents. Diagnoses were
made according to DSM-IV by two raters on the basis of
all available information which included personal inter
views with the SCAN instrument [Winget al., 1990] and
hospital notes. The rate of bipolar disorders in fathers
and mothers was 8 and 10%, respectively. All patients
gave informed consent for participation in genetic
linkage and association studies. Ethics Committee
approval was obtained in all local health authorities
where patients were recruited.

Genotyping

Genotyping of the two DDC variants was performed
essentially as described previously [Bprglum et al.,
1999]. Briefly, PCR amplification with radioactive 33P
end-labeled primers was carried out under standard
conditions in the presence of 150 ng genomic DNA,
0.4 |_iM of each of the 1-bp deletion primers, and 1.2 pM
of each of the 4-bp deletion primers. The primers for the
1-bp deletion variant were DDCprom-up (5'-GCACCCA-
TCAACCAGAAGT-3') and DDCprom-lowldel (5'-GCC-
TATCAGCATCTAAAACAT-3') amplifying products of
118- and 117-bp. The primers for the 4-bp deletion
variant were DDCprom-up4del (5'-GCTTCGGGGAGG-
CAGACAC-3') and DDCprom-low (5'-GGATGAGGAC-
AAAGAGCAGTA-3') amplifying products of 143- and
139-bp. PCR products were heat denatured in 50%
formamide for 5 min before separation on a 6% poly-
acrylamide/6 M urea gel. After vacuum drying, the gel
was autoradiographed for 5 days.

Statistical Analysis
In the case-control samples, allele frequencies were

compared using the x2 test, and Wilcoxon Rank-sum
test with correction for ties was used to compare geno¬
type distributions. In the case-parents trio sample, the
transmission disequilibrium test (TDT) [Spielman and
Ewens, 19981 was used to assess the significance of
linkage disequilibrium. All P-values are presented
without correction for multiple testing.

RESULTS

The results of the case-control study are shown in
Table I. The variants were found to be in Hardy-
Weinberg equilibrium in all samples and subgroups of
the samplos. Botweon tho thrco countries, no significant
difference in allele frequencies was observed. In the new
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sample from Scotland, no evidence of association was
obtained with BPAD as a whole. However, analyzing
specifically cases with a positive family history, defined
as at least one first-degree relative with unipolar or
bipolar affective disorder, the preponderance of the 1-bp
deletion among the cases increased. The same was seen
in both the Danish and the English sample. Thus, the
analysis of the familial cases versus the controls from all
the three countries together revealed a possible associa¬
tion (allelic P = 0.027, genotypic P = 0.021).

As we have recently reported a possible influence of
DDC on age at onset in schizophrenia [Bprglum et al.,
2001], we tested if such, an effect might also apply in
BPAD. However, when dividing the cases according to
the median age at onset, no difference in allele frequency
was seen for either of the variants (data not shown).

The two deletion variants were also analyzed in the
case-parents trio sample from Wales (Table II). Again,
no significant association was found with either of the
variants in the total sample. However, a preferential
paternal transmission of the 4-bp deletion was observed
(25/34; TDT-x2 = 7.53, P = 0.006). Analyzing cases with
a family history of affective disorders separately, the
proportion of paternally transmitted alleles was
unchanged (20/27; TDT-x =6.26, P = 0.012), whilst in
the cases with a family history of specifically BPAD the
proportion increased (7/7; TDT-x2 = 7.00, P= 0.008). In
the latter case, however, the number of informative
cases was very low.

DISCUSSION

We have investigated the possible role of DDC in
BPAD susceptibility by association analysis of two DDC
deletion variants of putative functional significance in
case-control samples and in simplex families.

In the case-control sample from Scotland, it was not
possible to replicate the association with the 1-bp dele¬
tion previously observed in our study of Danish and
English samples [Borglum et al., 1999], However, the
frequency of the 1-bp deletion was increased among
familial cases in all the three samples, indicating a pos¬
sible association in the context of positive family history
of affective disorders.

A more significant finding was the observation of pre¬
ferential paternal transmission of the 4-bp deletion in
the trio sample (P = 0.006). This parent-of-origin effect
points to possible genomic imprinting of the DDC locus
or nearby chromosomal region. Imprinted genes tend
to appear in clusters, and common regulatory regions
exist, such as the imprinting center (IC) at 15qll-ql3
[Nicholls et al., 1998] and the H19DMR at Upl5.3
[Thorvaldsen et al., 1998]. Interestingly, the imprinted
gene GRB10, which has been implicated with Russell-
Silver syndrome (MIM 180860) LBlagitko et al., 2000;
Yoshihashi et al., 2000], is located next to DDC at a
distance of less than 30 kb (http://genome.ucsc.edu/
goldenPath/aug2001Tracks.html). Moreover, GRB10
was recently found to be expressed from the parental
alleles in a highly tissue specific fashion, and in fetal
brains GRB10 was found specifically expressed from the
paternal allele [Blagitko et al., 2000], Furthermore, an
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TABLE II. Transmission of Alleles and TDT in Trios Consisting of BPAD Case and Parents*

Transmitted Not transmitted TDT P value

l-bp deletion variant
Total

WT 18 17
Del 17 18 0.03 0.862

Paternal
WT 6 3
Del 3 6 1.00 0.317

Maternal
WT 11 13
Del 13 11 0.17 0.680

4-bp deletion variant
Total

WT 33 43
Del 43 33 1.32 0.251

Paternal
WT 9 25
Del 25 9 7.53 0.006

Maternal
WT 17 11
Del 11 17 1.29 0.256

*The sum total of paternal and maternal transmitted and non-transmitted alleles do not equate the overall totals,
because a few trios were not informative with respect to parental specific transmission. (All three family members
of the respective trios were heterozygous.) This was the case for the 1- and 4-bp deletion variant in respectively one
and seven trios.

increased paternal transmission of the 4-bp deletion
variant was suggested in a recent study of DDC and
attention deficit hyperactivity disorder [Hawi et al.,
2001], In bipolar disorder, a paternal parent-of-origin
effect has been suggested in a comprehensive study of
122 multiply affected families comprising 1,084 subjects
[Kornberg et al., 2000],

In conclusion, we suggest that DDC alleles—or other
closely positioned gene variants—might confer BPAD
susceptibility predominantly when paternally trans¬
mitted. This hypothesis may also explain the conflicting
results of the association studies and the scarcity of
positive linkage results in the region. However, further
studies are needed to test the hypothesis both in terms of
family based association studies and examination of the
extent of imprinting in the region.
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NOTE ADDED IN PROOF

After submission of the manuscript a case-control
study of DDC in a German population was published
reporting no evidence of association with bipolar and
unipolar affective disorder [Jahnes et al., 2002. Am J
med Genet (Neuropsychiatry Genetics) 114:519-522],
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Schizophrenia and its subtypes are part of a complex brain disorder with multiple postulated aetiolo¬
gies. There is evidence that this common disease is genetically heterogeneous, with many loci involved.
In this report, we describe a mother and daughter affected with schizophrenia, who are carriers of a
t(9; 14)(q34;q 1 3) chromosome. By mapping on flow sorted aberrant chromosomes isolated from lym-
phoblast cell lines, both subjects were found to have a translocation breakpoint junction between the
markers D14S730 and D14S70, a 683 kb interval on chromosome 14q 1 3. This interval was found to
contain the neuronal PAS3 gene (NPAS3), by annotating the genomic sequence for ESTs and perform¬
ing RACE and cDNA library screenings. The NPAS3 gene was characterised with respect to the
genomic structure, human expression profile, and protein cellular localisation to gain insight into gene
function. The translocation breakpoint junction lies within the third intron of NPAS3, resulting in the dis¬
ruption of the coding potential. The fact that the bHLH and PAS domains are disrupted from the remain¬
ing parts of the encoded protein suggests that the DNA binding and dimerisation functions of this
protein are destroyed. The daughter (proband), who is more severely affected, has an additional
microdeletion in the second intron of NPAS3. On chromosome 9q34, the translocation breakpoint
junction was defined between D9S752 and D9S972 and no genes were found to be disrupted. We
propose that haploinsufficiency of NPA53 contributes to the cause of mental illness in this family.

Schizophrenia is a complex disease, manifesting symp¬toms which include changes in perception (hallucina¬
tions), inferential thinking (delusions), motivation (avo-

lition), and thought and speech (alogia). These clinical signs
are also compounded by a spectrum of negative symptoms
that include decrease in social interaction, cognitive impair¬
ment, and attcntional impairment. The diagnostic criteria for
this disease have been established by the International Classi¬
fication of Diseases, 10th edition," and the Diagnostic and Sta¬
tistical Manual of Mental Disorders, 4lh edition.*' Many
subtypes of schizophrenia have been proposed. Those affected
with schizophreniform psychosis exhibit the psychotic symp¬
toms but no deteriorating course. The population prevalence
of schizophrenia is estimated to be 1-2%, with an age of onset
that is usually in the late teens to early 20s in males and with
a five year lag in onset in females." Late onset schizophrenia
occurs after 40 years of age in 10% of diagnosed cases and is
more prevalent in females. Schizophrenia is also diagnosed
during early childhood. In general, patients display common
clinical and neurophysiological findings at variable ages of
onset.

The genetic basis of schizophrenia is suggested by the
observation of a higher risk among family members of
patients than those in the general population.4 Evidence from
adoption and twin studies also showed a higher risk among
relatives of affected families than in the general population.4
Owing to the complex nature of this disease, no specific mode
of inheritance can be established. Mathematical modelling
has, however, favoured polygenic models of inheritance
involving several susceptibility genes acting additively, and
possibly in conjunction with environmental factors, to result
in schizophrenia. Evidence for genetic heterogeneity is
supported by several genome wide screens for causative loci,
by linkage analysis and association studies.4"7 These studies
suggested that several chromosomes including It], 4q, 5p, 6p,
6q, 8p, 9q, I Op, 13q, 14q, 15q, 22q, and Xp contain major, or
susceptibility, genes for schizophrenia.4"7 Many of these
locations have not been supported by independent studies. We

report here a family with schizophrenia and a translocation
(9; 14) chromosome with a breakpoint junction in a novel
bHLH-PAS transcription factor on chromosome 14.

MATERIALS AND METHODS

Subjects
Diagnoses were established by an experienced psychiatrist
(WJM) using SADS-L, PAS-ADD structured assessment, and
hospital case note review. The proband (cell line 1.6874) has
severe learning disability and a clinical diagnosis of schizo¬
phreniform psychosis, established in her late teens, according
to DSM-1V criteria. She shows periods of almost continuous
agitated outbursts, emotional lability, and stereotypic postur¬
ing movements. Visual and auditory hallucinations are noted
from apparent preoccupation with stimuli that cannot be
detected in her environment, manifest as periods of staring at
objects or walls during which she cannot be distracted, and
repeated cries and screams with no internal or apparent
external causes. The phenomena were controlled with a com
bination of neuroleptic medications (depot piportil and chlor-
promazine). Repeated attempts at medication reduction have
met with symptom resurgence. Although there is no cyclical
pattern to the disturbance and no episodes of depressive dis¬
order, which is easier to diagnosis in those with severe mental
retardation, the possibility of an underlying comorbid affective
disorder inherited through the father cannot completely be
ruled out. Her mother (cell line number SMOM) is physically
normal with mild or borderline intellectual impairment. She
attended special schooling for children with developmental
delay. A history of schizophrenic illness began in her late thir¬
ties, and included symptoms of formal thought disorder, ideas
of self-reference, bizarre delusions, and somatic hallucina¬
tions. This was accompanied by severe social dysfunction that
required admission to a psychiatric hospital. There was no
evidence of affective disorder. She met the DSM-IV symptom
and duration criteria for schizophrenia, which was responsive
to standard oral neuroleptic (phenothiazine) medication. The
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Table 1 Primers, PCR conditions, and cycles used for mapping within the NPAS3 and KIAA0391 genes

PCR product size MgCI,
Marker Map position Primer sequence (5'—>3') (bp) (mmol/l)

SDK5 NPAS3 exon 1 F-TTGAAGAGGTCCTTCACATC
R-CGGTTATAGCAGCATGATTT

142 1.5

AEX2 NPAS3 exon 2 F-TGACCAGAGCATTATGGCATT
R-AAATTGGTTCAGCAGCAAGG

184 1.5

I2DK NPA53 intron 2 F-CCTGCTGGACATCAGTGCTA
R-TCCCTGTAGAGGCAAGCAGT

232 1.5

I3DK NPAS3 intron 2 F-GGCAACAAGAGCAGAACTCC
R-GGGCTTCCCTGGTAAAGAAC

208 1.5

I4DK NPAS3 intron 2 F-GGATGCAGAAGCAGATAGGC
R-GCTCAGTCCACTCCGAACTC

232 1.5

I5DK NPAS3 intron 2 F-GTTTGGTAAGCAGGCCACAT
R-CCTACCCAGGCCAAACACTA

189 1.5

I6DK NPAS3 intron 2 F-GTGAGTGCTCAGGTTGCGTA
R-CCATACAGTGAGGCCTGGTT

199 1.5

I7DK NPAS3 intron 2 F-AGGCCTCCCTTAACTGTGGT
R-CCACCACCCTCTGAAACAGT

225 1.5

I8DK NPAS3 intron 2 F-AGGTTTGAGAGGGGTGAGGT
R-CATGTCCAAGGGGGATTATG

211 1.5

66M11SL NPAS3 intron 3 F-AATGTGATGC C CTGATGGAT
R-TGGGTTTTGATTGACAGCAA

156 1.5

66M1 1SR NPAS3 intron 3 F-TGCAGTCAACAGGTGCTTTC
R-CTTTTCCTCCCACTGCTGAG

150 1.5

SDK1 NPAS3 intron 3 F-TTTCCTGCAGTCCCTGGAT
R-GCTTCATAATCGCTGCCAAG

100 1.5

SDK2 NPAS3 intron 3 F-CTGAC AGGCAGCAGTGTCTT
R-TCTCCGACTGAGAGGAGGAA

137 1.5

1075M22SL NPAS3 intron 5 F-ACAAGCCCTTACCCTTTTGG
R-GGGCACTCCTTTTTCCTTTC

144 1.5

1078114SR NPAS3 intron 6 F-AACTGGTAATCACCCCACCA
R-GCACTGAGCAAAGCTTGACA

152 1.5

SDK6 KIAA0391 exon 3 F-GGGCTGTGGAAAAACC ATAG
R-CTGGTCACCTCCATCTATCACA

100 1.5

K4DK KIAA0391 intron 3 F-TCCCCTCTCAAAAGGTGAT
R-CATTCTCAGGATGGCTGGT

194 1.5

K3DK KIAA0391 intron 3 F-AGCACTGTTGGGGACATAG
R-TTCTGGGTTAGGGGAGGAG

207 1.5

K2DK KIAA039J intron 3 F-TCCAAGAGCCAACAAAATC
R-TGCTGGCCTTAAAAGCCTT

234 1.5

K1DK KIAA0391 intron 3 F-GGGCCTTGAGTGAGACTCTG
R-CGTTTCCAAAAGCAGAGGAG

128 1.5

SDK7 KIAA0391 exon 4 F-AACTTAAGAGATTTGAGAACTTCA
R-TTCACGAACTTTAGGAAACA

98 1.5

The PCR cycle is 94"C-four minutes, 30 cycles of 94°C-30 seconds, 57°C-30 seconds; followed by 72°C-five m nutes final extension.

father, who had died, was diagnosed with DSM-IV bipolar I
disorder, with an onset in his twenties. The disorder followed
a classical pattern with recurrent episodes of mania
alternating with major depressive disorder that required
hospitalisation. Cranial imaging on these subjects could
not be obtained. Both proband and mother had a 46,XX,
t(9; 14)(q34;q 13) karyotype. The father had a normal
karyotype. The cytogenetic findings on this family have
been previously reported.8 An older sib of the proband, with
severe mental delay, was known to carry the translocation.
However, this sib was separated from the family early in
life, and no cell line or information on mental status is
available.

Mapping on flow sorted chromosomes
Transformed lymphoblast cell lines were flow sorted for the
aberrant chromosomes as previously described." A total of
300-500 copies of the normal or aberrant sorted chromosome
14 were subjected to DOP-PCR amplification before use as a
template for mapping, as previously described." A panel of 16
proximal chromosome 14q and 16 chromosome 9q34 specific
markers, selected from the Whitehead Institute for Genome
Research STS YAC physical map (www-genome.wi.mit.edu),
were used for mapping in standard 20 pi PGR reactions that
included 40 ng human genomic DNA or flow sorted aberrant
chromosomes. The marker D14S49 mapped within the second
intron of the NPAS3 gene. The marker D14S1014 mapped

within the third intron of the KIAA0391 gene. The PGR
primers, conditions, and cycles for these markers are reported
by Research Genetics. Primer pairs, listed in table 1, were
designed from the sequences of BAG clones R1075M22 (Gen-
bank accession number AL 157689), R1078114 (Genbank
accession number AL161851), and R66M11 (Genbank acces¬
sion number AL 133305), using primer premiere 3 (www-
genome.wi.mit.edu/cgi-bin/primer/primer3.cgi), to map pre¬
cisely the chromosome 14q breakpoint junction within NPAS3.
The genomic sequence of BAG clone R173D09 (Genbank
accession number AL121594) was used to design primer pairs
for mapping within the KIAA039I gene (Genbank accession
number NM 014672).

Rapid amplification of cDNA ends (RACE)
5' and 3' RACE were performed on a Marathon ready human
fetal brain cDNA library (21-30 weeks' gestation, 10 pooled
white male and female) (ClonTech) as specified by the manu¬
facturer. Primers for 5' (F-5' tgccttgtcgagctggctggtaa 3', F-5'
gctggctggtaatggctgcagag 3') and 3' (F-5' acggagccagctcag-
catcttcc 3') RACE reactions were designed from partial cDNA
sequences belonging to NPAS), with melting temperatures
between 65°C and 72°C using Primer Premiere 3. Standard 50
pi PGR reactions were performed with the Advantage Taq
polymerase mix (ClonTech) as specified by the manufacturer.
The RAGE products were cloned with the pCR4-TOPO TA kit

www.jmedgenet.com
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Figure 1 Breakpoint junction analysis of chromosomes 9 and 14 of the proband and mother using analysis of flow sorted chromosomes. (A)
chromosome 14q 1 3 analysis. The position of the NPAS3 gene is shown between D14S730 and D14S70. The position of the KIAA0391 gene
is shown between D14S988 and D14S888. (B) Chromosome 9q34 analysis. Marker map distances are not drawn to scale. The plus sign
indicates the presence of markers on either the derivative 9 or 1 4 chromosome. The dashed line indicates the translocation breakpoint junction.

(Invitrogcn) and sequenced with the IRD700/800 M13
labelled primers using the Thermo Sequenase fluorescent
labelled primer cycle sequencing kit with 7-deaza-dGTP
(Amersham Biosciences). The reactions were run on a Licor
DNA sequencer Long Reader 4200.

cDNA library screening
The A/IViplEx Human Fetal Brain 5' Stretch Plus cDNA library
(20 to 25 weeks' gestation, 10 pooled white male and female)
(ClonTech) was screened as outlined by the manufacturer. A
PGR probe designed with Primer Premiere 3 using partial
cDNA sequences obtained from database searches and RACE
was used to screen the cDNA library. The primer pair (F-5'
tcttggggagcagaaggtaa 3', R-5' agattctgccctcagcaatg 3') was
used in standard 20 pi PGR reactions containing 1.5 mmol/1
MgCL, and with the PGR cycle denaturation for three minutes,
followed by 30 cycles of 94°G for 30 seconds, 58°C for 30 sec¬
onds, 72°G for 30 seconds, and a final extension at 72°G for five
minutes. One hundred ng of the PGR product was labelled
with ,"'P-cx-dCTP (10 Ci/ml) using the REDIPrime kit
(Amersham Biosciences). About 1.9 x 10" plaque forming
units were screened in total. Hybridisation was done with the
ExpressHyb solution (ClonTech) as specified by the manufac¬
turer. Up to 35 positive plaque forming units were picked from
each plate and converted to plasmids as specified by the
manufacturer. The plasmids were sequenced with the
IRD700/800 M13 labelled primers using the Thermo Seque¬
nase fluorescent labelled primer cycle sequencing kit with
7-deaza-dGTP (Amersham Biosciences). The reactions were
run on a Licor DNA Sequencer Long reader 4200.

Genomic structure determination
Consensus sequences were assembled from partial cDNA
sequences obtained from RACE, cDNA library screening, and
database searches, using the GencTool Version 1.0 software. A
composite genomic sequence of the interval between the
markers D14S70 and D14S730 was made by aligning the scaf¬
folds of genomic sequence data from Celera (Celera.com) and
Genbank (www.ncbi.nlm.nih.gov), using BLAST2
(www.nebi.nlm.nill.gov/blast/bl2seq/bl2.htm 1). The genomic
structure was determined by aligning the assembled cDNA
sequences against the composite genomic sequence with
BI.AST2.

Northern blot analysis
A 2.6 kb cDNA sequence encompassing exons 7 to 12 and a 1.6
kb cDNA of exon 2 of NPAS3 were used as probes. A full length
cDNA of the GAPDH gene was used as a control probe. Probes
were labelled with 5 pi ,3P-a-dCTP (10 mCi/ml) using the
REDIPrimc labelling kit (Amersham Biosciences). The human
multitissue northern blots, 12 multitissue, Blot IV and Blot II
(ClonTech), were hybridised with the ExpressHyb solution
(ClonTech) as specified by the manufacturer.

Protein cellular localisation studies
The open reading frame of the large NPAS3 protein isoform
was cloned by standard PGR using the A/TriplEx Human Fetal
Brain 5' Stretch Plus cDNA library (pooled 10 male/female, 20
to 25 weeks' gestation) (ClonTech) and Marathon ready
human fetal brain cDNA library (21-30 weeks' gestation, 10
pooled white male and female) (ClonTech) as templates.
Standard PGR reactions were set up with Platinum Pfx Tag
polymerase (Invitrogcn) as specified by the manufacturer. The
primer pairs (F-5' aggeatccatcattcgactt 3', R- 5' cgtggtgtagac-
cctctgc 3') were used with the PGR cycle denaturation for 94°C
for three minutes, 35 cycles of 94°C for 30 seconds, 60°C for 30
seconds, and 68°C for 150 seconds, followed by 72°C for five
minutes. The cloned open reading frame was sequenced with
the IRD700/800 M13 labelled primers using the Thermo
Sequenase fluorescent labelled primer cycle sequencing kit
with 7-deaza-dGTP (Amersham Biosciences), then subjected
to site directed mutagenesis to introduce restriction sites for
cloning into the EGFP-N1 vector (ClonTech). Standard PGR
reactions containing about 100 ng of plasmid DNA and Plati¬
num Pfx Tag polymerase were set up according to the
manufacturer. The PGR cycle was denaturation at 94°C for
three minutes, 30 cycles of 94°C for 30 seconds, 57°C for 30
seconds, 72°C lor 90 seconds, followed by 72°C for five
minutes. The primer pairs (F-5' agatctatgaaccacattttgcagtc-
cctggatg 3', R-5' ggatccgaggaccgagtcgggaatggc 3') introduced
Bglll and Bam HI sites to clone into the EGFP-N1 vector (Clon-
Tech). Plasmids were sequenced with the IRDye 800 termina¬
tor sequencing kit (Amersham Biosciences) using the
EGFP-N 1 forward and reverse primers, in addition to internal
primers within the cDNAs. The sequencing cycle was 94°C for
five minutes denaturation, 94°C for 30 seconds, 57°C for 30
seconds, and 72°C for 60 seconds, for 45 cycles. The reactions
were run on a Licor DNA sequencer Long reader 4200.
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Table 2 Genomic structure of NPA53

Exon number Exon position Exon size Intron size 3' acceptor site 5' donor site

1 1-1 14 114 (64 bp 5' UTR) 274137 AGAACGgtaacact
2 115-1864 1749 (1670 bp 5' UTR) 151798 (ga tttcagTTTACA) TAAAAGg taag ttt
3 1865-1942 77 192855 agttafagGTGCAC TTGCAGgtaccttt
4 1943-2033 90 116393 tcctgcagTCCCTG TCACAAgtaagtaa
5 2034-2209 175 4221 ccctcfagGTGGAG AGCCAGgtgggaat
6 2210-2649 439 (40) bp 3' UTR) 54171 gtctccagTGGTTT
7 2650-2769 119 39014 ttcctcagTGGAGT TATAAGgtaagccg
8 2770-2964 194 3926 ttttacagGTGATT AAATAGgtactttg
9 2965-3072 107 15337 ctttgtagGATTAG TGGACTgtaagfac
10 3073-3221 148 3414 ttcgccagTGCTGA TCTTAGgtatattt
1 1 3222-3347 125 2153 ttccacagCAATCC TTACAGgtattatt
12 3348-5347 1999 (625 bp 3' UTR) ccacacagAGGACA

Brackets demarcate a cryptic 3' acceptor splice site at nucleotide position 1502 of exon 2.

About 1 x 104-1 x 1(Y cells/ml of COS1 and transformed
adult human skin fibroblast cell lines were grown on 22 x 22
mm coverslips at 37°C in DMEM/10% fetal bovine serum
(Invitrogcn) one to two days before transfection with Fugene
6 reagent (Invitrogcn) as specified by the manufacturer; 3 ul
of Fugene 6 reagent was used with I j.tg of EGFP plasmid con¬
struct. Transient transfection was allowed to proceed for 24 to
48 hours at 37°C. The covers lips with transfectcd cells were
washed in PBS (room temperature) before adding 15 pi of
Mounting medium containing DAPI (Vector Laboratories
Incorporation). The coverslips were placed on Fisherbrand
Superfrost/Plus slides (Fisher Scientific) and examined with
DAPI and FITC filters of an Olympus BX50 compound micro¬
scope (with URA fluorescence). Images were captured with
ImageGcar 6.6.4 and the software Spot version 2.2.

RESULTS

Mapping of the translocation breakpoint junctions on
chromosomes 9q34 and 14ql3
In order to characterise the translocation breakpoint junctions
in this family, a panel of 14 proximal chromosome 14q and 16
chromosome 9q34 markers were selected from the Whitehead
Institute for Genome Research STS YAC physical maps to
define the breakpoint junctions on the flow sorted aberrant
chromosomes (fig 1). Both proband and mother had a break¬
point junction defined on chromosome 14 within an
estimated 683 kb interval between the markers D14S730 and
DI4S70. On chromosome 9q34, the translocation breakpoint
junction was defined between the markers D9S752 and
D9S972 in both subjects, an estimated 100 kb interval (fig 1).
No deletions or complex rearrangements of chromosome 9
were detected, and no genes were disrupted within this inter¬
val. The genes mapping closest, within 1 Mb of the breakpoint
junction at 9q34, were three genes of unknown function
(K1AA0169 (XM_052725, K1AA1S48 (AB058751), LOC204994
(XM_ 1148II)), ~ five hypothetical genes (LOC255259
(XMJ73231 ), LOCI 69627 (XM 095823), LOC206943
(XM_I21923), LOCI 69656 (XM_095844), LOCI 38519
(XM_070946)), and four known genes (LSFR2 (XM_026945),
CRAT (NM_000755), PPP2R4 (NM_021I31), AD-003
(NM 014064) (Ensembl (www.ensembl.org), NCBI map
viewer( www.ncbi.nih.gov/cgi-bin/Entrez/hum_srch)).

Isolation and characterisation of the NPAS3 gene
In order to identify genes within the 683 kb translocation
breakpoint interval on chromosome I4ql3, the genomic
sequence was annotated for EST clusters. These partial cDNA
sequences were used to design probes for the screening of a
XTriplEX 5' stretch human fetal brain cDNA library, and
perform 5' and 3' RACE on a Marathon Ready human fetal
brain cDNA library. In this interval, twocDNAs of sizes 2.5 and
3.4 kb (GenBank accession numbers AY157302, AY157303)
were isolated. These cDNAs were highly similar to the mouse

neuronal PAS3 gene (Npas3) (Genbank accession number
AF173871) on mouse chromosome 12, in a region of
conserved synteny with genes on human chromosome 14. We
were unable to extend beyond the 5' of these two alternative
cDNAs using RACE on a Marathon Ready human fetal brain
cDNA library; however, the possibility that these are partial
cDNAs cannot be excluded. The human neuronal PAS3 gene
(NPAS3) is estimated to be about 863 kb in size with 12 exons
that encode two alternative transcripts (table 2). TWo pseudo-
genes (Genbank accession numbers AK002000, AK000865),
of unknown identity and of sizes 2.2 kb and 2 kb, map within
the second and fifth introns of this gene, respectively. These
pscudogenes have short open reading frames and contain a 3'
poly A tail. A 901 amino acid protein encoded by the 3.4 kb
cDNA has a bHLH (basic helix loop helix) dimerisation
domain in the amino terminus (amino acids 31 to 72), a PAS
(Period, Aryl hydrocarbon receptor, Single minded) domain
(amino acids 117 to 183), a PAC (PAS associated carboxyl ter¬
minus) motif (amino acids 361 to 404), and a bipartite nuclear
localisation signal in the carboxyl terminus (amino acids 568
to 585). This protein is about 90% identical to the mouse
NPAS3 protein. The smaller 2.5 kb cDNA encodes a truncated
153 amino acid protein that contains a PAS domain (amino
acids 45 to 113). Northern analysis with a 2.6 kb probe
containing exons 7 to 12 showed expression of an approxi¬
mately 7.5 kb transcript only in several human adult brain tis¬
sues, including cerebellum, cerebral cortex, medulla, occipital
lobe, frontal lobe, temporal lobe, putamen, amygdala, caudate
nucleus, corpus callosum, hippocampus, substantia nigra, and
thalamus (fig 2). An exon 2 probe specific to the smaller 2.5 kb
alternative cDNA showed no expression in human adult
tissues. However, both 2.5 and 3.4 kb cDNAs were found to be
expressed in human fetal brain (20-30 weeks' gestation). Cel¬
lular localisation studies with the 901 amino acid NPAS3 pro¬
tein isoform, tagged in the carboxyl terminus with enhanced
green fluorescent protein, showed that this protein was local¬
ised in the nucleus of COS I and transformed adult human
skin fibroblast cell lines (fig 3).

High resolution mapping within the NPAS3 gene
Mapping was performed with an additional 16 amplimers
within the NPAS3 gene, in order to define more precisely the
breakpoint junction on chromosome 14q 13. Physical mapping
with these markers showed that the translocation breakpoint
junction of both proband and mother was between 66MIISR
and SDK1, an estimated 7.9 kb interval within the third intron
(fig 4). The translocation breakpoint junction affected both
alternative transcripts, which resulted in the first 124 amino
acids of the amino terminus of the larger 901 amino acid iso¬
form, and the first 52 amino acids of the amino terminus of
the putative smaller 153 amino acid isoform being displaced.
The bHLH domain in the amino terminus of the larger protein
was disrupted, preventing the protein from binding to DNA.
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Figure 2 Northern analysis of the NPAS3 gene showing a single approximately 7.5 kb transcript, ubiquitously expressed in the adult human
brain. A 2.6 kb cDNA encompassing oxons 7 to 1 2 of tho large transcript isoform was used as a probe to hybridise on ClonTech human adult
multitissue northern blots (1 2 adult multitissue; adult brain blot II and adult brain blot IV). A full length cDNA of the GAPDH gene was used as a
control probe.

For both protein isoforms, the PAS domains that arc required
for dimcrisation were disrupted. The PAC motif and bipartite
nuclear localisation signal within the carboxyl terminus of the
larger protein isoform remained intact. Interestingly, the
proband was found to have deletions of three markers (I3DK,
D14S49, I4DK) that mapped within the second intron of
NPAS3, suggesting an estimated 94 kb maximum microdclc-
tion within this intron (fig 4). An analysis of this deleted
genomic sequence showed several possible transcription
factor binding sites. None of these additional micro-
rearrangements was found in the mother.

The chromosome 14q 13 region outside NPAS3 was also
screened for additional rearrangements in the mother and
proband. In the proband, a microdcletion with an estimated
maximum size of 22 kb within the third intron of the
KIAA0391 gene (Genbank accession number NM 014672) was
found. Specifically, markers D14S10I4 and K2DK were
deleted. This rearrangement was absent in the mother.
KIAA0391 has an unknown function, unknown identity, and
maps about slightly over 1 Mb distal to NPAS3. Furthermore,

the deleted interval contains several possible transcription
factor binding sites.

DISCUSSION
The proband and mother have a translocation breakpoint
junction in the third intron of the NPAS3 gene which disrupts
the coding potential of both alternative transcripts. Studies
with FISH have confirmed a break within this gene.10 The
NPAS3 gene belongs to the bHLH-PAS (basic Helix Loop Helix,
Period, Aryl hydrocarbon receptor, Single minded) super-
family of transcription factors, that are involved in a wide-
range of functions including circadian ossicilations (Npas2, Per,
Clock), neurogenesis (Sim), toxin metabolism {Ami), hypoxia
(Hifia), and tracheal development {Trh)PM A small protein
isoform that may be encoded by the small transcript isoform
of NPAS3 was identified. This small protein isoform may form
heterodimers via its PAS domain with the larger NPAS3
protein isoform or other proteins containing a PAS domain, to
regulate activity. This mode of regulation is seen with the
PITX2D protein isoform" and other bHLH-PAS transcription

- *

Figure 3 Cellular localisation of the large NPAS3 protein isoform. Transient transfections of the NPAS3-EGFP-N1 construct were done in (A)
COS1 and (B) transformed adult human skin fibroblast cell lines. DAPI and FITC filters were used to visualise the signals. Images obtained from
each filter were merged with the software Spot version 2.2. Blue signals represent the DAPI stained nucleus; green signals represent the EGFP
tagged protein.
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Figure 4 Identification of rearrangement within the NPAS3 gene. (A) Schematic of the NPAS3 gene showing positions of markers used in
mapping. The stippled line indicates the translocation breakpoint junction. The functional domains or motifs of the NPAS3 protein isoforms are
bHLH (basic helix loop helix), PAS (period, aryl hydrocarbon receptor, single minded), PAC (PAS associated carboxy terminus), NLS (bipartite
nuclear localisation signal). Markers placed in a box are those found deleted in the proband. (B) Flow sorted chromosome analysis of mother
with selected markers within the NPAS3 gene. (C) Flow sorted chromosome analysis of proband with selected markers within the NPAS3 gene.
Mapping was performed on throe separate flow cortod dor(l 4) or der(9) chromosomes or a pool of throo der(l 4) or dor(9) chromosomes.

factors." 14 The NPAS3 protein contains a bHLH domain that is
known to bind to DNA, and in this study is found to be local¬
ised in the nucleus, suggesting that it may be a transcription
factor. Expression of both transcript isoforms was also found
in the developing human fetal brain (20 to 30 weeks'
gestation). The murine Npas.3 gene is extensively expressed in
the developing central nervous system,'" but its role is yet to be
defined. Expression of the murine Npas3 gene specifically in
the developing nervous system during early embryogenesis
suggests that haploinsufficiency could result in central
nervous system anomalies causing mental impairment. So far,
only the SIM2 gene of the bHLH-PAS family of transcription
factors, mapping on human chromosome 21, has been
suggested to be associated with behavioural problems, as seen
in Down syndrome patients.17 No other members of this tran¬
scription factor family have yet been associated with
schizophrenia, suggesting that NPAS3 is the first gene of this
superfamily to be associated with this disease. The fact that
this gene was expressed in 13 adult brain tissues including the

hippocampus, thalamus, and cortex supports a possible role in
development and/or function of these structures, which may
play a role in schizophrenia.18

The PAS domain of both protein isoforms, required for dim-
erisation, is disrupted in both proband and mother. Such a
disruption is expected to destroy the function of the small
NPAS3 protein isoform. In the case of the large protein
isoform, the translocation breakpoint junction leaves the
bHLH domain intact in the amino terminus, and the PAC and
bipartite nuclear localisation motifs intact in the carboxyl ter¬
minus. With such disruption of the NPAS3 gene, the NPAS3
large protein isoform is likely to be non-functional, compatible
with a contribution of haploinsufficiency to schizophrenia in
mother and proband. Interestingly, the proband was found to
have a translocation breakpoint junction in conjunction with
a 94 kb microdeletion within NPAS3 and a 22 kb microdeletion
within KIAA0391. This finding is not unexpected, since famil¬
ial translocation chromosomes acquire additional rearrange¬
ments owing to unequal recombination during meiosis. The
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possibility of minor rearrangements in other genes cannot be
excluded. The function of the KIAA0391 gene is currently
unknown and is not similar to other genes with known func¬
tions. These deleted intervals contain potential transcription
factor binding sites. These deletions separate from, or in con¬
junction with, a genetic background inherited from the father,
may explain the more severe phenotype observed in the
proband.

Most studies by linkage and linkage disequilibrium have
reported only weak evidence for a locus for schizophrenia on
the proximal region of human chromosome 14q." However,
with the use of genome screens using non-parametric linkage
analyses, two groups have suggested significant linkage to the
markers D14S79 (p=0.01) and D14S306 (p=0.005) at
14ql3,1920 suggestive of a susceptibility locus at 14ql3.
Recently, using the identity by descent datasets of 30 affected
sibs in 21 pedigrees from the previous study by Blouin el al,?0
and a modified multipoint non-parametric linkage
algorithm,-'1 evidence for the sharing of two alleles at 8p21 in
conjunction with one allele on chromosome 14 between
D14S1280 and D14S306 was found among affected sib pairs
with the schizophrenia spectrum.7 These data suggested that a
susceptibility locus at 14q 13 acted in conjunction with other
schizophrenia loci, such as at 8p21, in the patients examined.
The NPAS3 gene resides within this interval, and therefore may
be a susceptibility gene with a contributory role in the cause of
schizophrenia. Proximal chromosome I4q deletion cases
reported to date do not describe any symptoms of mental
illness.""""5 This may be because these reported patients died
nconatally or in early childhood or were too young to manifest
such traits. Furthermore, the deletion intervals may not
extend into the NPAS3 gene.

Of the diseases localised to date to chromosome 14q 13, only
Fahr disease (idiopathic basal ganglia calcification) has been
associated with neuropsychiatric problems. ■" The age of onset
for idiopathic basal ganglia calcification is 30 to 60 years and
manifests in patients with dysarthria, extrapyramidal signs,
and ataxia. The central nervous system undergoes calcification
in areas such as the globus pallidus, putamen, caudate
nucleus, dentate, thalamus, cerebral white matter, and
cerebellum, which is postulated to result in progressive dysto¬
nia, parkinsonism, and neuropsychiatric manifestations such
as schizophrenia or schizophreniform psychosis. Of the
patients who showed significant linkage of disease to
chromosome 14q 13, only one had schizophreniform psychosis
and the Fahr disease spectrum.26 Our subjects have no features
in common with the Fahr disease patients showing linkage to
chromosome 14q 13, except for the schizophrenia spectrum.
We were unable to discern whether calcification of the central
nervous system was prevalent in our subjects.

On chromosome 9q34, the breakpoint junction was defined
within 100 kb. No genes were disrupted within this interval.
Although chromosome 9q is speculated to contain susceptibil¬
ity gcne(s) for schizophrenia,5 none of the reported genes
within the breakpoint junction interval at 9q34 in our subjects
appeared to be likely candidates for schizophrenia. The possi¬
bility of position effects exerted on the expression of
neighbouring genes at the breakpoint junction cannot be
excluded. There was evidence for a weak association of the
NMDAR1 gene (NM 000832) at chromosome 9q34 with
schizophrenia in a South African Bantu speaking tribe.27 The
NMDAR1 receptor functions in the glutaminergic pathway
and was shown, in mice carrying a hypomorphic allele, to
result in schizophrenia-like behaviour that could be treated
with haloperidol.28 However, examination of sequences within
a 1 Mb interval of the 9q34 breakpoint junction showed that
the NMDAR1 gene was not positioned within this interval.
There is one case report of a 28 year old man with mental
retardation, schizophrenia, short stature, short webbed neck,
dysmorphic face, and mild anomalies of the fingers, who had
a del(9)(q32q34.1 ).29The deletion interval in this patient is not

yet characterised and the locus for schizophrenia in this
patient is as yet unidentified.

In summary, we have found the NPAS3 gene to be disrupted
in a two generation family with the schizophrenia spectrum.
The NPAS3 gene is proposed to be a susceptibility gene with a
contribution to the mental illness observed in this family.
Other possibilities cannot be excluded, such as mental illness
as a non-specific consequence of mental delay, the transloca¬
tion breakpoint junction being the result of chance, or the
susceptibility locus close to but not at the breakpoint junction.
In order to confirm the role of NPAS3 as a schizophrenia sus¬
ceptibility gene, association studies in larger case-control
samples and mutation analysis arc warranted.
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MANY common disorders, including schizophreniaand bipolar affective disorder, are highly herita¬
ble, yet do not exhibit simple inheritance patterns. Indi¬
vidual risk is usually attributed to the coalescence of
multiple, independent;, and additive risk factors (mod¬
ifiers), both genetic and environmental, or to the effect
of one of a number ofgenes of major effect and variable
penetrance, with secondary genetic modifiers and envi¬
ronmental factors determining the degree of pene¬
trance. Nowhere is the debate more lively and conten¬
tious than in psychiatric genetics (Weiss andTERwn.ligkr
2000), but in truth there is a dearth of substantiated,
empirical data. For example, the reported number of
positive linkage and association studies far exceeds the
number of replications. This in part reflects the statisti¬
cal challenge of replication and the complexities of
diagnostic criteria and boundaries. Attempts to rational¬
ize observations through a novel mechanistic proposal
are therefore to be welcomed and merit careful discus¬
sion. Klar recently proposed one such novel mechanistic
interpretation of data published by us on a large multi-
generation Scottish family with a high loading of major
psychiatric illness (Ki.ar 2002). However, several points
of information not considered by Klar allow us to con¬
clude that his model is not supported by the available
data.

In this family, a balanced (1;11) (q42;c]14) transloca¬
tion cosegregates with major psychiatric illness with a
maximum LOD score of 7.1 (St. Clair el al. 1990;
Blackwood etai 2001). The odds for the translocation
being linked to the psychiatric disorders in this family
are therefore extremely high. Not all translocation carri¬

1 Corresponding author: Medical Genetics Section, Department of
Medical Sciences, The University of Edinburgh, Molecular Medicine
Centre, Western General Hospital, Crewe Road, Edinburgh EH4 2XU,
t.JK. E-mail: kirsty.millar@ed.ac.uk

ers are affected, however, and the probable mode of
disease inheritance is dominant with reduced pene¬
trance. That is to say inheritance of the translocation
confers a genetic predisposition to develop psychiatric
illness rather than a certainty of becoming ill. One possi¬
ble reason for this is the presence of modifiers with
either a protective or a disease-enhancing influence.
Similar rates of penetrance have been observed in
Hirschsprung disease (aganglionic megacolon), and a
recent report demonstrates that the genetic interplay
of three different loci, one of major effect, can explain
the inheritance pattern of this disorder (Gabriel el al.
2002). Given that genetic interplay between one major
and two minor genetic risk factors is sufficient to explain
the incomplete penetrance of 1 Iirschsprungdisease mu¬
tations, it is not unreasonable to propose a similar mech¬
anism for the 1; 11 translocation and major psychiatric
illness.

In his recent Note to Genetics (Klar 2002), A. J. S.
Klar favors an alternative theory to explain the observed
reduced penetrance in translocation carriers. On the
basis of mating-type switching in Schizosaccharomyces
pombe, Klar proposes a theory of random chromosome
strand segregation that predicts 50% of translocation
carriers will be unaffected, while the other 50% will
suffer from a major psychiatric illness. In fact, genera¬
tions II-V of the family segregating this translocation
indicate that 62%) (18 of 29) of translocation carriers
are affected by schizophrenia, bipolar affective disorder,
or major depression (note that only 29 translocation
carriers have been subject to lull clinical assessment,
although a total of 87 translocation carriers have been
identified; Blackwood et al. 2001). Moreover, at the
time of ascertainment, many of the translocation carri¬
ers in generation V were at, or below, the average age
of onset. It is therefore more appropriate to consider
only generations II-IV where an adult life history is
available and where 70% (16/23) of translocation carri-
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ers arc affected. If the two-sided binomial test is used
on the translocation carriers in generations II-IV to
examine Klar's hypothesis that 50% of carriers are af¬
fected, a P value of 0.093 is generated. This suggests
evidence for rejection of his hypothesis, given that the
number of translocation carriers is small for such a

statistical test.

A number of "endophenotypes" or trait markers of
risk have been proposed for psychiatric illness. Endo¬
phenotypes are measurable biological phenomena that
represent a trait marker for the inheritance of a given
genotype. Endophenotypes are usually consistently dis¬
played as a result of the genotype and can be useful in
defining carrier status of individuals who do not present
with a psychiatric disorder. One such endophenotvpe
is the P300 scalp-recorded averaged evoked brain poten¬
tial occurring some 300 msec after a sensory stimulus
presented randomly against a background of regular
sensory stimuli. The latency and amplitude of the P300
event-related potential are thought to reflect, the speed
and efficiency of information processing, and pro¬
longed latency and reduced amplitude are characteris¬
tic of subjects with schizophrenia and their close rela¬
tives (Blackwood et al. 1991; Sham el al. 1994). P300
latency and amplitude have been measured in 12 trans¬
location carriers, in 10 of their unaffected, nontranslo-
cation-carrying relatives, and in population controls
(Blackwood et al. 2001). A group of 12 translocation
carriers showed significantly prolonged latency and re¬
duced amplitude compared to 10 relatives who do not
carry the translocation. These P300 abnormalities were
not restricted to the 9 subjects with psychiatric symptoms
but were observed also in 3 unaffected subjects with
the translocation. Of the 12 translocation carriers the

longest P300 latency was recorded from an individual
from generation IV with no psychiatric symptoms, and
a second carrier from generation V with no symptoms
recorded the third longest latency. These two individu¬
als also had P300 amplitudes less than two standard
deviations from the control mean (Blackwood et al.
2001). Klar's theory predicts that translocation carriers
will be either affected or completely normal. In fact the
P300 data point toward changes in central information
processing in all translocation carriers, including those
who are clinically unaffected. When the P300 data are
taken into account, the numbers of affected transloca¬
tion carriers are even less consistent, with Klar's hypothe¬
sis than when only clinical symptoms are considered.
For example, if abnormal P300 response is included as a
measure of "caseness," then 74% (17/23) translocation
carriers from generations II—IV are classed as affected.
This remains consistent with a model ofdominant inher¬
itance of illness with reduced penetrance, depending
on the actions of modifying factors.

Moreover, as Klar himself points out, individuals in¬
heriting the translocation present with a range of psychi¬
atric illnesses (Blackwood etui 2001). There are cases

of schizophrenia (n = 7), recurrent major depression
(n = 10), and bipolar affective disorder (n = 1), all of
which should therefore be considered manifestations
of the same inherited risk of major psychiatric illness.
This again argues strongly for the actions of modifiers
(genetic, epigenetic, or environmental). Such variability
in disease presentation is paralleled, for example, by
families segregating neurofibromatosis where clinical
phetiotypes arising front the same genetic lesion differ
substantially between individuals (Carey and Viskochii.
1999). In these patients the actions of modifying factors
are also thought to be involved. Therefore, such a dis¬
ease mechanism whereby a gene of major effect acts
against a background ofmodifiers may be relatively com¬
mon. Thus, if modifiers modulate disease presentation
at the level of clinical phenotype, it is reasonable to
propose that they also modulate disease at the level of
clinical penetrance.

On chromosome 1, the translocation directly disrupts
two overlapping brain-expressed genes, DISCI and DISC2
(Millar et al. 2000), a fact that Klar's theory does not
take into account. Because they are both disrupted,
we consider that DISCI and/or 1)ISC2 are likely to be
involved in causing the susceptibility to major psychiat¬
ric illness in translocation carriers. Klar adds a Note in

proofreferring to our preliminary report, of genetic poly¬
morphisms at the DISCI/DISC2 locus (Devon el al.
2001), which he claims "eliminated the possibility of the
translocation creating a disease-causing mutation, as the
translocation junction region shows no association with
the disorder in many other affected families without
the translocation." This conclusion is unfounded since

disruption of the DISC genes in the translocation family
does not necessarily imply that association between the
region and the disease should be found in nontransloca¬
tion families in all populations. Furthermore, the den¬
sity of markers reported in our study was inadequate to
eliminate DISCI/D1SC2 as a susceptibility locus. This is
because in the absence of linkage disequilibrium across
the entire gene the existence of a mutation not in link¬
age disequilibrium with the markers used cannot be
ruled out. Several independent studies on other popula¬
tions do point toward the presence of a susceptibility
locus within the region of chromosome 1 containing
DISCI and DISC2 in affected individuals lacking the
(1; 11) (q42:ql4j translocation (reviewed in Blackwood
et aL 2001). Of particular note is a report of a LCD
score of 3.21 for schizophrenia in the population of
Finland, generated by a marker located within an intron
of DISCI (Ekki.und et al. 2001). The significance of this
finding is not altered by the recently reported meta¬
analysis that failed to identify a schizophrenia locus of
major effect on chromosome lq (Lkvinson et al. 2002)
since such studies are highly population dependent.
Consequently, we believe that the disruption of DISCI
and DISC2 by the translocation, together with indepen¬
dent support for the presence of a susceptibility locus
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in the region of DISCI and DISC2, provides compelling
evidence that the translocation alters the risk of disease
by affecting expression of DISCI and/or DISC2 rather
than by some other mechanism.

The DISCI/DISC2 locus is not the only example of
a potential susceptibility locus for psychiatric illness;
genome scans have generated significant LOU scores
in other areas of the genome also. These include LOD
scores of 6.5 (lq21-22), 4.4 (2q35), 3.9 (6pter-22), 7.7
(6q25), 3.6 (8p22), 4.1 (13q32), and 4.0 (18ql2; Wang
et. al. 1995; Blouin et al 1998; Bkzustowicz el al 2000;
Guri.ing et al. 2001; Lindhoi.m et. ai 2001; Maziadk et
al. 2001; Paunio et al. 2001). This gives an indication
of the degree of genetic heterogeneity that is likely to
underlie major psychiatric disorders. Klar suggests that
identification, in other psychiatric patients, of transloca¬
tions with different breakpoints on chromosome 1 or
11 will disprove any involvement in disease of gene le¬
sions at the 1; 11 translocation breakpoints. In contrast,
we assert that the evidence of considerable genetic het¬
erogeneity in psychiatric illness suggests that identifica¬
tion of additional chromosomal rearrangements will
pinpoint additional candidate genes. Furthermore gene
disruption by chromosomal translocations is a well-estab¬
lished disease mechanism, with examples including neu¬
rofibromatosis (Carey and Viskochii. 1999), lissenceph-
aly (Glkeson et al. 1998), and speech/language disorder
(Lai et al. 2001), as well as numerous cases of leukemia.

In summary, Klar has presented an interesting and
novel theory to explain the molecular mechanism un¬
derlying psychiatric illnesses. However, upon close ex¬
amination of the predictions arising from his model,
we find that the data arc inconsistent with his hypothesis
in the (I;ll)(q42.1;ql4) translocation family. Conse¬
quently we believe that it is right and proper to continue
study of DISCI and the translocation breakpoint region
in relation to psychiatric illness. Nevertheless, we await
with interest any evidence in favor of this proposed novel
disease mechanism in psychiatric patients unrelated to
the translocation family and. indeed, in patients suffer¬
ing from other disorders where brain laterality may be
affected.
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Genome scans of bipolar disorder (BPD) have not produced consistent evidence for linkage. The rank-based genome
scan meta-analysis (GSMA) method was applied to 18 BPD genome scan data sets in an effort to identify regions
with significant support for linkage in the combined data. The two primary analyses considered available linkage
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data for "very narrow" (i.e., BP-I and schizoaffective disorder-BP) and "narrow" (i.e., adding BP-II disorder)
disease models, with the ranks weighted for sample size. A "broad" model (i.e., adding recurrent major depression)
and unweighted analyses were also performed. No region achieved genomewide statistical significance by several
simulation-based criteria. The most significant P values (<.01) were observed on chromosomes 9p22.3-21.1 (very
narrow), lOqll.21-22.1 (very narrow), and 14q24.1-32.12 (narrow). Nominally significant P values were observed
in adjacent bins on chromosomes 9p and 18p-q, across all three disease models on chromosomes 14q and 18p-q,
and across two models on chromosome 8q. Relatively few BPD pedigrees have been studied under narrow disease
models relative to the schizophrenia GSMA data set, which produced more significant results. There was no overlap
of the highest-ranked regions for the two disorders. The present results for the very narrow model are promising
but suggest that more and larger data sets are needed. Alternatively, linkage might be detected in certain populations
or subsets of pedigrees. The narrow and broad data sets had considerable power, according to simulation studies,
but did not produce more highly significant evidence for linkage. We note that meta-analysis can sometimes provide
support for linkage but cannot disprove linkage in any candidate region.

Introduction

Bipolar disorder (BPD; loci MAFD1 [MIM 125480] and
MAFD2 [MIM 309200]) is a chronic psychiatric dis¬
order with a worldwide lifetime prevalence of 0.5%-
1.5% and a predominantly genetic etiology, based on
twin-study data (Craddock and Jones 1999; Baron
2002). The disorder is characterized by episodes of ma¬

nia, with elated or irritable-angry mood and symptoms
like pressured speech, racing thoughts, grandiose ideas,
increased energy, and reckless behavior, alternating with
more normal periods and, in most cases, with episodes
of depression. Numerous studies have investigated link¬
age to BPD over the past 2 decades. Early reports sug¬
gestive of linkage led to a focus on regions of chro¬
mosome 11 (Egeland et al. 1987), the X chromosome
(Baron et al. 1987), and chromosome 18 (Berrettini et
al. 1994). Many whole-genome scans have been pub¬
lished, with the most highly positive results receiving
support in some but not most other studies.

This lack of agreement among studies could be a false-
negative result due to inadequate power. Even the larger
available BPD genome scan data sets would not reliably
detect a locus associated with a relative risk to siblings
(\sihs) much less than 1.5 (Craddock et al. 1995; Hauser
et al. 1996), so that loci of modest effect could produce
inconsistent and weak evidence for linkage with variable
peak locations (Roberts et al. 1999). Alternatively,
many reported results could be false positives. Lander
and Kruglyak (1995) noted that, for any large set of
genome scans, several studies can produce positive re-
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suits in the same regions by chance, particularly when
multiple models are tested in most studies. Finally, some
of the BPD findings could be true positives that cannot
easily be replicated, because of substantial heterogeneity
in the loci underlying BPD susceptibility across samples
and across families within samples, a point to which we
return below.

Meta-analysis represents one strategy for determining
the significance of findings front a set of related studies.
Meta-analysis of genome scans presents numerous meth¬
odological difficulties, because of the use of diverse phe-
notypic and transmission models, linkage analysis meth¬
ods, marker maps and map densities, sample sizes,
pedigree structures, and ethnic backgrounds. Here we
apply the genome scan meta-analysis (GSMA) approach
(Wise et al. 1999) to all known genome scans for BPD
with 3=20 affected cases, to determine whether statistical
support might be achieved for any chromosomal regions.
The first article in this series (Levinson et al. 2003 [in
this issue]) described the GSMA method in greater detail,
including a simulation study of the method's power to
detect linkage in data sets resembling the available BPD
and schizophrenia scans.

Previous attempts at meta-analysis have included a

multiple scan probability (MSP) analysis (Badner and
Gershon 2002), which combines P values across scans
in regions with clusters of positive scores after adjusting
for the size of the region, and a preliminary GSMA
(Segurado and Gill 2001). Both of these analyses were
limited to published data. Differences between GSMA
and MSP were discussed in the first article in this series

(Levinson et al. 2003 [in this issue]). The GSMA pre¬
sented here includes studies that were not available to

Badner and Gershon (2002) and excludes some smaller
studies that they included (see the "Discussion" section
for further details); our analysis also includes data pro¬
vided by the investigators for every marker in each scan,
whereas the MSP used only published data (from studies
that presented data for all nominally significant regions)
and substituted P values of .5 or 1.0 for missing data
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points. By including only complete whole-genome data
from each scan, the present analysis may be expected
to avoid two problems inherent in publication bias: in¬
vestigators tend to present their most positive results,
as well as weakly positive results that seem to confirm
others' findings, which could inflate meta-analysis re¬
sults in those regions; and, conversely, GSMA can detect
significant cross-study results for regions that are
weakly positive in many studies but not sufficiently pos¬
itive to have been presented as "one of the best results"
in any study.

A number of decisions were required to perform this
GSMA. One is related to diagnoses. Family study data
demonstrate that a number of major mood disorders
coaggregate in families of probands with BPD, including
BP-I disorder (severely dysfunctional manic episodes
with or without depressive episodes), schizoaffective-
bipolar type (SAB; BP-I with periods of persistent de¬
lusions or hallucinations after remission of mood epi¬
sodes), BP-II (recurrent depression with milder manias),
recurrent major depression, single-episode depression,
and milder mood swings (cyclothymia). Because it is
not known which phenotypic definition best reflects the
underlying genetics of the disorder, many investigators
have performed linkage analyses designating different
combinations of diagnoses as "affected." To preserve
statistical power, we selected two primary phenotypic
models for the GSMA, but we analyzed two additional
broader models that are of interest to many investiga¬
tors in the field. We did not divide the analyses by any
other sample characteristic such as ethnicity.

A second decision was related to sample size. The
number of genotyped affected cases in the available
studies ranged from 424 to 11. As discussed in the first
article in this series (Levinson et al. 2003 [in this issue]),
GSMA is best suited to detect loci that influence disease

susceptibility in many or all samples. It was not expected
to be appropriate for revealing susceptibility loci under
a classical locus heterogeneity model, in which a single
extended pedigree might have the greatest power to de¬
tect linkage. Therefore, we excluded from the primary
analyses those scans with <20 affected cases; these were
not considered to contribute any additional power to
detect linkage by GSMA and represented the extreme
of the observed distribution of sample sizes.

Finally, we analyzed each phenotypic model with
and without a weighting factor for sample size
(\N[affected cases], the square root of the number of
genotyped affected cases), which simulation studies
demonstrated will increase power when the genetic ef¬
fect of a locus is similar across samples. Thus, we con¬
sidered our primary analyses to be the weighted anal¬
yses of models 1 and 2 (defined below).

Material and Methods

Data Collection

Genome scans in BPD, either published or unpub¬
lished, were identified via literature databases, confer¬
ence presentations, and personal contact with research¬
ers in the field. Each group was contacted to secure their
collaboration and to obtain the full list of markers used
and genomewide linkage scores, if these had not been
published. Six genome scan reports that included pedi¬
grees from the Old Order Amish (OOA) sample (Detera-
Wadleigh et al. 1994; Gerhard et al. 1994; Ginns et al.
1996; LaBuda et al. 1996; Polymeropoulos and Schaffer
1996; Berrettini et al. 1997) were excluded, because of
sample overlap, in favor of the study that included OOA
data and had the largest overall number of affected in¬
dividuals (Detera-Wadleigh et al. 1999). An additional
four scans (Blackwood et al. 1996; Adams et al. 1998;
Radhakrishna et al. 2001; Ewald et al. 2002) had <20
genotyped affected cases and were excluded from pri¬
mary analyses; a secondary analysis including these four
scans, without weighting for sample size, did not reveal
any additional findings (details available upon request).
Table 1 shows the list of 18 included scans and diag¬
nostic details. These 18 genome scans are from 16 re¬
search groups, and 12 of the scan analyses used here
have been published or are in press.

After examining the diagnostic schemes used in these
18 studies, we selected two primary models for GSMA:
model 1 ("very narrow"), including as affected either
BP-I cases or BP-I and SAB cases; and model 2 ("nar¬
row"), including BP-I, SAB, and cases judged by the
original investigators to meet current Diagnostic and
Statistical Manual (DSM)-IV criteria for BP-II. We felt
that the primary analyses should focus on BPDs, and
there were too few scans with analyses of the very nar¬
row model for us to be comfortable limiting the primary
analyses to those data; therefore, we focused on these
two models. Nine studies included linkage analyses con¬
sistent with our model 1, with a total of 347 pedigrees
and 948 genotyped cases. Fourteen studies included link¬
age analyses consistent with model 2 (512 pedigrees,
1,733 cases). Among these 14 were 6 studies that had
analyzed both models 1 and 2; 3 studies with only a
model 1 analysis, which was therefore also included in
our model 2; and 5 studies with an analysis under model
2 but not model 1.

Secondary analyses were also performed under a
"broad" disease model (model 3, adding recurrent major
depressive disorder [MDD]; 593 pedigrees, 2,437 cases),
which has been of interest to a majority of investigators
because MDD is the most common disorder in families
with BPD. Note that we included in the model 3 analysis
several studies that included a small proportion of cases
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with additional, broader diagnoses (see table 1), but we
excluded studies whose broad model included a large
proportion of cases with other diagnoses. We also ap¬
plied a "very broad" model (model 4, adding single-
episode major depression and cyclothymic disorder; 617
pedigrees, 2,589 cases); results did not reveal any ad¬
ditional significant findings and are not presented here
but are available upon request. Table 1 lists the sample
sizes under each disease model; those for models 1 and
2 were small compared with the schizophrenia analysis
(1,208 pedigrees, 2,945 cases) reported in the previous
article in this series (Lewis et al. 2003 [in this issue[).

The linkage statistics used by each study are detailed
in table 1. Research groups were asked to indicate their
primary linkage statistic if several were applied, and this
was preferentially used for ranking. In most cases, para¬
metric single-point LOD scores had been computed un¬
der two to five transmission models, and wc selected the
most significant of these scores (i.e., maximized across

models) as the score for each marker. Other linkage
scores included were multipoint nonparametric tests, in¬
cluding the maximum LOD score (MLS), for likelihood-
based affected-sibling-pair (ASP) analysis, or nonpara¬
metric linkage (NPL) analysis.

The selected studies were consistent in that they
achieved reasonably even marker coverage of the ge¬
nome, used well-established linkage statistical methods,
diagnosed mood disorders on the basis of modern di¬
agnostic instruments and criteria, and included predom¬
inantly European-ancestry subjects; however, the studies
did vary in sample size, evenness of marker spacing, the
number of linkage analyses that were applied, com¬

munity-based versus more ethnically homogeneous sam¬
ples, and the typical size of pedigrees.

CSMA

Meta-analysis was performed as described by Wise et
al. (1999) and in the first two articles of this scries (I.cv-
inson et al. 2003 [in this issue); Lewis et al. 2003 [in
this issue]). Terminology is summarized in appendix A.
In brief, the genome was divided into 120 30-cM bins
defined by markers from the Gcnethon map (CEPH-
Genethon Integrated Map Web site). The average bin
width on the Marshficld map (Center for Medical Ge¬
netics Web site) was 29.1 cM. These boundary markers
and their Marshficld locations arc shown in figures 1
and 2. Each marker from each study was placed within
one of these bins, on the basis of its location on the
Genethon, Marshficld, or Southampton (Genetic Loca¬
tion Database Web site) maps or the human genome map
(NCB1 Home Page). For each study in a given analysis,
the maximum linkage score (or minimum P value) was
selected within each bin, and the bins were assigned a
rank (Rsrudy) in ascending order ("1" designates the bin

with the most significant result). Negative or zero scores
were treated as a set of ties and given the average rank
for the set (e.g., if there were 20 such scores, all were
ranked 110.5). The average rank (R0V6) across studies
was then computed for each bin. For the weighted anal¬
ysis, each Rstud value was then multiplied by its study's
weight (\N[affected cases], divided by the mean of this
value over all studies), as discussed in the first article in
this series (Levinson et al. 2003 [in this issue]). Two
pointwise P values were determined by permutation
(5,000 permutations per analysis): PAvgRnk and P„rd, as
defined in appendix A.

Results

Data for 22 genome scans were collected, and 18 were
selected for analysis under models 1-3, as discussed
above (table 1). For these 18 studies, an average of 404.2
(SD 122.9) markers were tested per scan, or 3.37 (SD
1.02) per 30-cM bin. Of the 18 scans, 13 had markers
in all bins, 4 had no markers in 1-3 bins, and 1 older
scan (Utah) had no markers in 19 bins. Linkage results
for missing bins were extrapolated as the average of
surrounding bins. Bins on chromosomes 5, 18, 21, and
22 were covered by >4.6 markers per study, a potential
confounding factor that could not be eliminated, be¬
cause, for some studies, the available analyses included
both "screening" markers and those included to test
these candidate regions.

The power of these data sets to detect linkage at var¬
ious thresholds was studied as described in detail in the
first article in this series (Levinson et al. 2003 [in this
issue]). Empirical significance thresholds are summa¬
rized in appendix A. When there were 10 linked bins
in the genome with a populationwide Xsibs of 1.3 for
each locus, the mean number of bins achieving P <
.000417 was 0.4 for model 1 and 2.34 for model 2.
The power to detect any one locus associated with a

Xsibs of 1.15 at P < .05 was 0.49 for model 1 and 0.77
for model 2, averaged across simulated conditions. The
most powerful empirical index of linkage was the ob¬
servation of both PAvgRnk and P„rd < .05—for example,
with 10 linked bins in the genome, for Xsibs = 1.3, a
mean of 4.54 linked hins would achieve this for model
1, and a mean of 8.43 would achieve this for model 2;
or, for Xsibs = 1.15, 1 .53 and 4.68 bins, respectively.

Figures 1 and 2 summarize the ranked data for each
study for models 1 and 2 and show the average ranks
for each bin for the weighted analysis and its place in
the order of average ranks. The markers that define the
bin boundaries are shown, along with their locations
on the Marshfield map. For clarity, the Rstudy values have
been divided into eight ranges, with "1" representing
ranks 1-5, "2" representing ranks 6-10, etc., as shown
in the legend at the bottom of each figure.
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for each study; and the overall place of each bin in ascending order of average ranks (the lowest/best average rank is first-place). Average ranks
with significant P,-,,^, values are highlighted above the columns (black for PAl6n„i, < 01 ( gray for PAvBn„k < 05). Tied ranks sometimes resulted
in uneven numbers of bins in some groupings, particularly for lower ranks when there were many zero or negative scores. Marshficld ("Mfd")
locations are shown for rfie marker or rh*> distal boundary of each bin. Bin boundaries were selected at —*30-cM spacing on the Genethon map;
moan bin width is 29.1 cM on the Marshfield map. Peds — number of pedigrees; Aff — number of genotyped affected cases. See table 1 for
the references associated with each study.

Table 2 shows PAvgRnk and Pord values, for all bins that
achieved f^vgR„k < 0.1 in each of these analyses, in as¬
cending overall order. Table 3 shows the same data in
it different format, to illustrate patterns across models:
all bins are listed that achieved J^vgRnk < .05 under any

of models 1-3 (weighted or unweighted). PAvgRnk values
<. 1 are shown, to illustrate whether a bin tended to
achieve lower ranks even under those models in which
a nominal level of significance was not observed. Note
that these analyses are nonindependent—that is, the
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Figure 2 Individual study and weighted average ranks by bin (model 2) (see fig. 1 for explanation)

broader models include the pedigrees from the narrower
models.

No bin reached a genomewide level of significance
(PAvgKuk) in any analysis, and none of the aggregate cri¬
teria for linkage, established in the simulation studies

described in the first article in this series (Levinson et
al. 2003 fin this issuef), were met here: in simulated
data, <5% of unlinked GSMA replicates had ^11 bins
that achieved by-bin P values <.05; here, the maximum
number of such values was 9 for model 1-weighted and
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Table 2

PA.(Kn» and Values for Models 1-3
Weighted analyses Unweighted analyses

Plack

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

Bin Pord Bin PavjR ilk P„td Bin p1 AvgRnk ^ord Bin PAvgRnk Pord Bin PAvgRnk Pord Bin PAvgRnk Pord
1 9.2 .006 .497 14.3 .003 .309 14.3 .006 .544 9.2 .009 .685 2.6 .014 .829 14.2 .011 .751
2 10.3 .008 .267 18.2 .013 .478 18.2 .015 .557 1.4 .016 .583 14.2 .016 .605 18.2 .018 .647

3 1.4 .013 .191 2.6 .036 .841 8.6 .037 .850 19.4 .021 .465 14.3 .017 .334 18.3 .019 .406
4 19.4 .017 .144 8.1 .044 .809 7.6 .043 .803 18.1 .038 .698 18.3 .023 .294 11.3 .025 .355
5 9.3 .026 .195 8.6 .045 .672 18.3 .048 .727 10.3 .046 .685 18.2 .027 .209 14.3 .040 .552
6 17.2 .031 .143 5.6 .051 .588 11.3 .054 .658 18.2 .057 .719 5.1 .038 .293 20.1 .045 .456
7 18.2 .031 .057 18.3 .061 .631 20.1 .058 .572 18.3 .059 .595 1.8 .041 .203 21.2 .052 .454
8 18.1 .033 .026 5.1 .065 .547 14.2 .059 .420 5.5 .062 .468 21.2 .042 .107 7.5 .056 .357
9 14.3 .043 .049 21.2 .075 .582 12.4 .064 .354 17.2 .070 .469 3.6 .047 .088 2.6 .056 .214

10 18.3 .055 .091 7.6 .079 .483 21.2 .071 .333 1.8 .070 .325 8.1 .049 .047 1.8 .057 .124
11 6.4 .060 .070 9.3 .080 .342 5.6 .073 .230 9.3 .073 .236 7.5 .059 .065 12.4 .059 .074

12 10.2 .075 .153 14.2 .100 .572 11.1 .079 .212 20.4 .083 .269 8.6 .069 .081 7.6 .059 .036
13 18.4 .082 .138 2.6 .082 .151 12.3 .091 .259 20.4 .074 .067 8.6 .064 .024

14 12.4 .094 .200 9.3 .085 .102 3.4 .092 .170 5.6 .080 .060 20.4 .093 .194

15 5.1 .097 .140 7.5 .095 .117 11.3 .085 .051
16 18.4 .097 .070 9.2 .087 .029
17 2.9 .091 .021

Note.—Shown are PAvBKnk and POIt) values for all bins with PAvgRllk values <.1 in each analysis, sorted by their overall place in the order of
average ranks for that analysis. P values <.05 and the associated bin labels arc shown in boldface italic type.

10 for model 2-unweighted. Also, <5% of unlinked
GSMA replicates had five or more bins that achieved
both PAvgR„k and P„rJ < .05; this was not observed in any
of the BPD analyses. Finally, <5% of unlinked GSMA
replicates had four or more bins with ^ord < .05 among
the bins with the 10 best average ranks; no BPD analysis
had more than two such bins.

The simulation studies also suggest that, among those
bins with nominally significant PAvgRnk values, those that
also achieve nominally significant P„rd values are the most
likely to be linked. In the model 1-weighted analysis, this
was observed for bins 18.1 (PAvgRnk = .033; Pord = .026)
and 14.3 (PAvgRnk = .043; P„rd = .049). However, these P
values do not meet genomewide levels of significance.

We also performed an exploratory GSMA (not shown
in tables 2 and 3) under model 3 for the nine studies
that had no model 1 analysis, since these represented
an independent model 3 data set. PAvgR„k values <.01
were observed for bins 14.2 (PMsRnk = .0025) and 8.6
(PwgR.ik = .0046), and PAvgR„k < -05 was observed for
bins 12.4, 11.3, 18.2, 8.5, 20.1, and 9.6 (for which Pord
was also <.05). Thus, no new striking evidence for link¬
age was observed, and the regions of interest were sim¬
ilar to other analyses, with the addition of chromosomes
9q and 12q.

Finally, to determine whether the placement of bin
boundaries was having a critical effect on results, ad¬
jacent bins were combined into 60-cM bins, for the two
possible combinations (e.g., for chromosome 1, bins
1+2, 3 + 4, etc.; and then 2 + 3, etc.), for models 1 and
2 (weighted and unweighted). More highly significant
P values were not observed. Regions of interest were

the same, with two exceptions. For model 2 (weighted
and unweighted), bins 7.5 and 7.6 (7q31.1 -qter) and
bins 9.2 and 9.3 now achieved PAvgRnk < .05, suggesting
that a different placement of bins might have produced
nominally significant average ranks in 30-cM bins sur¬
rounding the boundaries between these two pairs of
markers (148.1 cM on chromosome 7 and 53.6 cM on
chromosome 9).

Additional data are available at the University of
Pennsylvania Web site listed in the "Electronic-Database
Information" section, including tables of summed ranks
(weighted and unweighted) for each sample and scat-
terplots of average ranks, for models 1-4.

Discussion

We have conducted a rank-based meta-analysis of ge¬
nome scans for BPD, incorporating data from all known
nonoverlapping studies with >20 affected cases, to in¬
vestigate the combined evidence for linkage across stud¬
ies. The rank-based nature of the analysis and the strin¬
gency in selection of studies should ensure that the
meta-analysis is not biased by statistical methodology
or by the nature of the individual samples, although it
remains possible that it was confounded by typing of
additional markers in well-known candidate regions.

Previous meta-analyses (Segurado and Gill 2001;
Badner and Gershon 2002) have used only published
data. Badner and Gershon (2002) used the MSP
method, based on P values, which identified regions of
chromosomes 13q (at 79 cM; bin 13.3 here) and 22q
(at 36 cM; bin 22.2 here) as being likely to contain BPD
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Table 3

Pallerns of Significance across Models

Marshfihi.d
Weighted Unweighted

Bin
(Bhgin-End)

(cM)
Cytogenetic

Position
Model

1

Model
2

Model
3

Model
1

Model
2

Model
3

1.4 83.07-113.69 Ip32.1-q31.1 <.05 <.05
1.8 201.58-231.11 Iq31-q32 <.1 <.05 <.1
2.6 128.41-154.48 2q22.1-q23.3 <.05 <.1 <.05
3.6 146.6-173.34 3q22.1 -q25.3 1 <.05
5.1 0-31.78 5prer-pl5.1 <.1 <.1 <.05

7.6 122.48-148.11 7q34-qter <.1 <.05 <.1

8.1 148.11-190.0 8pter-p22 <.05 <.05b
8.6 137.92-167.9 8q24.21 -qter <.05 <.05 <.1 <.1

9.2 27.32-53.6 9p22.3-p21.1 <.01 <.01 <.1

9.3 53.6-84.9 9p21.1-q21.32 <.05 <.1 <.1 <.1

9.6 109.9-136.5 9q33.3-9qter
10.3 62.23-91.13 lOql 1.21 -q22.1 <.01 <.05

11.3 47.06-72.82 11 pi 3-q 13.3 <.1 <.1 <.05
12.4 82.12-109.47 12ql5-q23.2
14.2 40.11-74.96 14q 13.1 -q24.1 <.1 <.05 <.05
14.3 74.96-105 14q24.1-q32.12 <.05h <.01 <.01 <.05 <.05
17.2 25.14-63.62 17pl2-q21.33 <.05 <.1
18.1 0-24.08 18pter-pl 1 <.05h <.05
18.2 24.08-62.84 18p 11 -ql 2.3 <.05 <.05 <.05 <.1 <.05 <.05
18.3 62.84-96.48 18ql 2.3-q22.1 <.1 <.1 <.05 <.1 <.05 <.05
19.4 75.41-105.0 19ql3.33-qter <.05 <.05
20.1 0-21.15 20pter-pl2.3 <.1 <.05

21.2 25.26-57.8 21q21.3-qter <.1 <.05 <.1

* Listed are all bins with PAvgRnk < .05 under any disease model. PAvgRn(
to indicate how consistently a bin achieved lower ranks across models.

b Indicates that a bin with PAvi,Hllk < .05 also had PI1I(, < .05.

values < .1 are shown only

susceptibility loci. The data sets only partially over¬
lap—that is, their analysis included four studies that
contributed identical data to the present meta-analyses,
three that were not included here, and four for which
there were apparently differences in the data used (de¬
tails available on request). Further, for the present anal¬
ysis, the investigators provided data for all markers in
each scan if these were not listed in the publication.
Badner and Gershon (2002) also combined data from
different diagnostic models. Thus, it is possible that dif¬
ferences in the data sets account for the differences in
results. This interpretation is supported by the fact that
a preliminary GSMA of a similar set of published data
(Segurado and Gill 2001) also observed its most sig¬
nificant results on chromosomes 13q and 22q. These
results are not supported by the present analysis, which
was based on a larger number of data sets, complete
genome scan data, and separate analyses of each di¬
agnostic model. Linkage might be present in these
regions in some samples, or it might be present too
weakly to detect consistently.

In the absence of genomewide significant findings, we
note here the patterns of results that may be of interest
to BPD researchers. The most significant PAvgRnk values
in the primary weighted analyses of models 1 and 2

were observed for bin 14.3 (PAvgRnk = .003; model
2), bin 9.2 (PAvgR„k = .006; model 1), and bin 10.3
(PAvgRnk = .008; model 1). Two other trends of possible
interest include (1) observing low average ranks for a
bin across diagnostic models, which would be consistent
with family study data suggesting a BPD spectrum; and
(2) observing low average ranks for adjacent bins, which
was common in the simulation studies in the presence
of linkage. In the primary analyses, bins 9.2 and 9.3
achieved f^vgR„k < .01 and f^vgRnk < .05, respectively, and
bins 18.1 and 18.2 achieved l^vgR,,k < -05 (all under
model 1). Bins 14.3 and 18.2 achieved PAvgRnk =£ .05
across models 1-3 (weighted analyses), bin 8.6 achieved
this for models 2 and 3, and bins 9.2 and 9.3 achieved
this for models 1 and 2 when they were combined into
a single 60-cM bin. Thus, the present analyses provide
some support for the hypothesis that regions on chro¬
mosomes 14q, 9p-q, lOq, 18p-q, and 8q could contain
loci that are weakly linked to BPD in multiple popu¬
lations. Because none of these findings achieved a ge¬
nomewide level of significance on the basis of empirical
criteria, we do not review in detail the previous data
supporting these findings; most of these data are con¬
tained in the genome scan studies that had the lowest
average ranks in these regions (figs. 1 and 2) and can
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be found in the referenced publications for these studies
and in other publications by these research groups.

One possible confounding factor here is that bins
18.2, 18.3, and 18.4 were tested with more markers per
bin than elsewhere in the genome-—an average of 6.56
for bin 18.2 (the largest value in the genome), 4.78 for
bin 18.3, and 5.28 for bin 18.4. For model 3, there was
a Pearson correlation of —0.46 (P < .00001) between
the average number of markers for the 120 bins and
their average ranks. Uniformly high marker density
would be an advantage, but, if some bins have much
higher marker density than average, a slightly higher
maximum linkage score tends to be observed within
them because of increased information content (recall
that lower scores are ignored), although the higher den¬
sities observed here are not extreme in this regard (L.
Wise, unpublished data). GSMA could be further con¬
founded if investigators who observed some evidence
for linkage in a candidate region then decided to in¬
crease marker density. Low average ranks were not
noted for other regions with very high marker density
on chromosomes 5, 21, and 22. Marker density might
have contributed to our evidence for linkage on chro¬
mosome 18 or might simply have been a response to
reports of linkage in this region.

There are many possible interpretations of our failure
to find genomewide significant evidence for linkage to
BPD. A general caveat is that, in complex disorders,
negative results do not disprove linkage; therefore, the
present study should not be interpreted as an absence
of genetic effects that might be detected by other meth¬
ods—we tested only the hypothesis that GSMA could
detect loci that contributed to BPD susceptibility in
many of these diverse populations, through use of avail¬
able samples.

It is possible that methodological factors contributed
to the negative results. On the broadest level, one might
consider the strengths and limitations of GSMA as a
method of meta-analysis. Whereas traditional meta¬
analysis methods estimate an effect size from studies
that used the same methods and statistical tests, GSMA
is a nonparametric approach that tolerates a degree of
variability in sampling and statistical methods, yielding
largely empirically based measures of significance rather
than an effect size and localizing signals into relatively
broad bins (here, 30 cM in width). This flexibility of
GSMA is also a limitation, dictated by the limitations
of available genome scan data—it is possible that the
variability among BPD studies is impacting negatively
on the GSMA in undetected ways, and, indeed, in our
simulation studies we did not study the effects of some
of the decisions we made here, such as maximizing LOD
scores across two or more transmission models, marker
by marker, or including samples with diverse pedigree
sizes and structures. In most respects, however, there

was similar variability in the schizophrenia GSMA that
did produce genomewide significant results.

There are unresolved issues regarding the genetic ep¬

idemiology of the spectrum of mood disorders that
could have influenced these results. A full review of these
issues is beyond the scope of this article, but we will
note several of them. The relative risk of BP-1 disorder
in relatives of probands with BP-I versus the general
population has been estimated at 4-10 (Maier et al.
1993; Merikangas et al. 2002; Taylor et al. 2002). Rel¬
ative risk appears to be elevated for probands with
younger age at onset (Todd 2002), but genome scans
have not focused on early-onset cases. There are con¬
flicting data about differential risks depending on the
sex of the transmitting parent and/or of the proband
(McMahon et al. 1995; Gershon et al. 1996; Grigoroiu-
Serbanescu et al. 1998). There are a number of issues
regarding the differentiation between BP-I and BP-I1 dis¬
orders. Although they are often combined in analyses,
it is possible that they are partially genetically distinct:
BP-II is more common in the relatives of probands with
BP-II than it is in the relatives of probands with BP-1
(Endicott et al. 1985; Heun and Maier 1993), one study
reported a greater relative risk for BP-II than for BP-I
(Heun and Maier 1993), and at least one linkage result
was observed primarily in families with BP-I I—BP-II
ASPs (McMahon et al. 2001). Interrater reliability in
assessment of BP-II can be quite high (Simpson et al.
2002) but has typically been only fair (Rice et al. 1986;
Leboyer et al. 1991). The proportion of BP-I to BP-II
cases varies greatly across studies (table 1). Thus, dif¬
ferences in approaches to diagnosing and analyzing
these two disorders may be a source of unmeasured
variability across linkage studies. Lastly, although major
depression is the most common disorder among the rel¬
atives of probands with BPD, it is also common in the
population, and it has not been possible to distinguish
"bipolar" and "unipolar" depression on the basis of
clinical features and course (Blacker et al. 1996); there¬
fore, BPD genome scans might be including genetically
heterogeneous cases of depression. Different and more
consistent approaches to some of these issues might
produce greater consistency in linkage findings across
studies.

Our negative results could also be due to the inter¬
related problems of sample size, ethnic background,
and pedigree structure. A parsimonious interpretation
would be simply that power was inadequate. Only 347
pedigrees with BPD have been analyzed with a very
narrow model (model 1), versus ~1,200 for schizo¬
phrenia, for which the GSMA was more successful. If
there are differences in the genetic architecture of BP-I,
BP-II, and MDD in these families, then it is possible
that only analyses of much larger samples of narrowly
diagnosed cases will detect loci that influence BPD sus-



Segurado et al.: Bipolar Disorder Genome Scan Meta-Analysis 59

ceptibility in many or most populations. Larger samples
are currently being collected or analyzed, so that this
hypothesis should be testable in the near future.

Alternatively, it is possible that BPD is characterized
by one or several types of substantial genetic hetero¬
geneity—that is, major differences in the loci that un¬
derlie susceptibility in different populations, the exis¬
tence of multiple sets of interacting loci within each
population, and/or the existence of many different loci
that play major roles in susceptibility in a small pro¬

portion of extended pedigrees. In each of these cases,
GSMA would be unlikely to have sufficient power. The
present analysis included three samples from unique
populations (Finland, Quebec, and the Central Valley
of Costa Rica), as well as samples comprised of highly
selected extended pedigrees (such as Columbia, Edin¬
burgh, National Institute of Mental Health [NIMH|-
Intramural Program |IM], and University College [UC]
London) and others of smaller nuclear families. Al¬
though the large schizophrenia GSMA was apparently
successful despite similar variability among samples, it
is possible that the genetics of BPD are sufficiently dif¬
ferent to make a GSMA of all available scans a less
useful strategy. An additional limitation here is that X-
and Y-chromosome data are not currently accommo¬
dated by the GSMA procedure.

There was little evidence to support an overlap be¬
tween BPD and schizophrenia susceptibility regions, al¬
though it is possible that such evidence will emerge as
the BPD data set increases. None of the cluster of
19 bins with F(lrd < .05 in the schizophrenia analysis
achieved even nominal significance in the BPD analysis.
It has been suggested that more information about pos¬
sible BPD/schizophrenia overlap might be obtained with
linkage analysis of BPD data limited to subjects with
overt psychotic symptoms (hallucinations or delusions),
as well as with combined analyses of schizophrenia and
psychotic BPD data.

In summary, the GSMA of BPD represents an un¬
biased exploration of evidence for common susceptibili¬
ty genes for BPD. No chromosomal region produced
statistically significant results at the genomewide lev¬
el. There were several promising results, including
^AvgRnk < .01 for bin 9.2 (with I^VBn,lk < .05 in bin 9.3)
and bin 10.3 for model 1 and for bin 14.3 for model
2. Nominally significant evidence for linkage was ob¬
served for bins 14.3 and 18.2 under three different di¬
agnostic models and for bin 8.6 under two models, as
well as for adjacent bins under some models. It would
appear that each BPD susceptibility gene might have a
small populationwide effect, thus requiring larger or
more refined samples to detect, and/or that locus het¬
erogeneity across samples is considerable, and/or that
methodological problems in the meta-analysis or the
scan analyses themselves have limited the power of this

study. For complex disorders, an analysis of this type
is intended only to provide additional support for fur¬
ther study of regions that provide evidence for linkage
across multiple scans. The results should not be inter¬
preted as disconfirming findings of individual scans, and
there may be linkages that can be identified only in
specific pedigrees or populations. Finally, it is not at all
clear to what degree future studies using large collab¬
orative samples versus samples of one or more extended
pedigrees will prove useful in finding and confirming
linkages. It would seem important that both strategies
be pursued.

We plan to update this analysis when several new
BPD genome scans are completed, and we invite inves¬
tigators with new genome scan data to contact the pre¬
sent authors.
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Appendix A

Summary of Terminology

Bin: One of 120 30-cM autosomal segments used as
units of analysis in GSMA; bin 2.1 is the first 30 cM of
chromosome 2.

Rsuidy (within-study rank): The rank of each bin within
a single study, based on the maximum linkage score (or
lowest P value) within it. The bin containing the best
score has a rank of 1. All negative and 0 scores are
considered to be tied. For weighted analyses, each raw
rank is multiplied by the study's weighting factor.

RA,.B (average rank): The average of a bin's within-
study ranks or weighted ranks across all studies.

PAvgR„k (probability of RAvg): The pointwise probability
of observing a given RAvg for a bin in a GSMA of N
studies, determined by theoretical distribution (un¬
weighted analysis only) or by permutation test (fig. 2).

P„rd (probability of RAvg given the order): The point-
wise probability that, for example, a first-place, second-
place, third-place, etc., bin would achieve RAvg at least
this extreme in a GSMA of N studies.

Genomewide significance: For a = 0.05, correction
for 120 bins yields a threshold for genomewide signifi¬
cance of .000417 for PAvgRnk or P„rJ. For suggestive link¬
age (a result observed once per scan by chance), a =
1/120 = 0.0083.
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The URLs for data presented herein are as follows:

Center for Medical Genetics, http://research.marshfieldclinic
.org/genetics (for the Marshfield genetic map)

CEPH-Genethon Integrated Map, http://www.cephb.fr/ceph-
genethon-map.html

D. F. Levinson Research, http://depressiongenetics.med.upenn
.edu/meta-analysis.html (for further details, including
weighted and unweighted ranks for each bin for each study)

Genetic Location Database, http://cedar.genetics.soton.ac.uk/
public_html/ldb.html (for the Cedar genetic map)

NCBI Home Page, http://www.ncbi.nlm.nih.gov/ (for cytoge¬
netic locations obtained from the April, 2002 freeze of the
Human Genome Project)

Online Mendelian Inheritance in Man (OMIM), http://www
.ncbi.nlm.nih.gov/Omim/ (for MAFD1 and MAFD2)
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Mutational Screening and Association Study of Glutamate
Decarboxylase 1 as a Candidate Susceptibility Gene
for Bipolar Affective Disorder and Schizophrenia
M.D. Lundorf,1 H.N. Buttenschon,1 L. Foldager,1 D.H.R. Blackwood,2 W.J. Muir,2 V. Murray,3 A.J. Pelosi,4
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Recent evidence from postmortem studies sug¬
gests that GAD1 encoding the gamma-aminobuty-
ric acid (GABA) synthetic enzyme GAD67 is a
functional candidate susceptibility gene for both
bipolar affective disorder (BPAD) and schizophre¬
nia. Previous studies suggest linkage between
D2S326 near GAD1 and BPAD. We systematically
screened GAD1 exons, flanking intronic sequen¬
ces, and the promoter sequence for polymorph¬
isms in 16 BPAD patients and five controls from
Denmark. We identified eight single nucleotide
polymorphisms (SNPs) including two in the pro¬
moter sequence. An association study of SNPs
covering GAD1 was performed in a Danish sample
of 82 BPAD subjects and 120 controls and in a
Scottish sample of 197 individuals with schizo¬
phrenia, 200 BPAD subjects and 199 controls.
Linkage disequilibrium (LD) and haplotype fre¬
quencies were estimated from genotype data from
eight SNPs. Strong pairwise LD was observed
among all pairs of neighboring markers. In the
Danish sample, we found weak association
between BPAD and two promoter SNPs spaced 1
kb apart. Furthermore, one, two, and three loci
haplotype analysis showed weak association with
BPAD in the Danish sample. The results from the
association studies indicate that promoter var¬
iants are of importance for the Danish BPAD cases
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and we cannot reject the hypothesis of GAD1 as a
functional candidate gene for BPAD. No associa¬
tion was observed between BPAD or schizophre¬
nia and any of the investigated SNPs in the
Scottish sample set. Thus the results obtained
from the Scottish sample suggest that the GAD1
gene variants do not play a major role in the
predisposition to schizophrenia.
© 2005 Wiley-Liss, Inc.

KEY WORDS: glutamate decarboxylase 1; bipo¬
lar affective disorder; schizo¬
phrenia; single nucleotide poly¬
morphism; association

INTRODUCTION

The pathophysiology of BPAD and schizophrenia are un¬
known but family, twin, and adoption studies strongly support
a genetic basis of the etiology of both diseases [McGuffin et al.,
1995; Potash and DePaulo, 2000]. BPAD and schizophrenia are
classified as separate diagnostic categories but accumulating
evidence indicate that the two diseases might be more closely
related than previously thought [Bramon and Sham, 2001].
Linkage studies have identified several genomic regions
potentially harboring risk genes shared by the two diseases,
i.e., 10pl4, 13q32, 18pll.2, and 22qll-13 [Berrettini, 2000;
Gershon, 2000]. The serotonergic and dopaminergic neuro¬
transmission systems have been studied extensively in BPAD
and schizophrenia. However, the gamma-aminobutyric acid
(GABA)-ergic system may also be of importance for both
diseases [Benes and Berretta, 2001; Carlsson et al., 2001;
Knable et al., 2002; Krystal et al., 2002; Massat et al., 2002].
GABA is the main inhibitory neurotransmitter in the adult
mammalian brain and is synthesized from glutamate by
glutamate decarboxylase (GAD, L-glutamate 1-carboxylyase;
EC 4.1.1.15), that exists in two main isoforms, GAD67 and
GAD65. GAD67 is encoded by the GAD1 gene on chromosome
2q31.1 [Bu et al., 1992; Kelly et al., 1992] whereas GAD65 is
encoded by GAD2 on chromosome 10pl3-pll.2 [Karlsen et al.,
1991].

Suggestive linkage (LOD = 2.05; 0max = 0.15) was found
between BPAD and marker D2S326 located close to GAD1 in
a recent genome-wide study on 75 BPAD families [Cichon et al.,
2001]. The GAD1 gene is composed of 18 exons and spans
approximately 45 kb of genomic DNA [Bu and Tobin, 1994].
Furthermore, several recent postmortem studies have demon¬
strated decreased levels of GAD67 protein and mRNA in
subjects with BPAD or schizophrenia. A reduction of GAD67

© 2005 Wiley-Liss, Inc.
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mRNA levels without loss of neurons was found in the pre¬
frontal cortex of schizophrenic subjects [Akbarian et al., 1995].
Similarly, a decreased level of GAD67 mRNA levels was
found in a subset ofprefrontal cortex GABAergic neurons [Volk
et al., 2000]. Decreased amount of GAD67 protein without a
significant difference in GAD65 protein levels was observed in
temporal cortex of schizophrenic patients [Impagnatiello et al.,
1998]. Furthermore, a recent study showed decreased levels of
GAD67 protein and mRNA in prefrontal cortex area nine from
BPAD and schizophrenic patients when compared to either
unipolar depressed patients or nonpsychiatric subjects
[Guidotti et al., 2000]. A study performed by Woo et al. [2004]
indicate a decrease in GAD67 mRNA-expressing neurons in
especially layer 2 in the anterior cingulate cortex (Broad-
mann's area 24) in bipolar affective disorder (BPAD) and
schizophrenia. However, a recent study on GAD expression in
cerebrocortical regions surprisingly showed a significantly
increase in the level of GAD65 and GAD67 mRNA among
elderly patients with schizophrenia [Dracheva et al., 2004].
Different explanations have been suggested to explain this
increase in expression since most studies favors a decrease in
GABA function. One possible explanation is the cronicity of
disease and age combined with life-long exposure to anti¬
psychotic medication [Dracheva et al., 2004]. Among 284 mole¬
cular markers analyzed in post-mortem specimens from the
Stanley Foundation Neuropathology Consortium, GAD67
protein levels was indeed the single most useful marker for
discriminating BPAD, schizophrenia, and depression from
normal individuals [Knable et al., 2002]. The above findings
make GAD1 a candidate susceptibility gene for both BPAD and
schizophrenia.

A recent meta-analysis linkage study of BPAD using 18
genome scans [Segurado et al., 2003] and a meta-analysis
study of schizophrenia using 20 genome scans [Lewis et al.,
2003] did not implicate 2q31.1 as a region containing a
potential risk locus. The closest region of interest for our study
showing linkage to both psychiatric diseases is 2q22.1-q23.3
[Lewis et al., 2003; Segurado et al., 2003].

In this study, we have identified and analyzed SNPs in the
promoter and coding regions of the GAD1 gene. The SNPs were
tested for association with BPAD and schizophrenia in
unrelated BPAD patients from Denmark and in unrelated
schizophrenic and BPAD subjects from Scotland, all with
ethno-geographically matched controls.

MATERIALS AND METHODS

Subjects and Diagnosis

Eight SNPs were analyzed in 82 unrelated Danish BPAD
patients and 120 Danish Caucasian controls. All cases fulfilled
the DSM-IV [American Psychiatric Association, 1994] criteria

SNP ID dbSNP ID

SNP1 Rsl978340
SNP2 Rs872123
SNP3 Rs3749034
SNP4 Rs769404
SNP5 Rs769390
SNP6 Rs701492
SNP7 Rs4668331
SNP8 Rs769395

SNPs, single nucleotide polymorphisms.
"Position relative to first nucleotide in coding region.
'Random sequences added to facilitate multiplex analyses are underlined.

for BPAD 1. Only patients with an age of onset before 35 years
were included. The patients were all interviewed using the
semi-structured interview SCAN version 2.1 [Wing et al.,
1998]. Consensus best-estimate of lifetime diagnosis was made
independently by two senior psychiatrists. Further details of
the Danish sample have been reported previously [Borglum
et al., 1999; Brunn and Ewald, 1999].

Scottish subjects with schizophrenia or BPAD were inpa¬
tients or outpatients of the Royal Edinburgh Hospital or
Hairmyres Hospital, Lanarkshire. Diagnoses were based on a
direct interview of subjects by an experienced psychiatrist
using the Schedule for Affective Disorders and Schizophrenia,
SADS-L [Endicott and Spitzer, 1978], hospital case note review
and interviews with relatives and carers. Final diagnoses were
reached by consensus between two experienced psychiatrists.
All cases met the DSMIII-R criteria for BPAD or schizophrenia.
DNA from control subjects was obtained through the Edin¬
burgh and SE Scotland Blood Transfusion Service. Controls
were asked to complete a screening questionnaire and subjects
taking regular medication or with a present or past history of
serious physical or mental illness were excluded.

All Danish and Scottish patients gave written consent to
take part in these studies. All Danish and Scottish patients and
controls were Caucasian in origin. Approvals of the local
ethical committees were obtained prior to the study.

Mutational Screening
Genomic regions were amplified by polymerase chain

reaction (PCR) using 18-36 ng genomic DNA, 10 mM Tris-
HC1,1.5mMMgCl2,50 mM KC1,1.25 mM ofeachdNTP,2pmol
of each primer, and 0.025 U Taq (Roche Molecular Biochem-
icals) in a volume of 6 pi. PCR products were purified using
MicroClean according to the manufacturer's instructions
(Microzone). PCR products were sequenced in both directions
using BigDye 3.0 dye terminators (Applied Biosystems).
Fluorescent reaction products were analyzed on an ABI
PRISM" 3100 Genetic Analyzer (Applied Biosystems). Se¬
quence traces were inspected visually and analyzed with
SNPfinder [Buetow et al., 1999].

Single Nucleotide Polymorphism (SNP) Analysis
Primers used for SNP analysis are listed in Table I. PCR

reactions were composed of 18-36 ng genomic DNA, 10 mM
Tris-HCl, 1.5 mM MgCl2, 50 mM KC1, 0.2 mM of each dNTP,
10 pmol of each primer, and 0.033 U Taq (Roche Molecular
Biochemicals) in a volume of 6 pi. Following PCR, primers and
nucleotides were degraded by treatment with exonuclease and
shrimp alkaline phosphatase (SAP) (USB Corporation) and a
primer extension reaction was performed according to the
SNaPshot protocol using fluorescently labeled nucleotides
(Applied Biosystems). Excess nucleotides were degraded with

TABLE I. GAD1 SNPs and Oligonucleotides Used for Primer Extension Analysis

Region Position" Oligonucleotide sequence

Promoter -4981 5'-GGGCGGGCTGOGGGGAGATOTTCA
Promoter -3936 5'-AAOTGACTAAAOTAGGGAATGTTTAATATTAGCA
5'-UTR -1627 5'-AACTGATGACGCCGGGCAGATTAC
Exon 2 (silent) 3523 5'-GATCGATCTCCCAGTTTTCTGGTGCATCC
Intron 6 18353 5'-CGTOGTGAAAGTOTGACAAACTATGGCTTGTTGOTTTAA
Intron 10 27378 5'-AAOTGAOTAAAOTAGGTOATGTGOAATOTOATTGA
Intron 13 31145 5'-TGAAAGTOTGAOAAAAGACAATAAAOAAGTAGTT
3'-UTR 41701 5'-TGCCACGTCGTGAAAGTCTGACAAAACGCOATGTCCTAGGGGOC
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SAP and reaction products were analyzed on an ABI PRISM "
3100 Genetic Analyzer (Applied Biosystems).

Statistical Analyses
The statistical analyses were carried out using the statistical

software package R (R Development Core Team, 2004) and a
significance level of 0.05 was used. The various R packages
mentioned below can be obtained from http://www.R-project.
org. Deviation from Hardy-Weinberg equilibrium within each
subject group and pairwise normalized linkage disequilibrium
(LD) values D' [Lewontin, 1964] between pairs of SNPs were
evaluated using the R package genetics version 1.0.3. Associa¬
tion of polymorphisms with BPAD and schizophrenia was
analyzed allele- and genotype-wise using Fisher's exact test.
Association of statistically inferred haplotypes with disease
was analyzed using the score method by Schaid et al. [2002].
The sliding window approach implemented in the R package
haplo.stats version 1.1.1 was used except in the single locus
case (window size one) where we made minor modifications of
relevant functions in the R package gap version 0.7. Rare
haplotypes were pooled in a single baseline group using 5/(2N)
as cut-off value to ensure expected counts of at least five for
each haplotype. N is the number of subjects with nonmissing
genotypes at all eight loci.

For comparison, the haplotype analyses were also carried
out using the haplo trend regression (HTR) method by Zaykin
et al. [2002]. This method assumes a normal distributed trait
but should be robust and perform well even for a binary res¬
ponse [Zaykin et al., 2002]. The HTR method is implemented in
the gap package. Both methods estimate haplotype frequencies
using the expectation-maximization algorithm [Dempster
et al., 1977].

For the allele-wise Fisher's exact test, power to detect
significant differences between cases and controls were
calculated using the observed allele frequencies and number
of subjects using the software from Ambrosius et al. [2004].
Power calculations for the genotype-wise test were based on a
comparison of the three within genotype proportions using
Stata. [Royston and Babiker, 2002]. The results compares well
with those obtained using the 2-df x2-test by Ambrosius et al.
[2004] but allow us to use the observed genotype frequencies.

RESULTS

Mutational Screening
The human GAD1 gene has 18 exons and contains at least

two promoters [Erlander and Tobin, 1992]. The GAD67 mRNA
contains exons 0-5, 6A, and 7-16 [Bu and Tobin, 1994]. An
alternatively spliced human GAD1 transcript, GAD67S,
containing exons 0-5 and 6B has been detected in pancreatic
islets, testis, adrenal cortex, but not in brain tissue [Chessler
and Lernmark, 2000]. This transcript encodes a 25 kDa GAD
isoform (GAD25) and is homologous to a mouse transcript
expressed in embryonic head tissue. Although GAD67 tran¬
scripts containing exon 6B have not been detected in human
brain we included this exon in our analysis. We sequenced all

GAD1 exons with flanking intronic sequences and promoter
sequence containing known regulatory elements in 16 Danish
subjects with BPAD and five Danish controls. By sequencing
part of the GAD1 gene, we hoped to find new promotor SNPs
and nonsynonymous SNPs. We identified eight SNPs, three of
which were included in the association study (SNP3: corre¬
sponding to dbSNP reference number rs3749034 ^'-untrans¬
lated region (UTR)], SNP4: rs769404 [exon 2, synonymous],
and SNP8: rs769395 [3'-UTR]). These three SNPs were
selected mainly as to their genomic position. To further im¬
prove coverage of the GAD1 gene and in an attempt to include
nonsynonymous SNPs, we selected 11 additional public GAD1
database SNPs. Six of these, however, proved to be non-
polymorphic in our samples (number of tested chromosomes
from unrelated individuals are shown in parentheses):
rsl049731 (42), rsl049736 (272), rsl362492 (24), rs872124
(26), rs769401 (365), and rs769392 (428). The remaining five
SNPs (SNP1: rsl978340 [promoter], SNP2: rs872123 [promo¬
ter], SNP5: rs769390 [intron], SNP6: rs701492 [intron], SNP7:
rs4668331 [intron]) were polymorphic and also included in the
association study.

Association Analysis
In total, eight SNPs were included in the association

analysis. They span the GAD1 gene from the promoter to the
3'-UTR (Fig. 1). The observed allele and genotype distributions
and frequencies in the five groups studied are shown in Table II.
Differences in sample sizes for different SNPs were due to PCR
failure. SNP8 showed a weakly significant deviation,
P = 0.044, from Hardy-Weinberg proportions (data not shown)
in Danish controls but not in the pooled Danish sample. SNP3
showed a weak deviation, P — 0.015 from Hardy-Weinberg
proportions (data not shown) in the pooled sample of Scottish
controls and BPAD cases. However, if applying a Bonferroni
correction for multiple testing none of these deviations would
be significant.

Allele and genotype frequencies of SNPs in cases and
controls were compared using Fisher's exact test in three
groups: (i) Danish BPAD subjects and Danish controls;
(ii) Scottish schizophrenic subjects and Scottish controls; and
(iii) Scottish BPAD subjects and Scottish controls (Table II). In
the Danish sample, evidence for association with BPAD was
found for SNP1 (allele-wise, P = 0.028, genotype-wise,
P — 0.062) and SNP2 (allele-wise, P — 0.019, genotype-wise,
P = 0.016). No other SNP showed significant association with
BPAD in the Danish sample. In the Scottish sample, no
significant association was found with schizophrenia or BPAD.
LD analyses demonstrate a high level of LD across the GAD1
gene in both Danish and Scottish control samples (Table III).
All neighboring markers were in strong pairwise LD
(|D'| > 0.75). The LD pattern for cases and controls was very
similar. However, we observed a difference in LD between
SNP3 and SNP5 and between SNP2 and SNP5 when compar¬
ing cases and controls in the Danish sample.

Results from haplotype analyses are shown in Figure 2 as a
plot of -log(P) versus the locus positions given in Table I. The

0 1 2
n (I i

3 4
m n

5
!

6a 6b 7
1 1 . 1

9 10 11 12 13
ill in

14 15 16
1 1 1—1

I \ \ \
SNP1 SNP2 SNP3 SNP4

I
SNP5

1 1
SNP6 SNP7 SNP8

10 kb

Fig. 1. The genomic organization of GAD1 and single nucleotide polymorphisms (SNPs). Exons are numbered 0-16.



Glutamate Decarboxylase 1 in Bipolar Affective Disorder and Schizophrenia

TABLE II. Allele and Genotype Distributions and P Values for Association With Bipolar Disorder
and Schizophrenia for GAD1 SNPs in the Danish and Scottish Sample Sets

Danish sample set Scottish sample set

SNP BPAD Controls BPAD Controls Schizophrenia

SNP1
C 123 (0.75) 153 (0.64) 275 (0.72) 286 (0.72) 276 (0.74)
T 41 (0.25) 85 (0.36) 109 (0.28) 110 (0.28) 96 (0.26)
CC 45 (0.55) 46 (0.39) 100 (0.52) 105 (0.53) 102 (0.55)
CT 33 (0.40) 61 (0.51) 76 (0.39) 76 (0.38) 72 (0.39)
TT 4 (0.05) 12 (0.10) 17 (0.09) 17 (0.09) 12 (0.06)
Pallele 0.028 0.87 0.57
pr genotype 0.062 0.98 0.74

SNP2
G 45 (0.28) 42 (0.18) 110(0.28) 104 (0.26) 93 (0.24)
A 115 (0.72) 192 (0.82) 282 (0.72) 290 (0.74) 293 (0.76)
GG 4 (0.05) 5 (0.04) 13 (0.07) 10 (0.05) 15 (0.08)
GA 37 (0.46) 32 (0.27) 84 (0.43) 84 (0.43) 63 (0.33)
AA 39 (0.49) 80 (0.68) 99 (0.51) 103 (0.52) 115 (0.60)
Pallele 0.019 0.63 0.51
P* genotype 0.016 0.80 0.10

SNP3
G 116 (0.73) 190 (0.81) 294 (0.74) 297 (0.75) 291 (0.77)
A 44 (0.27) 46 (0.19) 102 (0.26) 97 (0.25) 87 (0.23)
GG 40 (0.50) 77 (0.65) 105 (0.53) 107 (0.54) 115 (0.61)
GA 36 (0.45) 36 (0.31) 84 (0.42) 83 (0.42) 61 (0.32)
AA 4 (0.05) 5 (0.04) 9 (0.05) 7 (0.04) 13 (0.07)
Pullele 0.068 0.74 0.61
p1 genotype 0.096 0.91 0.071

SNP4
G 69 (0.43) 101 (0.42) 158 (0.41) 160 (0.41) 170 (0.45)
A 93 (0.57) 137 (0.58) 232 (0.59) 230 (0.59) 208 (0.55)
GG 17 (0.21) 18(0.15) 33 (0.17) 34(0.17) 37 (0.20)
GA 35 (0.43) 65 (0.55) 92 (0.47) 92 (0.47) 96 (0.51)
AA 29 (0.36) 36 (0.30) 70 (0.36) 69 (0.35) 56 (0.30)
Pallele

^genotype
SNP5

1.00
0.26

0.94
1.00

0.28
0.48

C 35 (0.22) 70 (0.29) 101 (0.26) 96 (0.24) 89 (0.23)
A 127 (0.78) 168 (0.71) 295 (0.74) 302 (0.76) 293 (0.77)
CC 3 (0.04) 6 (0.05) 9 (0.05) 11 (0.06) 8 (0.04)
CA 29 (0.36) 58 (0.49) 83 (0.42) 74 (0.37) 73 (0.38)
AA 49 (0.60) 55 (0.46) 106 (0.54) 114 (0.57) 110 (0.58)
^allele 0.084 0.68 0.80
Pr genotype 0.13 0.58 0.85

SNP6
C 121 (0.74) 164 (0.69) 276 (0.73) 290 (0.74) 271 (0.77)
T 43 (0.26) 74 (0.31) 102 (0.27) 104 (0.26) 83 (0.23)
CC 43 (0.52) 54 (0.45) 99 (0.52) 107 (0.54) 104 (0.59)
CT 35 (0.43) 56 (0.47) 78 (0.41) 76 (0.39) 63 (0.36)
TT 4(0.05) 9 (0.08) 12 (0.06) 14 (0.07) 10 (0.06)
^allele 0.32 0.87 0.40
Pgenotype 0.55 0.86 0.66

SNP7
A 128(0.78) 169 (0.71) 298 (0.75) 304 (0.77) 294 (0.77)
T 36 (0.22) 69 (0.29) 100 (0.25) 92 (0.23) 88 (0.23)
AA 50 (0.61) 56 (0.47) 108 (0.54) 116 (0.59) 111 (0.58)
AT 28 (0.34) 57 (0.48) 82 (0.41) 72 (0.36) 72 (0.38)
TT 4 (0.05) 6 (0.05) 9 (0.05) 10 (0.05) 8 (0.04)
Pallele 0.13 0.56 1.00
Pr genotype 0.14 0.61 0.92

SNP8
G 36 (0.22) 68 (0.29) 95 (0.24) 94 (0.24) 86 (0.23)
A 126 (0.78) 170 (0.71) 305 (0.76) 300 (0.76) 290 (0.77)
GG 4 (0.05) 5 (0.04) 9 (0.04) 11 (0.06) 10 (0.05)
GA 28 (0.35) 58 (0.49) 77 (0.39) 72 (0.37) 66 (0.35)
AA 49 (0.60) 56 (0.47) 114 (0.57) 114 (0.58) 112 (0.60)
Pallele 0.17 1.00 0.80

Pgenotype 0.13 0.83 0.96

The distributions of alleles and genotypes shown as fractions are indicated in brackets.
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TABLE III. Two-Marker Linkage Disequilibrium (LD) (|D'|) Values for Danish and Scottish Sample Sets

Danish sample set

BPAD Controls

SNP2 SNP3 SNP4 SNP5 SNP6 SNP7 SNP8 SNP2 SNP3 SNP4 SNP5 SNP6 SNP7 SNP8

SNP1 1.00 1.00 0.83 0.58 0.51 0.59 0.58 SNP1 1.00 1.00 0.88 0.66 0.58 0.68 0.67
SNP2 1.00 1.00 0.11 0.48 0.33 0.30 SNP2 1.00 1.00 0.83 0.74 0.84 0.83
SNP3 1.00 0.04 0.43 0.27 0.25 SNP3 0.91 0.83 0.75 0.84 0.83
SNP4 1.00 1.00 1.00 1.00 SNP4 0.89 0.90 0.89 0.89
SNP5 0.96 0.96 0.96 SNP5 0.98 1.00 1.00
SNP6 1.00 1.00 SNP6 1.00 1.00
SNP7 1.00 SNP7 1.00

Scottish sample set
BPAD Controls

SNP2 SNP3 SNP4 SNP5 SNP6 SNP7 SNP8 SNP2 SNP3 SNP4 SNP5 SNP6 SNP7 SNP8
SNP1 0.93 1.00 0.97 0.63 0.58 0.64 0.68 SNP1 0.93 1.00 0.94 0.68 0.57 0.71 0.67
SNP2 0.97 0.83 0.75 0.63 0.75 0.73 SNP2 1.00 0.96 0.71 0.76 0.79 0.70
SNP3 0.84 0.80 0.64 0.79 0.77 SNP3 1.00 0.76 0.81 0.87 0.77
SNP4 0.79 0.92 0.83 0.91 SNP4 0.89 0.90 0.89 0.85
SNP5 0.95 1.00 1.00 SNP5 0.98 1.00 0.97
SNP6 0.97 0.99 SNP6 1.00 0.95
SNP7 1.00 SNP7 0.96

Schizophrenia
SNP2 SNP3 SNP4 SNP5 SNP6 SNP7 SNP8

SNP1 0.79 0.85 1.00 0.55 0.56 0.56 0.60
SNP2 0.98 0.96 0.55 0.74 0.65 0.67
SNP3 1.00 0.77 0.88 0.88 0.79
SNP4 0.75 0.82 0.75 0.79
SNP5 0.91 1.00 0.94
SNP6 0.93 0.91
SNP7 0.94

Values >0.75 are shown on gray background.

empirical P values for the global score statistic and the HTR
overall association test are based on 10,000 simulations. Only
results for haplotypes formed by one to four neighboring SNPs
are shown as none of the P values from the five to eight markers
haplotypes were close to the significance level of 0.05.
Significant associations were only observed in the Danish
sample set. We observed significant single locus associations
for SNP1 (P = 0.019) and SNP2 (P = 0.013), and close to
significant association for SNP3 (P = 0.058) and SNP5
(P = 0.052). Two loci haplotype analysfes (SNP1-SNP2) and
(SNP2-SNP3) have P values below 0.05, P = 0.012 and
P = 0.031, respectively. Considering three marker segments,
SNP1-SNP2-SNP3 (P = 0.016) and SNP2-SNP3-SNP4
(P — 0.049) appeared to be associated with BPAD in the Danish
sample. The P values given above are from the score method
but the P values from HTR analyses are generally very similar
to those from the score test especially for single locus and two
loci haplotypes. Greater differences were observed for three
and four loci haplotypes, this may be due to difference in how
the two methods handle rare haplotypes. We observed an
interesting reduction of the P value for the two marker
segment SNP7-SNP8 in Scottish BPAD (P — 0.098) compared
to the single locus values for SNP7 (P = 0.52) and SNP8
(P = 0.93). These P values were obtained using the haplo-score
method, but values from HTR are equivalent (Fig. 2).

DISCUSSION

The GAD67 enzyme encoded by the GAD gene, GAD1 on
chromosome 2 is hypothesized to be a functional candidate
gene for BPAD and schizophrenia. The enzyme plays a critical
role in the synthesis of the inhibitory neurotransmitter GABA.
Decreased levels of GAD67 have been observed in patients with

BPAD and schizophrenia [Akbarian et al., 1995; Impagnatiello
et al., 1998; Guidotti et al., 2000; Volk et al., 2000; Woo et al.,
2004]. Furthermore, the post-mortem evidence from the
Stanley Foundation Neuropathology Consortium samples
suggests that GAD67 is indeed involved in BPAD and
schizophrenia [Knable et al., 2002].

The focus of this study was to identify SNPs in the GAD1
region and test whether the selected SNPs and haplotypes
contribute to risk for BPAD and schizophrenia in a Danish and
Scottish sample.

We systematically screened all GAD1 exons, flanking
intronic sequences and the promoter sequence for polymorph¬
isms and identified eight SNPs. To improve coverage of the
GAD1 gene and in an attempt to include nonsynonymous SNPs
we also validated public available GAD1 SNPs. In total, eight
SNPs were included in the association analysis, of which three
were identified in the present study. The SNPs spanning the
GAD1 gene were tested for association with BPAD in a Danish
sample and with BPAD or schizophrenia in a Scottish sample.
None of the SNPs showed association with BPAD or schizo¬
phrenia in the Scottish sample sets. In the Danish sample,
evidence for association with BPAD was found for two

promoter variants SNP1 (allele-wise, P — 0.028, genotype-
wise, P = 0.062) and SNP2 (allele-wise, P = 0.019, genotype-
wise, P = 0.016). These values are, however, not significant
when considering the number of tests performed. SNP1 and
SNP2 are distanced by 1 kb and LD analysis confirmed strong
LD between these two neighboring markers. They are located
within 3 and 2 kb, respectively, of a functionally validated
recognition element for the transcription factor Pitx2 in the
GAD1 promoter [Westmoreland et al., 2001]. However, our
mutational screening did not reveal any SNPs in the Pitx2
recognition sequence. If unidentified SNPs with an impact on
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expression are present in the GAD1 promoter these are
expected to be in LD with GNP1 and SNP2 showing weak
association with BPAD in the Danish sample.

LD and haplotype frcquoncios were estimatod from gonotypo
data from eight SNPs. Strong pairwise LD was observed among
all pairs of neighboring markers. However, we observed a
difference in LD between SNP3 and SNP5 and between SNP2
and SNPS when comparing the LD pattern for cases and
controls in the Danish sample. This difference has probably
occurred by chance since the association study does not support
this observation. Furthermore, we do not obsorvo any ouoh
difference when comparing the LD pattern for the Scottish
cases and controls.

One locus and two and three loci analysis showed weak
association with BPAD in the Danish sample. We observed
significant single-locus associations for SNP1 (P = 0.019) and
SNP2 (P = 0.013), and close to significant association for SNP3
(P = 0.058) and SNP5 (P = 0.052). For two-loci haplotype
analysis two segments (SNP1-SNP2 and SNP2-SNP3) have
P values below 0.05 (P = 0.012 and P = 0.031, respectively).
Considering three-marker segments, SNP1-SNP2-SNP3
(P = 0.016) and SNP2-SNP3-SNP4 (P = 0.049) appeared to
be associated with BPAD in the Danish sample. These results
support the finding from allolo- and genotype wico P tost for
association. The association studies indicate that promoter
variants are of importance for the Danish BPAD cases.

The focus of molecular genetic studies of the GABAergic
system in BPAD and schizophrenia has so far been on simple
repeat markers in GABA-A receptor (GABRA) subunit genes
including: GABRAal-6 [Coon et al., 1994; Oruc et al., 1997;
Papadimitriou et al., 1998, 2001a; Serretti et al., 1998, 1999;

Duffy et al., 2000], GABRApi [Coon et al., 1994; Puertollano
et al., 1997], GABRA[)3 [Puertollano et al., 1995, Oruc
et al., 1996; Duffy et al., 2000; Papadimitriou et al., 2001b],
and CABRAy2 [Coon ot al., 1994]. Significant association
has been reported between GABRAa5 markers and BPAD
[Papadimitriou et al., 1998], unipolar disorder [Oruc et al.,
1997], late onset (>25 years) schizophrenia [Papadimitriou
ct al., 2001a], and roccntly botwoen a GABRAs3 marker and
BPAD [Massat et al., 2002]. A recent mutation screen of
GAD67 and haplotype association of unipolar depression has
indioatod that tho CADI geno is not a major locus for pro
disposition to unipolar dopression [Lappalainon ot al., 2004].

In conclusion, we identified and analyzed several SNPs
within the CADI gene. Significant LD was observod among all
pairs of neighboring markers. We observed significant differ¬
ences in SNP allele- and haplotype-frequencies in the Danish
BPAD sample but not in the Scottish BPAD and schizophrenic
samples. Nevertheless, one would expect to see similarity in the
association studies for the Scottish BPAD and Danish BPAD

sample, but differences in population history, effective popula¬
tion sizes and sample sizes may contribute to this variation.
Considering the number of tests performed a type I error
could potentially explain the findings in the Danish BPAD
sample. In addition, wo calculated the power to detect tho
observed difference between the distribution of alleles and
genotypes for SNP1 and SNP2 in the Scottish BPAD sample:
SNP1 (allele-wise) = 0.05, SNP1 (genotype-wise) = 0.05, SNP2
(allele-wise) = 0.08, and SNP2 (genotype-wise) = 0.09. The
power is low since no or only minor difference is observed.
Thus type II error is unlikely to explain our observation. Addi¬
tional studies are needed to further establish whether these
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promoter SNPs or yet unidentified GAD1 SNPs are of major
importance for the susceptibility to BPAD.

Based on our results, we cannot reject the hypothesis of
GAD1 as functional candidate gene for BPAD. However, the
results obtained from the Scottish sample suggests that the
GAD1 gene variants do not play a major role in the predisposi¬
tion to schizophrenia. Thus our study does not indicate GAD1
as a shared risk gene for BPAD and schizophrenia. For both
diseases, it will be of interest to examine additional SNPs in
genes involved in regulation of GAD1 expression, for example,
Pitx2.

Based on previous studies and on our results, we suggest
that GAD1 and other genes involved in the turnover and
function of GABA should indeed be considered as candidate
genes in the search for susceptibility variants for BPAD and
schizophrenia. Furthermore, the SNPs characterized here
should prove useful for investigations of GAD1 in other psy¬
chiatric diseases.
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A genome scan and follow-up study identify a bipolar
disorder susceptibility locus on chromosome 1q42
S Macgregor14, PM Visscher1, SA Knott1, P Thomson2, DJ Porteous2, JK Millar2, RS Devon2,
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In this study, we report a genome scan for psychiatric disease susceptibility loci in 13 Scottish
families. We follow up one of the linkage peaks on chromosome 1q in a substantially larger
sample of 22 families affected by schizophrenia (SCZ) or bipolar affective disorder (BPAD). To
minimise the effect of genetic heterogeneity, we collected mainly large extended families
(average family size >18). The families collected were Scottish, carried no chromosomal
abnormalities and were unrelated to the large family previously reported as segregating a
balanced (1 :11) translocation with major psychiatric disease. In the genome scan, we found
linkage peaks with logarithm of odds (LOD) scores >1.5 on chromosomes 1q (BPAD), 3p
(SCZ), 8p (SCZ), 8q (BPAD), 9q (BPAD) and 19q (SCZ). In the follow-up sample, we obtained
most evidence for linkage to 1q42 in bipolar families, with a maximum (parametric) LOD of 2.63
at D1S103. Multipoint variance components linkage gave a maximum LOD of 2.77 (overall
maximum LOD 2.47 after correction for multiple tests), 12cM from the previously identified
SCZ susceptibility locus DISC1. Interestingly, there was negligible evidence for linkage to 1 q42
in the SCZ families. These results, together with results from a number of other recent studies,
stress the importance of the 1q42 region in susceptibility to both BPAD and SCZ.
Molecular Psychiatry (2004) 9, 1083-1090. doi:10.1038/sj.mp.4001544
Published online 13 July 2004
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Bipolar disorder (BPAD) and schizophrenia (SCZ) are
severe psychiatric illnesses, with each affecting
approximately 1% of most human populations. There
is strong evidence for a genetic aetiology in such
disorders with high heritabilities reported in twin and
adoption studios. However, the task of identifying
genomic regions conferring susceptibility has yielded
inconsistent results, with a large number of candidate
regions identified.1

In recent years, several studies have identified two
regions of chromosome lq (lq21 and lq42) as
important in the aetiology of SCZ. At lq21, a study
of Canadian families produced a logarithm of odds
(LOD) score of 6.5,2 a study analysing British and
Icelandic families generated an LOD of 3.2" and a
family-based association study considering Spanish
origin families reported a P-value of 0.003.4 A meta¬
analysis of most of tho rocont SCZ genomo ccans
reported the lq21 region as being among the most

Correspondence: Dr S Macgregor, Institute of Cell, Animal and
Population Biology, University of Edinburgh, Kings Buildings,
Edinburgh, UK. E-mail: MacgregorS@cf.ac.uk
4Current address: Biostatistics and Bioinformatics Unit, Univer¬
sity of Wales College of Medicine, Heath Hospital, Cardiff, UK
Received 26 February 2064; revised 16 May 2004; accepted 19
May 2004

likely to harbour a SCZ susceptibility locus.5 Interest
in lq42 began when the region was implicated by the
apparent effects of a chromosomal abnormality on
major psychiatric disease in a large Scottish family."
The family segregated a balanced t(l;ll)(q42;ql4.3)
translocation, with tho prosonco of tho translocation
appearing to be linked with disease status. A linkage
analysis considering the translocation as a marker
generated an LOD of 3.67 when individuals with SCZ
were considered affected, an LOD of 4.5 when
individuals with recurrent major depression or BPAD
were considered affected and an LOD of 7.1 when
individuals with SCZ, BPAD and recurrent major
depression were treated as affected. The translocation
directly disrupts two genes on chromosome 1: these
have been named DISCI (OMIM 605210) and DISC2
(OMIM 606271), respectively." While this result
shows a cloar relationship botwoon tho presenco of
the translocation and psychiatric disease, it was
uncloar if this result was of relevance to other families
in the general population. In Ihe last 5 years however,
a number of studies have reported independent
evidence for the role of lq42 in psychiatric disease
susceptibility. Two studies in Finnish families
affected by SCZ generated LODs of 3.82 and 3.2T11"
for markers close to the translocation break-point.
A recent study of Taiwanese families reported
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nominally significant evidence for linkage to lq42 for
SCZ.11 Since the translocation family also showed
linkage between the translocation and recurrent major
depression and BPAD, the results of BPAD linkage
studies are also of interest. A study of 22 families
affected by bipolar disorder reported an LOD of 2.3 to
chromosome lq32, with allele sharing in affected
individuals reported to extend across the 30 cM
region spanning Iq25-q42.12 Interestingly, 15 of these
22 families included at least one individual affected

by SCZ or schizoaffective disorder. A genome scan of
65 North American bipolar families resulted in an
LOD of 1.4 for linkage to a marker on chromosome
lq4l.13 Other positive reports of linkage between
markers on chromosome lq42 and bipolar disorder
include a recent study of British and Icelandic
families (maximum HLOD 2.0 at D1S25114), a study
of North American families (maximum HLOD 1.98 at
D1S103'5) and a study of Old Order Amish families
(.P <0.0001 under one nonparametric weighting func¬
tion at D1S1031"). Together, these results lend support
to the hypothesis that bipolar disorder, recurrent
depression and SCZ may share causal elements
despite clear diagnostic differences/'17'1"

The population wide significance of these loci on
lq has been the subject of recent lively debate.1"-22
The results reported in a meta-analysis of affected
sibling pairs (ASP)"' are in striking contrast to the
strong linkages reported in analyses of extended
family samples.2,:i'7 It has been previously suggested2"
that, in the presence of locus heterogeneity, the power
of data sets comprising small family structures such
as sib pairs will be poor. Large extended families
(which are likely to be more genetically homoge¬
neous) have proved more useful in identifying
susceptibility loci on lq thus far. For this reason,
the families ascertained for this study were primarily
extended (average family size 18, average number of
affected individuals per family 7).

An initial genome scan for susceptibility genes was
performed on 13 families affected by SCZ or bipolar
disorder. These families were part of the European
Science Foundation (ESF) project on the molecular
neurobiology of mental illness (full results unpub¬
lished). Secondary analyses were then performed on
an extended superset of the ESF families and on nine
additional families on chromosome 1. All families
were Scottish, carried no known chromosomal
abnormalities and woro unrelated to the previously
described translocation family.7 Multipoint variance
components techniques were used to ensure maximal
use of the available genotypic information. Additional
parametric linkage analyses were also performed.

Materials and methods

Study sample

Sample collection A total of 13 Scottish families (six
BPAD, seven SCZ) were originally recruited to take
part in the ESF project. In all, 132 individuals (64

BPAD, 68 SCZ) were typed for 372 microsatellite
markers across the genome to identify regions
contributing to psychiatric illness. Family members
were interviewed by experienced psychiatrists (DB
and WM, University of Edinburgh) using the schedule
for affective disorders and SCZ (SADS-L). Diagnoses,
based on interviews, case note reviews and
information from carers and relatives, were based on

DSMIIIR criteria. Families were categorised as either
BPAD or SCZ. In the ESF project, families were
included where relatives of schizophrenic probands
were diagnosed as SCZ, schizoaffective disorder or
recurrent major depression. Bipolar families included
affected individuals with bipolar I, bipolar II,
schizoaffective manic or recurrent depressive
disorder. Families in which both SCZ and bipolar
disorder were diagnosed in relatives were not
included in the ESF study.

Subsequent to the ESF study, nine additional
families were recruited and some families extended.
Since the family in which the t(l;ll) translocation
segregated with major mental illness included rela¬
tives with SCZ, recurrent major depression and a case
of bipolar disorder, the secondary analysis (of the
extended sample) included those families classified
as 'mixed'. These 'mixed' families had both SCZ and
bipolar disorder diagnosed in relatives. In all cases,
the vast majority of individuals in each family were
either schizophrenic or bipolar. The families are
described in the results as 'bipolar' or 'schizophrenic'
depending upon the predominant diagnosis. In the
case of the largest family, a small nuclear subbranch
included a number of schizophrenic sib pairs, but the
remainder of the family included mainly affective
disorder individuals. In this case, further follow up of
family members identified cases of SCZ in close
relatives of the married in spouse. The small schizo¬
phrenic subbranch was considered a separate SCZ
family with the rest of the large family considered a
bipolar family.

Including the ESF families, 22 families (10 bipolar,
12 SCZ) comprising 398 (229 BPAD, 169 SCZ)
individuals were considered for analysis. While some
families were nuclear (five families), most were
extended (17 families). Tables 1 and 2 indicate the
number of individuals affected under the narrow and
broad definitions (see below for these definitions) of
affection for the SCZ and the bipolar families.

Genotyping methods The ESF families were typed at
the Human Genome Research Centre, Gcncthon. The
372 microsatellite markers were taken from the
Genethon reference map and were evenly spaced
across the genome. Genomic DNA was obtained from
peripheral blood samples and/or immortalised
lymphoblastoid cell lines according to standard
procedures. Automated genotyping was carried out
with Applied Biosystems (ABI) 373 or 377 sequencer
(Perkin-Elmer), and alleles were scored with the
Genscan and Genotyper programs. Mendelian
inconsistencies were resolved before further analysis.

Molecular Psychiatry
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Table 1 Schizophrenia families summary: number of
affected individuals

Disease definition

Family number Narrow Broad

1 5 5

2 6 6

6 5 5

9 4 4

10 4 6

11 4 6

20 5 6

19 4 8

29 3 3

33 4 5

36 5 8
500 4 4

Total 53 66

Table 2 Bipolar families summary: number of affected
individuals

Disease definition

Family number Narrow Broad

4 8 9

5 6 12

12 5 7

15 6 7

18 3 6
24 8 12

26 5 7

28 4 7

32 5 7

54 5 5

Total 55 79

The 13 ESF families were typed for 34 markers
across chromosome 1. All nine of the additional
families were typed for one of the markers in the
initial ESF families, D1S103. All of the bipolar
families and all but four of the SCZ families (10
bipolar families and eight SCZ families in all) were
also typed for marker D1S459. After data cleaning,
266 (D1S103) and 221 (D1S459) individuals had
genotypes at these markers. Since we were particu¬
larly interested in the area around lq42, some of the
additional families were also typed for 10 additional
markers around the lq42 region; these markers were
six microsatellites (D1S419, D1S439, D1S1621,
D1S2709, D1S2850 and a microsalellite in the 5'
region of DISCI) and six SNPs (genotyped in house21).
Note that some of these 10 additional markers were

only typed in families showing evidence for linkage

to the lq42 region. Other than the markers D1S103
and D1S459, the other 44 markers on chromosome 1
were typed in an average of 75 individuals per
marker. The markers in the lq42 region are displayed
in Figure 1. The uneven distribution of marker
information is dealt with effectively by the multipoint
procedures described below. The data were scanned
to remove unlikely double recombinants (in addition
to Mendelian transmission errors, criteria for removal
P<0.05 in MERLIN), using the program MERLIN.24
Since several of the families were too large for exact
analysis using MERLIN, some of the pedigrees had to
be split up to perform error checking. The families
were analysed whole in the single-point parametric
and multipoint variance component (VC) linkage
analyses however. Marker allele frequencies for the
genome scan families were estimated from the full set
of 137 families included in the (unpublished) multi¬
centre ESF study. For the extended sample, the allele
frequencies were estimated from the Scottish data
using the allele frequency estimation routines im¬
plemented in SOLAR.25 Since linkage results can be
sensitive to mis-specification of allele frequencies
when there are untyped parental genotypes, we
repeated the analysis with the frequencies at the
D1S103 marker (the only marker typed in all families)
set to be equal. The results were very similar
(maximum LOD scores changed by 0.01 and 0.04 in
the parametric and variance components analysis,
respectively).

Statistical methods
The same methods were applied to the BPAD sample
and the SCZ sample, and the methods described
below apply in both cases. Two-point parametric
linkage analysis using FASTLINK2" was performed
across the genome. Two models were fitted to the
data; one 'dominant' (labelled model b) and one
'recessive' (labelled model r). Further, under the
dominant model, a narrow definition phenotype
(labelled model a) was used in addition to the broad
definition phenotype. For the SCZ families, the
narrow definition considered schizophrenic and
schizoaffective individuals as affected: the broad
definition also considered recurrent major depression
individuals as affected. For the bipolar families,
individuals with bipolar I, bipolar II and schizoaffec¬
tive (manic) disorders were regarded as affected: the
broad definition also considered recurrent major
depression individuals as affected. For the extended
sample, families with both bipolar and SCZ were
included (mixed families). In the mixed families, the
narrow definition included the diagnoses SCZ,
schizoaffective, bipolar I and bipolar II. The broad
definition added recurrent major depression. Recur¬
rent major depression individuals were regarded as
disease status unknown for all narrow definition
analyses.

Age-structured penetrance classes were used since
unaffected older persons represent more reliable
indicators of affection status. While multipoint
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Figure 1

parametric linkage analysis has greater power to
detect loci when the putative locus is not near a fully
informative marker, it is not robust to mis-specifica¬
tion of the parameters in the model.27 Explicit
modelling of such mis-specification errors within
the multipoint parametric framework is possible2" but
not attempted here. A convenient alternative to
multipoint parametric linkage analysis is multipoint
variance component linkage analysis. For the ex¬
tended samples (229 individuals for the BPAD
analysis, 169 for the SCZ analysis), two-point para¬
metric linkage analysis was performed for the marker
typed in all families, D1S103. Multipoint VC linkage
analysis was performed with the chromosome 1
markers. A random polygenic effect and a random
effect for family were fitted as a basic model. Variance
components attributable to quantitative trait loci
(QTL) effects were calculated by utilising multipoint
identity-by-descent (IBD) coefficients estimated from
the marker data. The significance of including a
component attributable to one or more such effects is
tested via likelihood ratio tests. Standard VC analysis
assumes that the phenotypic data are multivariate
normal. Although this is clearly untrue for the binary
data analysed here, fitting a generalised linear model
to account for the non-normal distribution of the data

proved computationally difficult (see Discussion).
Allison et al2" performed simulations to assess the
effects of non-normality of the phenotypic values on
the type I error of the likelihood ratio test statistics (or
LOD scores). They concluded that although the type I
error could be inflated for some non-normal distribu¬
tions, when the data are half affected and half
unaffected, the type I error remains near the nominal
level, for a range of plausible values of the residual

sibling correlation. In the data presented here, the
proportion of affected individuals is near 0.5 for both
BPAD (79 of 158 phenotyped) and SCZ (66 of 142
phenotyped) families. This means that the LOD scores
reported here should be broadly comparable with the
LOD from the parametric analyses (ie by Lander and
Kruglyak50 criteria, an LOD of 3.6 is required for
genome-wide significance).

The variance components technique was attempted
for the ESF data set but, since the sample size was
small, the variance components could not be reliably
estimated. With the additional families, the VC
technique had greater utility, giving estimates of
disease heritability in addition to measures of QTL
significance (LOD scores). To minimise multiple
testing, only the broad definition phenotype was
used for the chromosome 1 analysis. SOLAR25 was
used for the likelihood maximisations and IBD

computation.
Since some of the families were preferentially

selected for typing at additional markers on chromo¬
some lq (three of the families which showed no
linkage signal to D1S103 were not typed for further
markers), the single point LOD score calculated at
markers other than D1S103 may be biased upwards.
However, if the markers are analysed within a multi¬
point framework, the region around D1S103 should
yield unbiased LOD scores. Since the heterozygosity
of the microsatellite D1S103 was 0.8, marker informa¬
tion was high for the majority of individuals around
this region. We would expect the information content
in all families to remain high enough for multipoint
statistics to remain unbiased for at least 10 cM either
side of D1S103. For this reason, multipoint LOD
scores are only displayed in the region around lq42.

1.6
230 235 240 245 250

location (cM)

Multipoint VC linkage: bipolar families.
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Although having more markers available in all
families would have enabled more efficient detection
of genotyping errors, the small number of families
(three) only typed at D1S103 did not contribute to the
linkage signal. Genotyping errors in such families
would have little impact on results since genotyping
errors invariably decrease evidence for linkage (in
families segregating the mutation of interest). The
large number of markers around lq42 in the majority
of families allowed efficient checks of genotyping
errors to be performed in these families.

'Nonparametric' procedures were not utilised since
(1) they are no more powerful than VC methods3' and
(2) they can be shown to be equivalent to parametric
methods given particular penetrance values.'" Goring
and Terwilliger" detail why the distinction between
the two is somewhat arbitrary and explain that one
should not select a method simply because it is of a
particular type.

In addition to the linkage results, we estimated the
overall (polygenic) heritability of the traits on the
binary (observed) scale. Robertson's equation from
Dempster and Lerner"" was used to convert this
binary scale measure to a continuous underlying
scale heritability;

Continuous = Cinary'M1 ~ <"r)/[P(*p)]2
Where

p(xp) = (2n) - 0.5 exp(-Xp/2)
and is the incidence.

To ensure there was no upward bias in this estimate
due to environmental effects, a random effect for
familial environment (household) was fitted.

Results

ESF data: genome scan
Parametric linkage LOD scores exceeding 1.5 are
given in Table 3. The highest LOD score achieved
(on chromosome 9) was not at a region previously
identified as contributing to psychiatric disease.
However, the genomic region identified on chromo¬
some 1 is in close proximity to the DISCI gene, a
candidate gene for SCZ identified via a chromosomal
translocation" and recently replicated in independent
samples."-11

Chromosome 1 analyses
The above result prompted our group to type further
markers around this region in the ESF families.
Furthermore, nine more families from a similar
geographic location were also available for analysis
and some of the ESF families were extended.

Bipolar results Analysing all bipolar families (229
individuals) together at marker D1S103 with the
single-point variance components procedure yielded
an LOD score of 2.31. The maximum two-point
parametric LOD (broad definition, recessive model,
0 — 0.1) was 2.63 at D1S103. The highest single family
parametric LOD was 2.28 at marker D1S419. The next
highest single family LOD, 2.00, was at D1S103 but
this family was only typed at D1S103 and D1S459.
Individual family LODs at D1S103 (0 = 0.1) are given
in Table 4. Note that the LOD scores shown in Table 4
are not strongly negative in the families displaying
evidence against linkage because the LOD is
evaluated at 0 = 0.1 rather than at 0 = 0. That is to

say, these families are not simply uninformative for
linkage. At 0 = 0, the LODs are higher in the families
showing linkage but summed over all families the
LOD maximum occurs when 0 = 0.1. The evidence for

linkage under the narrow definition model was less
than under the broad definition, with a maximum
parametric LOD of 0.77.

Multipoint VC LODs are displayed in Figure 1. The
maximum LOD was 2.77 at position 233 cM (near
marker D1S419, 12 cM from D1S103). The estimate of
polygenic heritability was 0.24 [P for difference from
0, 0.25). Without a familial environment term, this
produced an (upwardly biased) estimate of 0.69 [P for
difference from 0, 0.0006).

SCZ results Analysing all SCZ families (169
individuals) together at marker D1S103 with the
single-point variance components procedure yielded
an LOD score of 0. The single-point parametric
maximum LOD (dominant model, 0 = 0.3) was 0.25
at D1S103. Multipoint variance component LODs
were less than 0.2 in the 30 cM around D1S103. The
estimate of polygenic heritability was 0.79 [P for

Table 4 Bipolar families: by family parametric LOD scores
at marker D1S103
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Family LOD

Table 3 Maximum two-point LOD scores for ESF families 4 -0.14

5 1.75
Disease Chromosome Model Marker LOD 12 -0.32

15 0.11

Bipolar lq b D1S229 1.55 18 -0.17

Schizophrenia 3p a D3S3721 2.00 24 1.28

Schizophrenia 8p b D8S1989 1.71 26 0.47

Bipolar 8q b D8S1741 1.53 28 -0.21

Bipolar 9q b D9S175 2.35 32 0.09

Schizophrenia 19q a D19S220 1.59 54 -0.24
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difference from 0, 0.05). There was no evidence for a

family environment term.

Discussion

This paper reports the results of a genome scan for
psychiatric disease susceptibility loci in 13 Scottish
families. In the genome scan, linkage peaks with LOD
scores >1.5 were found on chromosomes lq (BPAD),
3p (SCZ), 8p (SCZ), 8q (BPAD), 9q (BPAD) and 19q
(SCZ). The linkage peak on chromosome lq was
followed up in a substantially larger sample (22 in
total, 398 individuals) of families affected by SCZ or
BPAD. Adding nine extended families, together with
more individuals from the original (ESF) families,
increased the evidence for linkage to bipolar disorder
(maximum single-marker parametric LOD 2.63), pro¬
viding further evidence for the importance of the lq42
region as a risk factor for psychiatric disease. Multi¬
point VC linkage gave a maximum LOD of 2.77 12 cM
from the previously identified SCZ susceptibility
locus, DISCI."

To minimise the effect of genetic heterogeneity,
large extended families (average family size >18)
were ascertained. The families collected were Scot¬
tish, carried no chromosomal abnormalities and were

unrelated to the large family previously reported as
segregating a balanced t(l;ll) translocation with
major psychiatric disease.

When DISCI was first identified in a Scottish
family, which segregated a balanced translocation
with major psychiatric disease," it was not clear how
relevant this locus was to other families or popula¬
tions. Furthermore, while the translocation family
that allowed identification of DISCI had several
schizophrenic individuals, the highest LOD score
was achieved when a number of recurrent major
depression individuals and a bipolar individual were
included as affected. This study provides evidence for
the effects of a susceptibility locus (or loci) for
psychiatric diseases in the lq42 region in a set of
independent Scottish families. Some other studies
have reported evidence for linkage of lq42 to SCZ,
with two Finnish studies"-1" and a Taiwanese study11
providing evidence for the relevance of the lq42
region in different populations. The lq42 region has
also been implicated in bipolar disorder susceptibil¬
ity, with a number of studies, considering a number of
different populations reporting evidence for linkage
to lq.12-111 The possibility of distinct psychiatric
disorders such as bipolar and SCZ sharing suscept¬
ibility loci has received attention in the literature7,1"-1"
and, given the main reports of linkage to lq have been
in SCZ, the results presented here add weight to this
assertion. There is evidence for an increase in familial
risk for one disorder in the presence of the other1" and
the data presented here suggest that susceptibility loci
such as DISCI may be acting to increase the genetic
risk of both. Interestingly, there was negligible
evidence for linkage to lq42 in the SCZ families
considered here. However, the sample analysed had

limited power to detect loci of small effect and, in the
event of there being substantial locus heterogeneity,
the sample may include families which by chance are
affected by psychiatric disease as a result of loci
unlinked to lq42. It is therefore possible that the
failure to detect linkage to SCZ in these families was a
false negative result.

The bipolar multipoint peak was 12cM from the
marker D1S103, mainly as a result of two of the
families showing linkage to D1S419. It should be
stressed that a 95% confidence interval on the peak is
likely to be in the tens of centimorgans, and that the
marker information was only complete across all
families at D1S103. The DISCI gene (MIM 615210"),
less than 1 cM from D1S103 on lq42.1, represents the
strongest candidate gene and it seems likely that
random variation (and/or possible bias due to selec¬
tive typing of families for markers around D1S103)
has moved the linkage peak from this point.

Some 80 cM from the DISCI region, two other
groups have reported strong linkage to chromosome
lq21.2-" These two studies are likely to have found
evidence for linkage to a genomic region distinct from
lq42. The 13 family sample analysed here did not
show linkage to lq21 and there was insufficient
marker information to adequately assess linkage to
lq21 in the additional families. The bipolar linkage
described in Detera-Wadleigh et aP2 is likely to be
lq42, particularly since the linkage they detected
exhibited elevated IBD sharing across some 30 cM of
Iq, including the DISCI region. The other linkages on
lq42 described above are clearly to the DISCI region.

The maximum LOD for the 10 family bipolar data
set was obtained when individuals with bipolar I,
bipolar II, schizoaffective (manic) disorder or recur¬
rent major depression were regarded as affected
(broad definition of affection). The evidence for
linkage decreased when individuals with recurrent
major depression were regarded as disease status
unknown in the analysis (narrow definition of
affection).

Studies utilizing only narrow definition indivi¬
duals may have greater utility if the samples are more
genetically homogenous, but the cost of this is usually
a loss of power due to a reduction in sample size.

It is worth pointing out that while recurrent
depression individuals under study here were in¬
cluded in the broad disease definition for both bipolar
and SCZ families, the families were ascertained
through narrow definition probands. Furthermore,
all families had at least three affected individuals
using the narrow definition. The inclusion of recur¬
rent major depression individuals in psychiatric
genetic studies is not universally agreed upon and
many investigators perform at least two separate
analyses under different disease definitions (eg
Melnnis et aP3, Segurado et a/34). The adoption of
multiple disease definitions complicates the multiple
testing issue in linkage studies. The narrow and the
broad definition of disease yield different results, but
are not independent tests. Similarly, the VC and
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parametric linkage results are different but are
expected to correlate highly. In total, we performed
three tests for the full 22 family data set, but
a bonferroni correction for three tests would be
overconservative. A convenient correction for N
tests is to subtract logi,, N from the maximum LOD
score.27 Since the three correlated tests may con¬
stitute approximately two independent tests, the
multiple testing corrected maximum LOD is 2.47
(2.77—log,,,2 = 2.47).

A multipoint analysis of the data was performed by
applying variance components techniques to the data.
Several of the families were too large for exact
analysis using several markers simultaneously; the
program used, SOLAR,25 uses an approximation that
performs a weighted regression of the single-marker
IBD coefficients. Maximisation of the likelihoods

assuming the binary data was multivariate normal
was carried out both in SOLAR and in another
maximisation program ASREML25 with similar re¬
sults being obtained in both cases. Ideally, a general¬
ised linear model (glm) would be fitted to the data. A
glm would allow the binary trait values to be treated
as coming from a binomial distribution (with a probit
link function leading to a threshold model mapping
the observed trait value to an underlying model2").
We attempted to fit a glm in ASREML but found
inconsistent parameter estimates across different
possible models. SOLAR also has a glm (threshold
model) procedure but this too gave inconsistent
results. Although for some analyses the results from
the glm analysis in SOLAR were similar to those
obtained in the analysis not using the threshold
model (ie assuming the binary data are multivariate
normal), the results from the threshold model were
liable to large changes when small changes were
made to the data. For example, a follow up of one of
the bipolar families increased the number of pheno-
typed individuals from 157 to 158. This led to a
change in the calculated single-marker LOD at marker
D1S103 (under the threshold model) from 2.00 to
0.82, with the estimated polygenic heritability chan¬
ging from 0.45 to 0.00. The analyses reported in the
results (assuming the binary data are multivariate
normal) were considerably more robust to small
changes in the data and we hence report these as
the main findings. As indicated above, the type I error
can be affected by non-normality of the data but
Allison et al28 report such effects are likely to be
minor for these data (where the proportion of affected
individuals is approximately 50%).

The genome scan of the ESF families generated
a number of positive results alongside the peak
on lq. Of perhaps most interest among these was
the LOD of 1.71 on chromosome 8p. This region
has been implicated in a number of independent
studies2,27,38 and may merit further follow up in the
nine additional families described here. None of the
other regions indicated by the ESF genome scan
overlap with any other published reports of strong
linkage.

In summary, a genome scan of Scottish families
affected by SCZ or bipolar disorder provided evidence
for linkage to chromosome Iq in bipolar families. In a
further analysis of a larger sample of bipolar families,
a maximum parametric LOD of 2.63 was found. This
was close to the previously identified psychiatric
disease susceptibility locus DISCI. This finding
supports the results of previous studies implicating
this locus in a small but significant subset of all
families affected by psychiatric disease, and suggests
that SCZ and bipolar disorder may share a common
genetic component in this region.
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Serotonin transporter 5HTTLPR polymorphism and
affective disorders: no evidence of association in a

large European multicenter study
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The available data from preclinical and pharmacological studies on the role of the serotonin transporter
(5-HTT) support the hypothesis that a dysfunction in brain serotonergic system activity contributes to the
vulnerability to affective disorders (AD). 5-HTT is the major site of serotonin reuptake into the presynaptic
neuron, and it has been shown that the polymorphic repeat polymorphism in the 5-HTT promotor region
(5-HTTLPR) may affect gene-transcription activity. 5-HTT maps to chromosome 17 at position 17q11.17-
q12, and the 5-HTTLPR polymorphisms have been extensively investigated in AD with conflicting results.
The present study tested the genetic contribution of the 5-HTTLPR polymorphism in a large European
multicenter case-control sample, including 539 unipolar (UPAD), 572 bipolar patients (BPAD), and 821
controls (C). Our European collaboration has led to efforts to optimize a methodology that attenuates
some of the major limitations of the case-control association approach. No association was found with
primary psychiatric diagnosis (UPAD and BPAD) and with phenotypic traits (family history of AD, suicidal
attempt, and presence of psychotic features). Our negative findings are not attributable to the lack of
statistical power, and may contribute to clarify the role of 5-HTTLPR polymorphism in AD.
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Introduction
The serotonin (5-hydroxytryptamine) transporter (5-HTT),
responsible for serotonin reuptake into presynaptic neu¬
rons, regulates the concentration of serotonin in the
synaptic cleft and constitutes a key protein in the complex
serotonergic pathway. It has been hypothesized that
serotonin is implicated in the pathophysiology of several
psychiatric disorders such as affective disorders (AD),
autism, obsessive compulsive, and anxiety disorders.1
Moreover, 5-HTT has been reported to have a role in such
behaviors as sleep, appetite, aggression, memory, nutrient
intake, impulsivity, and personality traits2 (neuroticism,
harm avoidance). At a pharmacological level, 5-HTT is the
site of binding for tricyclic antidepressants and serotonin
reuptake inhibitors - SSRI, thus reducing serotonin reup¬
take. The 5-HTT gene maps to chromosome 17 at position
17qll.l7-ql2, and is a strong candidate gene for AD.4

Two 5-HTT polymorphisms have been extensively in¬
vestigated in AD. The first polymorphism is a variable
number of tandem repeats (VNTR) in intron 2, which has
been reported to act as a transcriptional regulatory element
of the 5-HTT in mice and human.4"6 The second VNTR

polymorphism is composed of 16 repeat elements, and
consists of a 44-bp insertion or deletion (involving repeat
elements 6-8), located exactly at the 5'-flanking regulatory
region of the serotonin transporter gene on chromosome
17qll.2 (approximately 1 kb upstream of the transcription
initiation site), that is, serotonergic transporter-linked
polymorphic region (5-HTTLPR). There are two common
variants, designated 'long' (or 'L') and 'short' (or 'S').7
Studies reported functional repercussions such that the L
and S alleles have different transcriptional efficiencies. The
L allele has a higher transcriptional activity in vitro and in
lymphoblastoid cell lines, compared to SS homozygotes.7,6
Consequently, the rate of removal of serotonin from the
synaptic cleft varies according to the distribution of alleles,
indicating that the number of repetitive sequences in the
5-HTTLPR polymorphism may have a role in the transcrip¬
tional activity. These reports have generated considerable
interest, and a very large number of investigations have
been conducted on these two 5-HTT polymorphisms in
AD. However, conflicting results from association studies
do not clarify the role of 5-HTT in phenotypes such as
unipolar (UPAD) or bipolar disorders (BPAD) (see the
review of Bellivier et ai,9 which summarized results of
these studies). Additionally, negative linkage studies have
also been reported in multiplex families."'-12 Lack of
statistical power, clinical heterogeneity, genetic heteroge¬
neity, and ethnogeographic stratification as source of bias
in association studies may account for the conflicting

results. The genetic basis of AD is complex, involving
interaction between genetic and environment factors, and
most likely involves the interaction of several genes of
minor effect. One cannot assume that the presence of an
allele is either necessary or sufficient to 'cause' the
phenotype. The power of association analysis to detect
genetic contributions to complex diseases can be greater
than linkage studies,li,H when the sample size gives
sufficient power to detect genes of minor effect and when
patients and controls are recruited using strict and
standardized inclusion criteria, and are well matched for
geographical origin. To further clarify the involvement of
5-HTT in AD, we carried out a case-control association
study in a large European multicenter sample, using the 5-
ITTTLPR functional polymorphism. A total of 1932 subjects
were selected with DNA and clinical data: 539 unipolar
(UPAD), 572 bipolar patients (BPAD), and 821 control
subjects (C). To our knowledge, our sample size constitutes
one of the largest samples examined for the 5-HTTLPR
polymorphism in AD (Table 1).

Methods
Subjects
The present sample was recruited within the Biomedical
European (BIOMED 2) European Collaborative Study on
Molecular Genetics in Affective disorders, Contract No:
BMH4-CT-97-2307. This network was established within

the framework of the European Commission. The objec¬
tives and detailed methodology of the project were
described previously.15 A total of eight clinical centers
participated in the present study (Edinburgh, Brussels,
Sofia, Zagreb, Bonn, Jerusalem, Milan, and Umea; see
Table 1). All subjects were interviewed using standard
diagnostic interviews, such as the Schedule for Affective
Disorders and Schizophrenia-Lifetime Version (SADS-LA)16
and the Schedule for Clinical Assessment of Neuropsychia-

Table 1 Contribution of each center to the recruitment of

patient-control samples

Center BPAD UPAD Controls Total

Edinburgh 140 127 42 309
Brussels 66 65 95 226
Sofia 47 86 104 237

Zagreb 42 88 116 246
Bonn 40 40 202 282
Jerusalem 67 84 91 242
Milan 49 82 93 224
Umea 88 — 78 166
Total 539 572 821 1932
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try (SCAN).17 One of the two diagnostic interviews was
used for all patients and all controls recruited for the
project. The choice of the diagnostic interviews was based
on the research experience within individual research
teams. Data published by the European Science Foundation
(ESF) showed good concordance between the two instru¬
ments.18 A total of 1932 subjects were selected with DNA
and clinical data: 539 UPAD subjects including 188 males,
349 females, and two missing data, 572 BPAD subjects
including 242 males, 328 females, and two missing data,
and 821 controls including 363 males, 441 females, and 17
missing data. The age distribution was 53.8 years for UPAD,
49.7 years for BPAD, and 47.3 years for controls. Patients
met the diagnosis of BPAD and UPAD, according to RDC,
DSM-III-R, and DSM-IV classification systems. To test
alternative approaches based on phenotypic traits, we
selected clinical subgroups, characterized by a positive
family history of AD in first-degree relatives (n = 94 BPAD;
n = 7\ UPAD), antecedents of suicidal attempt (n = 104
BPAD, n = 63 UPAD), and presence of psychotic features
(delusion or hallucination, n - 103 BPAD, n-Yl UPAD).
Family data were assessed using the Family History RDC
(FH-RDC)'9 instrument. When available, family data were
also collected from relatives. Positive family history was
defined as having at least one first-degree relative affected
with BPAD or UPAD. Subjects for whom clinical informa¬
tion to categorize them into those subgroups were not
available were not included in these analyses. In the
control group, subjects with a positive personal or familial
history of psychiatric disorder were excluded. The study
was approved by local research ethics committees and
informed consent was obtained from patients and controls.

Genotyping
PCR was carried out in a 20—50/d reaction volume
containing 20-100ng of genomic DNA and lOpmol of
each primer. The primers used in this study were as
described by Heils7 et al or Cook20 et al. In all, 200 /im of
dATP, dTTP, and dCTP were used together with 100/iM
dGTP and 100/(M 7-deaza-dGTP, 1U of Taq DNA polymer¬
ase with the associated buffer containing 1.5 mm Mg2Cl
and 5% DMSO. Following heat denaturation ot the samples
(5 min at 95°C), 35-40 cycles were carried out consisting of
30 s at 94°C, 30s at 60°C and 30 s at 72°C, followed by a
final extension step of 5 min at 72°C. PCR products were
resolved on a 3% agarose gel or on a 10% polyacrylamide
gel. Bands were visualized by ethidium bromide staining
under UV illumination.

Statistical analysis
The Hardy-Weinberg equilibrium (HWE) was tested sepa¬
rately in the three groups (UPAD, BPAD, and controls), by
using the exact I1W test and the GENEPOP, 3.d. program-
updated version of GENEPOP.21 No significant deviation
from HWE was observed in any of the three groups.
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Genotypes' distribution in controls (LL 33%, LS 47.1%, SS
19.6%) was comparable to that reported by Lesch et als in a

European population. The empirical statistical power of our
two samples (UPAD compared to controls and BPAD
compared to controls), based on simulations (odd ratios
comprised between 1, 9, and 4 (effect size comprised
between 0.16 and 0.3) according to the findings in the
literature, and allelic frequencies in controls comprised
between 40 and 50%) was more than 90%. It was calculated
with program G power.22 Matching in the design was
utilized to control for potential confounding factor, such as

ethnogeographical origin, a complex nominal variable
which represents a wide and indefinable range of environ¬
mental and genetic factors difficult to quantify and thus to
control by other means. Matching cases and controls in the
design were used. Since there were more controls than cases
in each center, except Edinburgh, each case was individu¬
ally matched for ethnogeographical origin to one or several
controls within each center (each set was composed of one
case and N controls, N varying from a set to another, from 1
to 6). In Edinburgh center, where more cases than controls
were ascertained, each control was matched to one or two
cases. The number of controls/cases per case/control was
allowed to vary from set to set. The same controls were used
to be matched with UPAD and BPAD cases. Owing to the
matched design, Conditional Logistic Regression for
matched sets28 was used to assess the association between

dependant variables (diagnosis vs control) and predictors
(genotypes/alleles), and to derive odds ratios and 95%
confidence intervals after adjustment for potential con¬

founding factors. Estimated coefficients were provided for
each of the covariates. We conducted the conditional

logistic regression with SPSS, using the coxreg procedure to
fit a conditional logit model. The overall y2 (Wald) is
provided for each analysis. However, the limitation of
matching is the inability to evaluate the effect of matching
factor on risk of the outcome. To evaluate the possible
modifying effect of center and gender, a stratified analysis
was performed (match ignoring) and odds ratios (OR) and
confidence intervals (95% CI) were calculated. The Bre-
slow-Day test21 was applied to test the homogeneity of the
stratum-specific estimates (center and gender for strata and
presence of genotype S-S as exposition). To evaluate the
possible confounding effect of gender, the Mantel-llaens-
zel test24 was applied. Bonferroni correction for multiple
tests was applied, when necessary (for four tests: compar¬
isons (patients/controls; patients with family history of AD/
controls; patients with suicidal attempt/controls and
patients with psychotic features/controls).

Results
Polymorphism HTTLPlt and BPAD
The initial focus of our analysis was to detect differences
between BPAD and C subjects, in the distribution of
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Figure 1 Cenotypic distribution (%) between BPAD and
controls for 5-HTTLPR.
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S-S S-L L-L

Genotypes
(S-.SItoil allele, L-Loitg allele)

Figure 2 Cenotypic distribution (%) between LPAD and
controls for 5-HTTLPR.

genotypes and alleles. No significant differences emerged
(y2 = 0.1, df=2, P = 0.95 for genotypes and y2 = 0.07,
df=l, P = 0.8 for alleles distributions - see Figure 1).
Subgroup examinations did not show significant differ¬
ences in genotype and allelic distributions (y2 = 2.9, df = 2,
P = 0.23 and y2 = 0.98, df=l, P = 0.32 when considering
the group of BPAD with family history of AD compared to
controls; y2 = 2.9, df = 2, P = 0.23 and y2 = 0.99, df=l,
P = 0.31, the group of BPAD with a history of suicide
attempt compared to controls; y2 = 3.9, df = 2, P = 0.14 and
y2 = 0.43, df=l, P = 0.5, when considering the group of
BPAD with psychotic features compared to controls).

Stratification tests excluded confounding and modifier
effects of gender and center (see Table 2).

controls y =4.7, df = 2, P = 0.09; y2 = 0.00, df=l,
P = 0.98).

As for the previous analysis, no confounding or modifier
effects emerged for gender and center (see Table 2).

Additional analyses (not shown) performed to test the
combined BPAD and UPAD groups, showed no association,
when we considered primary diagnosis of AD and pheno-
typic traits such as suicidal attempt, psychotic features and
family history of AD.

Finally, for each group of patients (UPAD and BPAD), we
tested the effect of age and age at onset of episode. No age
effects emerged on frequencies of genotypes (results not
shown).

Polymorphism HTTLPR and UPAD
No significant association was detected comparing geno¬
type and allele distributions between UPAD patients and
control groups (y2-0.62, df —2, P — 0.73 and y2 — 0.46,
df=l, P = 0.49, see Figure 2) and subgroups (UPAD with
family history of AD/controls y2 = 7.1, df=2, P = 0.03 (NS
(nonsignificant) after Bonferroni correction for four tests:
P = 0.12; y2 = 1, df= 1, P = 0.31; UPAD with history of
suicidal attempt /controls y2 = 4.6, df = 2, P = 0.09;
y2 = 0.79, df=l, P = 0.37; UPAD with psychotic features/

Discussion
In this multicenter European association study, we col¬
lected one of the largest sample sizes of BPAD, UPAD and
controls, using strict and standardized inclusion criteria
for patients and controls. Our European collaboration
has led to efforts to optimize a methodology that reduces
some of the most severe limitations of the case-control

association approach (such as stratification bias). In
particular, we carefully matched patients and controls for
geographical origin and used an appropriate statistical
method for matched samples. No association was found

Table 2 Stratification tests: Mantel-Haenszel tests (MH) and Breslow-Day test (BD) - dichotomic variable: genotype S-S

Gender: MH test ORMH DPCrude Gender: BD test Center: BD test

BPAD groups compared to controls
BP y2 = 0.46, df = 1 , P = 0.49 0.89 0.89 y2 = 1.4, df = 1, P = 0.23 y2 = 8.5, df = 6, P = 0.2
BP+family history of AD y2 = 2.73, df = 1 , P = 0.09 0.6 0.6 y2 = 0.06, df= 1, P = 0.8 y2 = 1.8, df = 5, P = 0.85
BP+history of suicide attempt y2 = 1.51, df = 1 , P = 0.21 0.71 0.73 y2 = 2.5, df = 1, P = 0.11 y2 = 2.5, df = 7, P = 0.7
BP+psychotic features y2 = 3.3, df = 1, P= 0.07 0.63 0.64 y2 = 0.25, df = 1, p = 0.87 y2 = 2.8, df = 3, P = 0.4

UPAD groups compared to controls
UPAD y2 = 0.81, df = 1 , P = 0.36 1.15 1.17 y2 = 1.2, df = 1, P = 0.27 y2 = 4.03, df = 7, P = 0.7
UPAD+family history of AD y2 = 0.005, df = 1, P = 0.94 1.03 1.03 y2 = 0.66, df = 1, P= 0.8 y2 = 2.9, df = 4, P = 0.57
UPAD+history of suicide attempt y2 = 2,44, df = 1 , P = 0.11 0.58 0.55 y2 = 0.1 7, df = 1, P= 0.8 y2 = 1.8, df = 4, P = 0.77
UPAD+psychotic features y2 = 0.14, df = 1 , P= 0.7 0.7 0.9 y2 = 2.4, df = 1, P = 0.12 y2 = 3.16, df = 2, P= 0.2
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between the 5-HTTLPR polymorphism and groups of BPAD
and UPAD. The very high statistical power and the
exclusion of a center effect render our results reliable.
For BPAD, our negative results are comparable to most
previous independent reports25"34 Only four studies
reported an association between the S allele of 5-HTTLPR
and BPAD.35"38 In the case of family-based studies, three
independent studies reported negative findings when
testing for preferential transmission of alleles (trans¬
mission disequilibrium test) in samples of trios,39"41 and
two family haplotype analyses showed positive find¬
ings.42,43 However, sample sizes suggested that these
studies lacked power (substantial risk of statistical Type 11
error). Our present report also supports the results of
most investigations for UPAD, which also failed to
detect association with the 5-HTTLPR polymorph¬
ism.25,29,33,36,41,44 Only two findings were in favor of
an association.35,37 In addition, conflicting association
results were reported when considering different
phenotypic transonographical behavioral traits and sub¬
groups of AD (seasonal AD, suicidal behavior, anxiety-
related traits, personality dimensions, response to anti¬
depressants, see for a review Bellivier et at3). In our
studies, subgroup analyses (family history of AD, suicidal
attempt and psychotic features) failed to show any
association with the 5-HTTLPR polymorphism variants.
Owing to our large sample size, it does not seem that our
negative findings are due to lack of statistical power. A
special effort was made to collect one of the most
important databases for this candidate gene in AD. We
cannot totally exclude some implication of 5-HTT in
some AD phenotypic traits. It is possible that the
polymorphism 5-HTTLPR may be close to another adjacent
polymorphism involved in AD, without being in linkage
disequilibrium. This situation can exist when the popula¬
tion studied is subdivided into small subpopulations
carrying mutations descending from different ancestors
and present on different haplotypes. When studying the
global population, observable associations in subpopula¬
tions may become nonsignificant. Another possibility is
that the mutation is old enough for the marker and the
adjacent susceptibility locus to be in linkage equilibrium
again. Data available in a study that compared allelic
frequencies of 5-HTTLPR in populations from several
geographic regions of the world reported two common
alleles, showing that the polymorphism must have arisen
early in the evolutionary history of humans.45 However,
allele frequencies vary considerably, as a probable con¬
sequence of random genetic drift. Above all, as demon¬
strated by Gelernter's report,45 the large potential for
population stratification in studies using this polymorph¬
ism may explain some conflicting results, in particular
spurious positive findings. Moreover, we cannot exclude
the presence of genetic heterogeneity due to population
history.
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In summary, we conclude that, in our very large
European sample, no association was found with primary
psychiatric diagnosis of BPAD and UPAD, and some related
phenotypic traits. These results are in line with most
previous negative reports. The pharmacogenetic study of
therapeutic agents involved in the serotonergic pathway
remains nevertheless a promising approach for the
future.9,46,47
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Abstract

Background: Cryptic structural abnormalities within the subtelomeric regions of chromosomes
have been the focus of much recent research because of their discovery in a percentage of people
with mental retardation (UK terminology: learning disability). These studies focused on subjects
(largely children) with various severities of intellectual impairment with or without additional
physical clinical features such as dysmorphisms. However it is well established that prevalence of
schizophrenia is around three times greater in those with mild mental retardation. The rates of
bipolar disorder and major depressive disorder have also been reported as increased in people with
mental retardation. We describe here a screen for telomeric abnormalities in a cohort of 69

patients in which mental retardation co-exists with severe psychiatric illness.
Methods: We have applied two techniques, subtelomeric fluorescence in situ hybridisation (FISH)
and multiplex amplifiable probe hybridisation (MAPH) to detect abnormalities in the patient group.

Results: A subtelomeric deletion was discovered involving loss of 4q in a patient with co-morbid
schizoaffective disorder and mental retardation.

Conclusion: The precise region of loss has been defined allowing us to identify genes that may
contribute to the clinical phenotype through hemizygosity. Interestingly, the region of 4q loss
exactly matches that linked to bipolar affective disorder in a large multiply affected Australian
kindred.

Background
The isolation of unique DNA probes from the sub-telom-
eric regions of all chromosomes has opened up a field of
cytogenetics research that was previously inaccessible to
conventional karyotyping protocols [1]. Since then a

number of studies have shown that cryptic structural
abnormalities (deletions, duplications etc.) in the subte-
lomeric regions are relatively commonly found in groups
of individuals with idiopathic mental retardation (UK;
learning disability; LD). The biological attributes of these
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chromosomal regions may explain this interesting link.
The frequency of meiotic recombination is at its highest at
the ends of chromosomes (recently confirmed in the Ice¬
landic microsatellite map of the human genome [2]).
Therefore errors in this process should randomly result in
a greater frequency of unbalanced chromosome rear¬

rangement products at telomeres. There also appears to be
a greater density of genes at the ends of some chromo¬
somes, especially those with non-staining R-bands. Thus,
any telomeric copy number change is likely to affect sev¬
eral genes; potentially resulting in clinical features typical
of a contiguous gene syndrome - dysmorphisms, devel¬
opmental delay and mental retardation. A number of
reports have now shown that 0.5%-23% of idiopathic
mental retardation cases are associated with cryptic trans¬
locations in the vicinity of chromosome telomere (see [3-
17] and [18] for a recent review).

PISH, using a commercially available set of subtelomeric
probes is the most commonly used screening technique
[19,20], Variations on the theme of FISH (e.g. SKY and
CGH) have also been employed. More recently, methods
that rely on the detection of copy number changes at sub¬
telomeric loci have been described. MAPH 121 -24] is one
such technique in which probes are representatively
amplified by the polymerase chain reaction following
hybridisation to a patient's genomic DNA sample to gen¬
erate a quantitative profile of subtelomeric sequence copy
number.

Psychiatric disorders such as schizophrenia (SCZ) and
bipolar affective disorder (BPAD) are relatively common
in the general population and there is much evidence for
a genetic component to susceptibility (for a review see
[25]). However, it is clear from the lack of consistent find¬
ings from linkage mapping and association studies that
they are likely to be complex and aetiologically heteroge¬
neous disorders. For example, several genes might act
simultaneously (oligogenic action) or interact (epistasis)
to produce the clinical phenotype in any individual, and
those genes might be different in different individuals
(locus heterogeneity). An alternative to cohort based link¬
age and association approaches uses cytogenetic abnor¬
malities as direct pointers to candidate gene loci and this
has been successfully applied to patients with psychiatric
disorders resulting in the identification of a number of
candidate susceptibility genes including DISC1/DISC2
[26], DIBD1 [27] and GRIA3 [28]. The chromosome
abnormalities that disrupted these genes were reciprocal
translocations visible by standard cytogenetic methods.

The risk of schizophrenia and affective disorders in
patients with idiopathic mild mental retardation is signif¬
icantly raised and it is well established that schizophrenia
is three times more common in this group than the gen¬

eral population and that there is a strong familial element
[29]. Both bipolar illness and major depressive disorder
have also been described as of increased prevalence in the
population with mild mental retardation. The study also
revealed a previously undetected complex re-arrangement
between chromosomes 2 and 11, and a case of trisomy X,
but did not address subtelomeric changes. It strongly sug¬
gested however that the co-association between mental
retardation and schizophrenia is highly familial with
greater rates ofboth schizophrenia and co-morbid schizo¬
phrenia/mental retardation occurring in the families of
co-morbid probands compared to families of probands
with schizophrenia alone or with mental retardation
alone. Limbic system (amygdalo-hippocampal) neuropa¬
thology is especially pronounced in this group [30]. We
have formed the hypothesis that patients who are co-mor¬
bid for severe psychiatric illness and mental retardation
may be homogenous in (heir pathophysiology and that,
in addition to large-scale structural chromosomal abnor¬
malities, they may harbour as yet undetected cryptic telo¬
meric changes. To test this we have screened a series of 69
patients co-morbid for mental retardation and psychiatric
illness using fluorescence in situ hybridisation (FISH) and
multiplex amplifiable probe hybridisation (MAPH).

Methods
Patient Cohort

Local research ethics permission was obtained for this
study. The patients were initially ascertained through
computerised psychiatric clinical case-registers that
allowed us to identify adults with dual diagnosis of psy¬
chosis and mental retardation. A specific psychiatry serv¬
ice exists in Scotland to meet the needs of patients with
mental retardation who also suffer from psychiatric disor¬
ders and initial clinical diagnoses were confirmed by con¬
sultation between the relevant specialist clinician
involved and the research team member who is also a spe¬
cialist in the psychiatry of mental retardation (WM). Con¬
firmation that IQ fell within the mild range of mental
retardation was obtained from case records.

69 patients with mild mental retardation (IQ 70 to
around 50) and a referral diagnosis of co-existing schizo¬
phrenia or major affective disorder were studied. Parental
samples were not available in many cases due to the age
of the probands. This cohort is a subset of 74 originally
ascertained subjects: 5 were removed because of aneu-

ploidy (2 cases of 47(XXX)) or after more thorough psy¬
chiatric evaluation. One discounted subject with only
mental retardation possessed a 6q subtelomeric deletion
as determined by several MAPH probes (data not shown).
The lifetime version of the Schedule for Affective Disor¬
ders and Schizophrenia (SADS-L [31]) along with exten¬
sive case record review, and interviews with key carers and
relatives was used to gather the information needed to
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Table I: Subject classification and analysis Breakdown of subjects into their diagnostic categories and applied experimental
methodology. MR; mental retardation, SCZ; schizophrenia, BP I; bipolar affective disorder I, SCAFF; schizoaffective disorder, UFP;
unspecified functional psychosis, UPR; unipolar depression.

Clinical category MAPH alone MAPH and FISH FISH alone

MR/SCZ 34 7 8

MR/BP 1 6 3 2

MR/SCAFF 1 2 0

MR/UFP 3 0 2

MR/UPR 1 0 0
TOTAL SCREEN 45 12 12

make a diagnosis of schizophrenia or affective disorder
according to the Diagnostic and Statistical Manual 4lh Edi¬
tion (DSM IV [32]). Diagnosis was finalised by consensus
between two experienced psychiatrists (DB, WM) one of
whom specialises in the psychiatry of mental retardation
(WM). SADS-L has previously been successfully used in
people with mild mental retardation [29 ] to establish psy¬
chiatric diagnoses.

Overall 49 subjects met the DSM IV criteria for definite
schizophrenia, 3 for schizoaffective disorder, 11 for Bipo¬
lar I Disorder, 1 for recurrent Major Depressive Disorder
(unipolar depression). In addition, 5 subjects were diag¬
nosed as having a unspecified functional psychosis (DSM-
IV 298.9, Psychotic disorder NOS).

None had co existing Down Syndrome or Fragile X disor
der. A breakdown of the patients into their clinical catego¬
ries and methodology of screening is presented in table 1.

DNA extraction

DNA was extracted from venous blood samples (10 mis)
of all patients by standard methods using Nucleon BACC2
kits (Nucleon Biosciences). 1 mg/ml dilutions were pre¬
pared for MAPH.

MAPH

All 57 MAPH samples were tested in triplicate using the
subtelomeric screening set described previously [23], All
samples were anonymised prior to MAPH analysis. Each
sample was tested three times, and putative positives iden¬
tified by a univariate method (standard hypothesis testing
against a normal distribution) and multivariate methods
employed by the software SYSTAT 8.0 (Bivariate scatter-
graphs and Hadi outlier analysis). Four putative positives
were divided into one confident (univariate analysis, p <
0.01, corrected for multiple observations) and three pos¬
sible (univariate analysis, p c 0.05, corrected for multiple
observations, Hadi outlier distance >4, all three results
reporting a consistent change: either all >1.0 or <1.0) pos¬
itive results. The three "possible" positives have since been

discounted since they involved gain of the 20p telomeric
probe ST18E1, which from experience with normal con¬
trol subjects has shown to have unacceptably high mcas
urement error. This probe has been replaced in more
recent formulations of the subtelomeric probe set.

Subtelomeric FISH

Blood samples from a subset of the patients were cultured
in Peripheral Blood Medium (Sigma) for 72 hours. After
colccnrid treatment for one hour, lymphocytes were lysed
and fixed in methanokacetic acid (3:1). Fixed metaphase
material was dropped onto microscope slides. Each slide
was hybridised by three fluorescently labelled probe
mixes (ToTelVysion, Vysis Inc.) under separate coverslips.
All 15 mixes covering every subtelomeric region for a
patient could thus be analysed on 5 slides. Images were
captured on a Zeiss Axioskop2 microscope coupled to a
Macintosh G4 computer running SmartCapture2.1 soft¬
ware (Digital Scientific). Five metaphases were scored for
each probe mix.

Results
A subtelomeric deletion identified in one subject
Complete accord was seen in the 12 instances where both
screening methodologies were used. The FISH approach
did not detect any subtelomeric abnormalities (including
balanced translocations, which would not be observable

by MAPH). However, MAPH identified a subject with a
loss of one copy of the 4q subtelomeric region (p < 1 x l o-
3, corrected for multiple observations). It is unlikely that
this copy number change (4q~) defined by MAPH repre¬
sents an irrelevant polymorphism; no similar change was
found on analysis of 83 unrelated control individuals, giv¬
ing an upper (95% confidence) limit of 1.6% for the fre¬
quency of this variant.

Precise definition of 4q loss
Additional MAPH probes were designed to determine the
extent of the 4q deletion (fig. 1). The results show that the
proximal boundary of the subtelomeric deletion is
between the FAT gene and the proximal end of clone
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Figure I
Subtelomeric region of chromosome 4q Only annotated, unique chromosome sequence is shown, derived from the
November 2002 version of the UCSC Human Genome assembly (subtelomeric repeats would extend to the right of the dia¬
gram). A scale bar and the gene content (see Table 2) of the region are shown. The positions of the MAPH markers are also
shown which allowed the maximum and minimum extents of the deletion to be defined (black bar). Above the chromosome
region is shown the result of duplicate analysis from each MAPH probe (mean +/- 95% CI), together with the 3 standard devi¬
ation threshold and the results from the other control probes (mean +/- 95% CI).

Table 2: Gene content of 4q deletion Genes/putative transcriptional units within the deleted region on chromosomes 4q. ESTs a-f are

represented in figure I. An attempt to gauge the approximate expression levels of each gene was based on the number of EST clones
present in the UCSC Human Genome Browser (Nov.2002/Apr.2003 releases). A brief summary of gene function and a representative
accession number, where informative, is also included. TUBB4Q (4q35) is omitted from this list because it is a confirmed pseudogene.

4q35 GENE EST exp. Function/comments

FAT ++++ Cadherin-related tumor suppressor homologue precursor
EST a + (BE856720) Novel.
EST b + (BM806339) Novel. Contains 5 I/2 copies of 34aa repeat motif
EST c ++ (AI917275) Novel. No obvious ORF
ZFP42/FLJ32157 + (AK056719) Similar to transcriptional repressor protein YYI
FLJ2580I + (AK098667) Protein contains SMC (chromosome segregation ATPase) domain and PRY/SPRY domains

(unknown function).
EST d +++ (BU57I 187) Novel.
EST e + (BC033535) Novel.
EST f + (BC029568) LOC256307 novel predicted gene
FRGI ++++ Facioscapulohumeral muscular dystrophy region gene I
DUX4 + Homeobox protein, multiple copies.

713cl9 (Genbank accession number AC108073). P val¬
ues for boundary probes (Ho, value = 1.00), p < 5 x 10 5
for deletion and p > 0.05 for normal dosage. This 4q dele¬

tion encompasses a region of annotated genomic DNA of
approximately 3 Mb. The transcript map of this region is
not yet completely defined (see Table 2) but contains at
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least 10 transcriptional units with varying levels of
authenticity/experimental evidence attached to each one.

Discussion
Unlike simple chromosomal translocations, large dele¬
tions associated with a certain condition can present
many candidate genes for further study. In the context of
psychiatric disorders velo-cardio-facial syndrome (VCFS
or del22ql 1 syndrome) offers a model of how a cryptic
deletion associated with schizophrenia has highlighted
several candidate genes for future study [33-35].

We used two methods to screen for subtelomeric changes
in our cohort of patients. The MAPH technique has
proved a fast and accurate method for determining copy
number changes in the human genome and represents a
cost-effective route to the screening of large numbers of
patients. In addition, the disorders that can be studied by
this approach are limited only by the design of suitable
primers so that screening for both single and contiguous
gene disorders is feasible. MAPH has also been proved to
be a simple method to map deletion breakpoints with
greater resolution than FISH. The subtelomeric FISH
approach is a more demanding approach because of the
patient sample preparation, the requirement for special¬
ised microscopy equipment, the cost of the commercial
probe sets and the labour involved. Nevertheless, FISH
has some advantages: the FISH approach is the only way
to detect balanced chromosome rearrangements such as
inversions and translocations. Other studies of subtelom¬
eric regions in mental retardation subjects have identified
such chromosomal aberrations. In addition, FISH has
been a vital technique for identifying disrupted genes such
as DISCI in psychiatric patients with (non-sublelomeric)
chromosomal rearrangements. Therefore, the selection of
the screening technique should be determined by the
number of cases to be studied and the nature of the abnor¬
malities expected.

We have identified a subtelomeric deletion within our

cohort of 69 patients using the MAPH and F1SF1 method¬
ologies. This 4q deletion is associated with a co-morbid
phenotype of schizoaffective disorder and mild mental
retardation (fullscale 1Q between 60 and 70). Consent
was not forthcoming to determine whether the deletion
was of parental or de novo origin. However, psychiatric ill¬
ness has not been diagnosed in other members of the fam¬
ily. We cannot, therefore, formally link the presence of the
deletion with mental retardation and/or psychiatric ill¬
ness in the patient. The annotation of transcripts at
4q35.2 is currently an active area of research (see fig. 1 and
table 2) because of good linkage evidence (LOD score of
3.2 for microsatellile marker D4S1652) from an extended
Australian kindred multiply affected with bipolar affective
disorder [36-38], Importantly, the principal linkage

region almost exactly matches the deletion interval
observed in our patient. The 4q deletion patient has been
diagnosed with schizoaffective disorder (DSM-IV 295.7) -

with periods of psychotic depression but also mood
incongruent hallucinations and delusions. This is in con¬
trast to the clear bipolar affective disorder diagnosed for
members of the described linkage family. However, it has
been repeatedly observed that schizoaffective disorders
and bipolar affective disorders overlap clinically and are
indeed often difficult to separate. One postulated explana¬
tion for the now frequently reported linkage overlaps
between bipolar illness, schizoaffective disorders and
schizophrenia is that the inherited susceptibility is for psy¬
chosis rather than a specific disorder (reviewed in [39]).

The subtelomeric region of 4q is also interesting because
it contains a candidate gene, FRG1, for facioscapulo¬
humeral muscular dystrophy. The 4q patient does not
show any of the typical features of this disorder but this
can be explained by the fact that copy number does not
appear to be critical for the onset of the disorder [40],
Rather, the proximity of the gene to a variable number tel-
omeric repeat sequence (D4Z4) seems to be the chief
determinant of pathology [41],

Of the 69 patients with clear co-morbidity, one (1.4%)
possessed a single copy subtelomeric deletion. This fre¬
quency is in line with those from studies of individuals
with mental retardation alone [18]. As more studies exam¬
ine chromosomal integrity in people with mental retarda¬
tion or other conditions we hope that replication of
subtelomeric abnormalities will be observed, perhaps
leading to the eventual clinical definition of range of'sub¬
telomeric syndromes' such as that recently described for
the subtelomeric deletion of lq |42].

Conclusions
The identification of the precisely delimited 4q deletion
may contribute to the mapping of the susceptibility gene
for psychiatric illness at this locus. The finding of bipolar
affective disorder linkage to this region suggests that, in
this case at least, the schizoaffective and mental retarda¬
tion components to the co-morbid phenotype may be dis¬
crete and genetically separable in the manner of other
contiguous gene disorders. If it is assumed that either
component of the clinical phenotype is caused by hap-
loinsufficiency then examining the comparative
expression levels of candidate genes in normal, bipolar-
linked and 4q deleted lymphoblastoid cell lines might
provide a quick route to the identification of causative
genes. Alternatively, gene association studies may be
required to identify the candidate psychiatric illness gene
at 4q35. The high rate of recombination in subtelomeric
DNA means that a higher density of genetic markers will
be required to establish linkage or association reliably;
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conversely, once detected, the high rate of recombination
will allow high resolution fine mapping of significant loci.

Competing interests
None declared.

Authors' contributions
BSP participated in the design of the study and the FISH
analysis and drafted the manuscript. EJH and JALA carried
out all MAPH assays and associated statistical analyses.
MPM carried out blood culture and FISH analysis. WJM
conceived the study and was responsible for the genera¬
tion of all clinical data, and DHRB and D)P participated
in the study design and coordination. All authors read and
approved the final manuscript.

Acknowledgements
The authors wish to thank Judy Fantes, Michael Ellis and Paul Perry for
advice on fluorescence microscopy, and Jane Hewitt and Dan Bolland for
advice on the 4q physical map. The subtelomeric FISH work was supported
by a small project grant from SHERT (RG45/0I) and the MAPH work by
the Wellcome Trust, grant number 060578. MPM was supported by a grant
from the Scottish Executive, Chief Scientist's Office and Wellcome Trust
Genes to Cognition programme.

References
1. Knight SJ, Flint J: Perfect endings: a review of subtelomeric

probes and their use in clinical diagnosis. J Med Genet 2000,
37(6):40l -409.

2. Kong A, Gudbjartsson DF, Sainz J, Jonsdottir GM, Gudjonsson SA,
Richardsson B, Sigurdardottir S, Barnard J, Hallbeck B, Masson G, Shl-
ien A, Palsson ST, Frigge ML, Thorgeirsson TE, Gulcher JR, Stefansson
K: A high-resolution recombination map of the human
genome. Not Genet 2002, 3 I (3):241-247.

3. van Karnebeek CD, Koevoets C, Sluijter S, Bijlsma EK, Smeets DF,
Redeker EJ, Hennekam RC, Hoovers JM: Prospective screening
for subtelomeric rearrangements in children with mental
retardation of unknown aetiology: the Amsterdam
experience. J Med Genet 2002, 39(8):546-553.

4. Knight SJ, Regan R, Nicod A, Horsley SW, Kearney L, Homfray T,
Winter RM, Bolton P, Flint J: Subtle chromosomal rearrange¬
ments in children with unexplained mental retardation. Lan¬
cet 1999, 354:1676-1681.

5. Sismani C, Armour JA, Flint J, Girgalli C, Regan R, Patsalis PC:
Screening for subtelomeric chromosome abnormalities in
children with idiopathic mental retardation using multi-
probe telomeric FISH and the new MAPH telomeric assay.
Eur J Hum Genet 2001, 9(7):527-532.

6. Baker E, Hinton L, Callen DF, Altree M, Dobbie A, Eyre HJ, Suther¬
land GR, Thompson E, Thompson P, Woollatt E, Haan E: Study of
250 children with idiopathic mental retardation reveals nine
cryptic and diverse subtelomeric chromosome anomalies.
Am J Med Genet 2002, 107(4):285-293.

7. Joyce CA, Dennis NR, Cooper S, Browne CE: Subtelomeric rear¬
rangements: results from a study of selected and unselected
probands with idiopathic mental retardation and control
individuals by using high-resolution G-banding and FISH.
Hum Genet 2001, 109(4):440-451.

8. Lamb A, Lytle C, Aylsworth A, Powell C, Rao K, Hendrickson M,
Carey J, Opitz J, Viskochil D, Leonard C, Brothman A, Stephan M, Bar-
tleyj, Hackbarth M, McCarthy D, ProffitJ: Low proportion of sub¬
telomeric rearrangements in a population of patients with
mental retardation dysmorphic features. Am J Hum Genet Suppl
1995, 59:A169.

9. Vorsanova SG, Yurov YB, Kolotii AD, Demidova IA, Novikova IM:
I 6q subtelomeric deletion in proband with congenital mal¬
formations and mental retardation. Tsitol Genet 2000,
34(6):72-74.

10. Fan YS, Zhang Y, Speevak M, Farrell S, Jung JH, Siu VM: Detection of
submicroscopic aberrations in patients with unexplained
mental retardation by fluorescence in situ hybridization
using multiple subtelomeric probes. Genet Med 2001,
3 (6):416-421.

I I. Riegel M, Baumer A, Jamar M, Delbecque K, Herens C, Verloes A,
Schinzel A: Submicroscopic terminal deletions and duplica¬
tions in retarded patients with unclassified malformation
syndromes. Hum Genet 2001, I 09(3):286-294.

12. Clarkson B. Pavenski K, Dupuis L, Kennedy S, Meyn S, Nezarati MM,
Nie G, Weksberg R, Withers S, Quercia N, Teebi AS, Teshima I:
Detecting rearrangements in children using subtelomeric
FISH and SKY. Am J Med Genet 2002, 107(4):267-274.

13. Jalal SM, Harwood AR, Sekhon GS, Pham Lorentz C, Ketterling RP,
Babovic-Vuksanovic D, Meyer RG, Ensenauer R, Anderson MH Jr,
Michels VV: Utility of subtelomeric fluorescent DNA probes
for detection of chromosome anomalies in 425 patients.
Genet Med 2003, 5(l):28-34.

14. Helias-Rodzewicz Z, Bocian E, Stankiewicz P, Obersztyn E, Kostyk E,
Jakubow-Durska K, Kutkowska-Kazmierczak A, MazurczakT: Subte¬
lomeric rearrangements detected by FISH in three of 33
families with idiopathic mental retardation and minor phys¬
ical anomalies. J Med Genet 2002, 39(9):53.

15. Anderlid BM, Schoumans J, Anneren G, Sahlen S, Kyllerman M, Vujic
M, Hagberg B, Blennow E, Nordenskjold M: Subtelomeric rear¬
rangements detected in patients with idiopathic mental
retardation. Am J Med Genet 2002, 107(4):275-284.

16. Rio M, Molinari F, Heuertz S, Ozilou C, Gosset P, Raoul O, Cormier-
Daire V, Amiel J, Lyonnet S, Le Merrer M, Turleau C, de Blois MC,
Prieur M, Romana S, Vekemans M, Munnich A, Colleaux L: Auto¬
mated fluorescent genotyping detects 10% of cryptic subte¬
lomeric rearrangements in idiopathic syndromic mental
retardation.) Med Genet 2002, 39(4):266-270.

17. Viot G, Gosset P, Fert S, Prieur M, Turleau C, Raoul O, De Blois MC,
Lyonnet S, Munnich A, Vekemans M: Cryptic subtelomeric rear¬
rangements detected by FISH in mentally retarded and dys¬
morphic patients. Am J Hum Genet Suppl 1998, 63:AI0.

18. De Vries BB, Winter R, Schinzel A, van Ravenswaaij-Arts C: Telom¬
eres: a diagnosis at the end of the chromosomes. J Med Genet
2003, 40(6):385-398.

19. Flint J, Wilkie AO, Buckle VJ, Winter RM, Holland AJ, McDermid HE:
The detection of subtelomeric chromosomal rearrange¬
ments in idiopathic mental retardation. Not Genet 1995,
9(2): I 32-140.

20. Knight SJ, Horsley SW, Regan R, Lawrie NM, Maher EJ, Cardy DL,
Flint J, Kearney L: Development and clinical application of an
innovative fluorescence in situ hybridization technique
which detects submicroscopic rearrangements involving
telomeres. Eur J Hum Genet 1997, 5( I): I -8.

21. Armour JA, Sismani C, Patsalis PC, Cross G: Measurement of
locus copy number by hybridisation with amplifiable probes.
Nucleic Acids Res 2000, 28(2):605-609.

22. Hollox EJ, Atia T, Cross G, Parkin T, Armour JA: High throughput
screening of human subtelomeric DNA for copy number
changes using multiplex amplifiable probe hybridisation
(MAPH). J Med Genet 2002, 39(1 l):790-795.

23. Hollox EJ, Akrami SM, Armour JA: DNA copy number analysis by
MAPH: molecular diagnostic applications. Expert Rev Mol Diagn
2002, 2(4):370-378.

24. Kriek M, White SJ, Bouma MC, Dauwerse HG, Hansson KB, Nijhuis
JV, Bakker B, van Ommen GJ, den Dunnen JT, Breuning MH:
Genomic imbalances in mental retardation. J Med Genet 2004,
41:249-255.

25. Berrettini WH: Are schizophrenic and bipolar disorders
related? A review of family and molecular studies. Biol
Psychiatry 2000, 48(6):53 1-538.

26. Millar JK, Wilson-Annan JC, Anderson S, Christie S, Taylor MS, Sem-
ple CA, Devon RS, StClair DM, Muir WJ, Blackwood DH, Porteous
DJ: Disruption of two novel genes by a translocation co-seg¬
regating with schizophrenia. Hum Mol Genet 2000,
9(9): 141 5-1423.

27. Baysal BE, Willett-Brozick JE, Badner J A, Corona W, Ferrell RE, Nim-
gaonkar VL, Detera-Wadleigh SD: A mannosyltransferase gene
at I Iq23 is disrupted by a translocation breakpoint that co-
segregates with bipolar affective disorder in a small family.
Neurogenetics 2002, 4(l):43-53.

Page 6 of 7
(page number not for citation purposes)



BMC Medical Genetics 2004, 5:21 http://www.biomedcentral.eom/1471-2350/5/21

28. Gecz J, Barnett S, Liu J, Hollway G, Donnelly A, Eyre H, Eshkevari HS,
Baltazar R, Grunn A, Nagaraja R, Gilliam C, Peltonen L, Sutherland
GR, Baron M, MulleyJC: Characterization of the human gluta-
mate receptor subunit 3 gene (GRIA3), a candidate for bipo¬
lar disorder and nonspecific X-linked mental retardation.
Genomics 1999. 62(3):356-368.

29. Doody GA, Johnstone EC, Sanderson TL, Owens DG, Muir WJ:
'Pfropfschizophrenia' revisited. Schizophrenia in people with
mild learning disability. Br J Psychiatry I998, 173:145-153.

30. Sanderson TL, BestJJ, Doody GA, Owens DG, Johnstone EC: Neu¬
roanatomy of comorbid schizophrenia and learning disabil¬
ity: a controlled study. Lancet 1999, 354:1867-1871.

31. EndicottJ, Spitzer RL: A diagnostic interview: the schedule for
affective disorders and schizophrenia. Arch Gen Psychiatry 1978,
35:837-844.

32. American Psychiatric Association: Diagnostic and Statistical Manual of
Mental Disorders. Text Revision 4th edition. American Psychiatric Asso¬
ciation, Washington, DC; 2000.

33. McDermid HE, Morrow BE: Genomic disorders on 22q I I. Am J
Hum Genet 2002, 70:1077-1088.

34. Murphy KC, Owen MJ: Velo-cardio-facial syndrome: a model
for understanding the genetics and pathogenesis of
schizophrenia. Br J Psychiatry 2001, I 79:397-402.

35. Lindsay EA: Chromosomal microdeletions: dissecting
del22q I I syndrome. Nat Rev Genet 2001, 2:858-868.

36. Adams LJ, Mitchell PB, Fielder SL, Rosso A, Donald JA, Schofield PR:
A susceptibility locus for bipolar affective disorder on chro¬
mosome 4q35. Am J Hum Genet 1998, 62(5): 1084-1091.

37. Blair IP, Adams LJ, Badenhop RF, Moses MJ, Scimone A, Morris JA, Ma
L, Austin CP, Donald JA, Mitchell PB, Schofield PR: A transcript
map encompassing a susceptibility locus for bipolar affective
disorder on chromosome 4q35. Mol Psychiatry 2002,
7(8):867-873.

38. Badenhop RF, Moses MJ, Scimone A, Adams LJ, Kwok JB, Jones AM,
Davison G, Evans MR, Kirkby KC, Hewitt JE, Donald JA, Mitchell PB,
Schofield PR: Genetic refinement and physical mapping of a
2.3 Mb probable disease region associated with a bipolar
affective disorder susceptibility locus on chromosome 4q35.
Am J Med Genet 2003, I I 7B( I ):23-32.

39. Bramon E, Sham PC: The common genetic liability between
schizophrenia and bipolar disorder: a review. Curr Psychiatry
Rep 2001, 3(4):332-337.

40. Tupler R, Berardinelli A, Barbierato L, Frants R, Hewitt JE, Lanzi G,
Maraschio P, Tiepolo L: Monosomy of distal 4q does not cause
facioscapulohumeral muscular dystrophy. J Med Genet 1996,
33(5):366-370.

41. Lemmers RJ, de Kievit P, Sandkuijl L, Padberg GW, van Ommen GJ,
Frants RR, van der Maarel SM: Facioscapulohumeral muscular
dystrophy is uniquely associated with one of the two variants
of the 4q subtelomere. Nat Genet 2002, 32(2):235-236.

42. De Vries BB, Knight SJ, Homfray T, Smithson SF, Flint J, Winter RM:
Submicroscopic subtelomeric Iqter deletions: a recognisa¬
ble phenotype? J Med Genet 2001, 38(3): 175-1 78.

Pre-publication history
The pre-publication history for this paper can be accessed
here:

http://www.biomedcentral.eom/1471-2350/5/21/prepub

Page 7 of 7
(page number not for citation purposes)

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:
• available free of charge to the entire biomedical community
• peer reviewed and published immediately upon acceptance
• cited in PubMed and archived on PubMed Central

• yours — you keep the copyright

Submit your manuscript here: £ j BioMedC6ntral
http://www.biomedcentral.com/info/publishing_adv.asp '



Molecular Psychiatry (2005) 10, 598-605
© 2005 Nature Publishing Group All rights reserved 1359-4184/05 $30.00
www.nature.com/mp

ORIGINAL RESEARCH ARTICLE

Association between COMT (Val158Met) functional
polymorphism and early onset in patients with major
depressive disorder in a European multicenter genetic
association study
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The available data from preclinical and pharmacological studies on the role of the C-O-methyl
transferase (COMT) support the hypothesis that abnormal catecholamine transmission has
been implicated in the pathogenesis of mood disorders (MD). We examined the relationship of
a common functional polymorphism (Val108/158Met) in the COMT gene, which accounts for
four-fold variation in enzyme activity, with 'early-onset' (EO) forms (less than or equal to 25
years) of MD, including patients with major depressive disorder (EO-MDD) and bipolar patients
(EO-BPD), in a European multicenter case-control sample. Our sample includes 378 MDD (120
EO-MDD), 506 BPD (222 EO-BPD) and 628 controls. An association was found between the
high-activity COMT Val allele, particularly the COMT Val/Val genotype and EO-MDD. These
findings suggest that the COMT Val/Val genotype may be involved in EO-MDD or may be in
linkage disequilibrium with a different causative polymorphism in the vicinity. The COMT gene
may have complex and pleiotropic effects on susceptibility and symptomatology of
neuropsychiatric disorders.
Molecular Psychiatry (2005) 10, 598-605. doi:10.1038/sj.mp.4001615
Published online 7 December 2004

Keywords: major depressive disorder; bipolar disorder; candidate genes; catecholamine
neurotransmission; COMT gene; age at onset; association study

Mood disorders (MD), including bipolar disorder
(BPD) and major depressive disorder (MDD), are
multifactorial diseases, presumed to have a complex
inheritance, involving the interaction of various genes
in combination with environmental factors. A poly¬
genic origin implies a limited impact of each gene and
a high phenotypic heterogeneity of the disorder, and/
or a large impact in a small number of families.
Association studies are appropriate for searching
susceptibility genes with minor effects involved in
MD,1 but large samples of subjects are necessary to
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obtain sufficient power of detection. Conflicting
results in molecular genetic studies of MD may be
due to the clinical and genetic heterogeneity of the
disorder. Thus, attention is shifting towards clinical
indicators of MD, which may be able to identify more
heritable subforms of the disease. Evidence is accu¬

mulating from ascendant and descendant family
studies, that 'early onset' (EO) forms of MD may be
associated with greater familial risk to relatives.2^5
Furthermore, a recent study showed the existence of
intrafamilial correlation for age at onset in BPD.4
Finally, EO was reported to be involved in anticipa¬
tion (increase in disease severity and decrease in age
at onset in succeeding generations), as suggested in
BPDs.B_a

EO of MD could be an important variable in
identifying some forms of MD that are more geneti¬
cally homogeneous or may carry some degree of
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relatively increased genetic loading or phenotypic
expression.5 EO, as a specific phenotype, may be
helpful to identify vulnerability genes (ie increase
penetrance). Age at onset (AAO) of the disease has
been found to be a key indicator for a more heritable
form of MD, in delineating disorder subtypes, thus
leading to gene identification (in other neuropsychia¬
try disorders, as is the case in Alzheimer's disease).10
A clinical study reported an association of BPD in a
group of subjects with the velocardiofacial syndrome
(VCFS), a congenital disorder that presents with a
constellation of symptoms, such as cleft palate,
cardiac problems, facial abnormalities, and learning
disabilities.11 Within these subjects, 64% met DSM-
II1-R criteria for a spectrum of BPD with full
syndromal onset in late childhood or early adoles¬
cence. These findings support a strong association
between VCFS and early-onset BPD.11 On a molecular
level, the disorder has been linked to a hemizygous
interstitial deletion of chromosome 22qll, which may
involve the gene coding for the catechol O-methyl
transferase (COMT), a methylation enzyme, which
catalyzes endogenous catecholamines (eg, dopamine,
epinephrine, norepinephrine) by O-methylation in
the presence of S-adenosylmethionine and magne¬
sium ions.12 The COMT gene, considered as a
possible 'candidate gene' for MD, was characterized
and sequenced.13-15 There are two common variants, a
low- and a high-activity form, due to a G-to-A
transition at codon 158, predicting an amino-acid
change (Val15"Met).12'10'17 The enzyme containing Met
is unstable at 37°C and has \ of the activity of the
enzyme containing Val.12 The alleles are codominant,
as heterozygous individuals have enzyme activities
that are midway between that of homozygous in¬
dividuals. The erythrocyte COMT activity has been
shown to be higher in BPD patients than their
individually matched controls, and to be increased
by 60% in female MDD patients compared to female
controls, with a significantly higher enzyme activity
than in the corresponding male patients.1" Moreover,
the COMT activity was reported to be highest at an
early age (in particular from age 6 to 20) and lowest
after age 50 years.1" A relationship between COMT

Met activity and BPD was postulated as a mechanism
for the BPD phenotype in cases of comorbid BPD and
VCFS.2" Some studies have reported a positive
association between the low-activity COMT Met allele
and MDD,21 BPD,22-24 BPD with rapid cycling,25 and
BPD with ultradian rapid cycling (48 h cycles).20
However, several case-control association studies of
COMT alleles have been negative (see Table 2).
Linkage studies have supported a locus for both
schizophrenia25 and BPD27-2" on chromosome 22q,
near the location of VCFS.

In the present study, we examined the relationship
of the functional COMT (Val15liMet) polymorphism in
the EO subphenotype of MD, in a European multi-
center association study, using a case-control design
in samples of BPD, MDD, and control subjects.

Materials and methods

Subjects
The present sample was recruited within the Biome¬
dical European Collaborative Study on Molecular
Genetics in Affective disorders (BIOMED 2, Contract
No. BMH4-CT-97-2307). This network was estab¬
lished and supported within the framework of the
European Commission. The objectives and detailed
methodology of the project were described pre¬
viously.2" A total of six clinical centers participated
in the present study (Athens, Bonn, Brussels, Edin¬
burgh, Milan, Sofia, see Table 1). All centers used
DSM-1II-R and DSM-IV classification systems criteria
for categorical diagnoses (BPD and MDD) based on
specific criteria, assessed by standardized interviews
that have shown reliability. All subjects were inter¬
viewed by experienced psychiatrists fluent in English
as well as in the language of the population being
studied, using the Schedule for Affective Disorders
and Schizophrenia-Lifetime Version"' and the Sche¬
dule for Clinical Assessment of Neuropsychiatry.31
One of the two diagnostic interviews was used for all
patients and all controls recruited for the project. The
decision to adopt two instruments arose out of
different research experience within individual re¬
search teams. Data published by the European

599

Table 1 Contribution of each center to the recruitment of patient-control samples

Centers

Brussels Sofia Milan Athens Bonn Edinburgh Total

MDD 89 46 74 58 60 51 378

Males/females 34 55 12 34 21 53 20 38 17 43 25 26 129 249

BPD 88 84 118 60 60 96 506

Males/females 34 54 21 63 53 65 36 24 29 31 44 52 217 288

Controls 97 104 86 45 213 83 628

Males/females 39 58 24 80 51 35 26 19 138 75 38 45 316 312

Total 274 234 278 163 333 230 1512

MDD: major depressive disorder.
BPD: bipolar disorder.

Molecular Psychiatry
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Figure 1 AAO distribution between MDD and BPD
patients.

Science Foundation ESF showed good concordance
between the two instruments.32 Other sources such as

hospital case notes were also include to make
diagnoses. A total of 1512 subjects were selected
with DNA and clinical data: 378 MDD subjects (129
males and 249 females), including 120 with early
onset (<25 years, named EO-MDD), 506 BPD subjects
(217 males and 288 females), including 222 with early
onset (<25 years, named EO-BPD), and 628 controls
(316 males and 312 females). To limit ethnogeo-
graphic stratification biases, samples were performed
within centers with subjects ethnically homogenous.
The age distribution between MDD and BPD patients
is described in Figure 1. The age cutoff of 25 (<25) for
early onset (EO) was chosen according to a recent
report that showed three age-at-onset subgroups of
BPD patients (mean ages at onset were 17 years, 25
years, including 50% of patients, and 40 years,
respectively), having different familial vulnerability
factors.33 In our sample, 49.2% of BPD and 33.5% of
MDD patients had EO. AAO was defined as the 'age at
which the patient first met the DSM criteria for major
depressive/(hypo)manic episode'. To test alternative
approaches based on phenotypic traits, we selected
clinical subgroups, characterized by a positive family
history of MD in first-degree relatives (n = 166 BPD;
n = 107 MDD), history of suicidal attempt (SA)
(n = 126 BPD, n = 83 MDD), presence of psychotic
features (delusions or hallucinations, n = 157 BPD,
n = 29 MDD) and presence of rapid cycling (RC) in
BPD (n = 21 RC, 220 without RC), Family data were
assessed using the Family History RDC instrument,34
When available, family data were also collected from
relatives. Positive family history was defined as
having at least one first-degree relative affected with
BPD or MDD. Subjects for whom clinical information
to categorize them into those subgroups was not
available were not included in these analyses. For the
control group, subjects with a positive personal or
familial history of psychiatric disorder were ex¬

cluded. Local medical and research ethics committees

approved the study and informed consent was
obtained from patients and controls.

Genotyping
The COMT gene, located at 22qll.2, has six exons
and two promoters. The COMT (Val15"Met) poly¬
morphism is due to a G-to-A transition at codon 158
of the COMT gene, resulting in a valine-to-methionine
substitution.1" The two alleles are commonly referred
to as COMT Val and COMT Met. Genomic DNA was

extracted from whole blood by NaCl precipitation.33
PCR was performed with the following primers: 5'-
ACT GTG GCT ACT CAG CTG TG-3' and 5'-CCT TTT
TCC AGG TCT GAC AA-3'. The PCR was carried out
in a 10-/(1 volume containing 20 ng of genomic DNA,
lOpmol of each primer, 200/iM of each dNTP, 1 x
PCR Gold Buffer (Applied Biosystem), and 0.025 U/ml
of Taq Gold Polymerase (Applied Biosystem). After an
initial denaturation step of 5 min at 96°C, 35 cycles of
amplification (45 s at 96°C, 45 s at 60"C, and 45 s at
72°C) and a final extension step of 10 min at 72°C
were performed. An aliquot of PCR product was
digested using NlaIII (New England BioLabs); frag¬
ments were separated in 4% agarose gels. Depending
on the presence or absence of the restriction NlalW
site, either one fragment (allele COMT Val) or two
fragments (allele COMT Met) were produced (Table 2).

Statistical analysis
The Hardy-Weinberg equilibrium (HWE) was tested
separately in the three groups (MDD, BPD, and
controls), by using the exact HW test and the
GENEPOP, 3.d program-updated version of GENE-
POP.3" In order to determine whether there is an

association of COMT and MD, we performed logistic
regression analyses. We evaluated the effect of
genotypes and alleles as predictors of the dependant
variable (the diagnosis status). Results of these
analyses are shown in Table 3. To evaluate the
possible confounding and/or modifying effect of
center and gender, stratified analyses were performed
and odds ratios (OR) and confidence intervals (95%
CI) were calculated. The Mantel-Haenszel test37 was

applied to evaluate the possible confounding effect of
gender/center. The Breslow-Day3" test was applied to
test the homogeneity of the stratum-specific estimates
(center and gender for strata and presence of genotype
COMT Val/Val as exposition).

Results

No significant deviation from HWE was observed in
any of the three groups.

COMT (Vallr"'MetJ polymorphism: MDD patients
compared to control subjects
Results were derived from logistic regression analyses
and did not show any significant difference when
comparing the distribution of genotypes and alleles

Molecular Psychiatry
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Table 2 Case—control association studies for the COMT (Val15"Met) polymorphism in MDD and BPD patients
601

Patients In) Controls (n) COMT Significance

MDD

Kunugi45 62 121 NS
Ohara21 75 135 COMT Met Allele S (OR -2.19)
Frish4" 102 172 NS
Russ" 51 (suicidal patients) 51 NS
Cusin4" 212 663 NS

NS

BPD

Papolos11
Li22 93 98 Met/Met Genotype S

COMT Met Allele s
Gutierrez40 88 113 NS
Lachman50 63 63 NS

Kunugi45 107 121 NS
Biomed group51 412 368 NS
Ohara21 40 135 NS

Mynett-Johnson25 30 BPD females Parents (trios) COMT Met allele Tendency
Kirov25 55 BPD (rapid cycling) 110 BPD (nonrapid COMT Met Allele S

cycling)
Papolos20 19 rapid-cycling and 6 COMT Met /Me S with ultradian rapid

ultradian rapid cycling) Genotype cycling BP
Geller52 52 EO-BPD ( + 10 years) Trios NS
Cusin4" 338 663 NS
Rotondo24 111BPD (49 with panic 127 Comt Met allele S with BPD without

disorder and 62 without panic disorder
panic disorder)

MDD: major depressive
BPD: bipolar disorder.

disorder.

S: significant.
NS: non significant.

between MDD cases and control subjects (see Table
3a). No association emerged when considering sub-
phenotypes including MDD patients with history of
SA, presence of psychotic features, and positive
family history (results not shown).

COMT (VaPr'"Met) polymorphism: EO-MDD patients
compared to control subjects
From the logistic regression analyses emerged a
significant difference for genotype distributions be¬
tween EO-MDD and controls, in favor of the high-
activity Val/Val genotype (33% in EO-MDD vs 21% in
controls, P = 0.01; OR=2.07, CI = [1.18, 3.61]). The
high-activity COMT Val allele was significantly
increased in EO-MDD patients (56.7 vs 47.5% in
controls, P= 0.009; df= 1; OR = 1.44; CI = (1.09, 1.91];
Table 3b). These results resisted to multiple tests
correction (five tests). When comparing the two
groups of patients (EO-MDD and MDD), the difference
of frequencies of the COMT Val/Val genotype was not
significant (overall test P = 0.09) but the COMT Val/
Val genotype was significantly more frequent (33.3%
in EO-MDD vs 23.5% in MDD; P= 0.037; df=l;
OR = 1.93; CI = [1.04, 3.6]; Table 3c). Moreover, the

distribution of the COMT Val allele was significantly
increased in EO-MDD than in MDD (57 vs 48% in
MDD; P = 0.031; df = 1; OR = 1.4; CI = [1.03, 1.92];
Table 3c). However, this result did not resist to
Bonferroni correction.

COMT (Val's"Met) polymorphism: BPD patients and
EO-BPD compared to control subjects
Results did not show any significant difference when
comparing the distribution of genotypes and alleles
between BPD patients, EO-BPD patients and control
subjects (see Table 3d and e). When exploring
subphenotypes, 'rapid cycling' BPD, BPD with posi¬
tive family history, BPD with psychotic features did
not show association (results not shown). However,
when considering BPD with SA, we found a sig¬
nificant association with the COMT Val/Val genotype
when we compared with controls (34.1 vs 20.9%;
overall Zwalu = 10.16; df=2; P — 0.006;
Xwald = 6.31; df = 1; P=0.012; OR = 1.98; CI = [1.16,
3.3]; see Table 3f) and in comparison with BPD
patients without history of SA (34.1 vs 20.6%;
Zwald = 8.9; df = 2; P=0.012; Zwalu = 8.9; df = 1;
P= 0.003; OR = 2.1; CI = [1.3, 3.5]). The last results

Molecular Psychiatry
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Table 3 Comparison of genotype and allele distributions at the COMT (Val,5"Met) polymorphism, between affected patients
and controls

Genotypes B SE Wald df Sig. Exp(B) 95%CI for EXP(B) lower upper

(a) MDD compared to controls
4.39 2 0.11

Met/Val 0.078 0.158 0.241 1 0.62 1.08 0.79 1.4 7
Val/Val -0.26 0.18 1.96 1 0.16 0.77 0.53 1.11

Alleles
Val -0.12 0.09 1.78 1 0.18 0.88 0.73 1.59

(b) EO-MDD compared to controls
8.9 2 0.012

Met/Val 0.13 0.26 0.24 1 0.62 1.13 0.68 1.90
Val/Val 0.72 0.28 6.61 1 0.01 2.07 1.18 3.6

Alleles
Val 0.37 0.14 6.8 1 0.009 1.48 1.09 1.91

(c) EO-MDD compared to MDD
4.62 2 0.099

Met/Val 0.26 0.28 0.80 1 0.37 1.29 0.73 2.28
Val/Val 0.99 0.23 4.35 1 0.037 1.93 1.04 3.6

Alleles
Val 0.34 0.16 4.66 1 0.031 1.4 1.032 1.927

Id] BPD compared to controls
1.2 2 0.536

Met/Val -0.07 0.14 0.26 1 0.61 0.92 0.69 1.23
Val/Val -0.19 0.17 1.22 1 0.26 0.82 0.58 1.16

Alleles
Val -0.09 0.085 1.13 1 0.28 0.91 0.77 1.07

(e] EO-BPD compared to controls
0.91 2 0.633

Met/Val 0.102 0.19 0.28 1 0.59 1.10 0.76 1.61
Val/Val 0.219 0.22 0.91 1 0.339 1.24 0.79 1.94

Alleles
Val 0.102 0.110 0.85 1 0.356 1.107 0.89 1.37

(f) BPD patients with history of suicidal attempt compared to controls
10.16 2 0.006

Met/Val 0.12 0.25 0.002 1 0.96 1.01 0.61 1.66
Val/Val 0.68 0.27 6.31 1 0.012 1.98 1.16 3.37

Alleles
Val 0.35 0.139 6.6 1 0.01 1.43 1.08 1.87

Logistic regression analyses (Method: enter, Contrast: indicator, Categorical covariates: genotypes/alleles, dependant
variable: diagnosis—presence/absence). MDD: major depressive disorder.
EO-MDD: early onset-major depressive disorder.
BPD: bipolar disorder.
EO-BPD: early onset-bipolar disorder.

did not resist to Bonferroni correction (six tests). The
distribution of the COMT Val allele was significantly
increased in BPD with a history of SA (56.3%)
compared to controls (47.5%), (xwalo = 6.6; df=l;
P= 0.01; OR = 1.4; CI = [1.08, 1.87]; see Table 3f).

For each comparison, Mantel-Haenzsel and Bre-
slow-Day tests were carried out to eliminate a
confounding and a modifier effect. Differences be¬
tween OR„udo and ORMn estimated according to the
Mantel-Haenzsel test never exceed 15%, excluding
confounding effects of gender and center. The

Breslow-Day tests were nonsignificant, excluding
gender and center modifier effect.

Discussion

In this multicentric European study, an association
was found in favor of the high-activity Val allele of the
common functional COMT (Val15BMet) polymorph¬
ism, in EO-MDD patients. These findings indicate
that the COMT Val allele and especially the COMT
Val/Val genotype may represent a modifying gene that

Molecular Psychiatry



COMT polymorphism and early onset of mood disorders
I Massat ef a/

predisposes to early onset in MDD patients or reflect
linkage disequilibrium with a different causative
polymorphism in the vicinity. A previous report
showed that homozygosity for the high-activity
COMT Val/Val genotype is associated with a 3-4-fold
increase of COMT enzyme activity compared with
homozygotes for the low-activity variant.12 Indivi¬
duals with COMT Val/Val genotype would be ex¬
pected to have lower levels of transynaptic
catecholamines due to an increased COMT degrada¬
tion of norepinephrine and dopamine. Age-specific
variations in neurotransmitters and other develop¬
mental differences may support different phenotypic
manifestations of MDD across the age span. Another
way to substantiate our findings should bo to assess
cathecolamine metabolites in the CSF as endopheno-
type. AAO and the intrafamilial correlation for AAO
may be attributable to different genetic vulnerability
factors/or the same genetic mechanism differently
expressed in various environments at developmental
steps. Other results have shown in genetic association
studies on subgroups of AAO-BPD an association
between a marker of the tyrosine hydroxylase gene
and late onset of BPD, and an association between the
apolipoprotein E gene and early onset of BPD,33,39
while it has been suggested that EO in MD is the most
severe form (particularly for BPD), associated with
higher rate of comorbidity, poor response to anti¬
depressants and poor prognosis. The COMT Val
variant, as a risk factor of EO-MDD, could help to
differentiate EO-MDD and EO-BPD in young patients
with major depression and better define a therapeutic
strategy. However, it is important to recognize that
this candidate gene variant may also influence
susceptibility to other psychiatric conditions. This
gene variant may give rise to multiple physiological
abnormalities that separately contribute to other
diseases, or it may produce a single deficit that is
common to these disorders. The same polymorphism
has been shown to affect executive function and the

physiology of the prefrontal cortex in humans,
probably by affecting prefrontal dopamine signalling.
The COMT Val allele, associated with relatively poor
prefrontal function, may increase the risk for schizo¬
phrenia.4" COMT resides on chromosome 22q, which
showed significant genome-wide linkage for both
schizophrenia and BPD in a recent meta-analysis,
further supporting a common effect of this poly¬
morphism in both disorders.41 COMT may have
complex and pleiotropic effects on the susceptibility
and symptomatology of neuropsychiatry disorders.
We could also hypothesize an indirect effect of COMT
polymorphism on EO-MDD if we consider the
personality trait of neuroticism, a normally distrib¬
uted quantitative trait, highly genetically correlated
with anxiety and depression, that may be a vulner¬
ability to either type of disorder: A recent study
reported a weak evidence for association with the
same functional COMT polymorphism.42

Our results are not in line with some previous
association studies (see Table 2). Conflicting results

may be explained by multiple reasons: type one and
two errors, recruitment bias, and phenotypic and
genetic heterogeneity. Samples used in previous
studies did not have a sufficient statistical power for
detecting association, if we consider a minor or
moderate effect of genetic variant at this polymorph¬
ism. There are also limitations of our study: Assess¬
ment of AAO was retrospective and thus subject to
recall error. Several confounding factors may have
influenced the evaluation of AAO (retrospective data:
common bias in patients who are interviewed at a
later age and have no living parents who can provide
valid information on AAO). As reported in a the
recent meta-analysis of case-control and family-based
studios,43 the frequency of tho COMT Val allele varies
widely across European populations, ranging from 42
to 60%. In spite of the fact that we did not detect
center effect in genotype distributions, a stratification
bias due to ethnic differences cannot be excluded, as
it was reported for this polymorphism.43 Though the
association between the COMT Val allele and BPD
with history of SA did not resist to multiple test
correction, these findings have to be taken into
consideration, according to a recent study supporting
the hypothesis that the same COMT polymorphism
may modify the phenotype of suicide attempts and
anger-related traits.44 So, it should warrant further
investigation to clarify this issue. Consequently, we
suggest to further investigate COMT in other popula¬
tions, using family-based association methods (less
susceptible than case-control association design to
inferential errors based on ethnic stratification bias),
to further explore the genetics of EO-MDD and history
of SA.
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ABSTRACT

Background. Classification of psychosis lacks a biological basis and current diagnostic categories
may obscure underlying continuities. Data reduction methods of symptom profiles within a popu¬
lation-based cohort of people with a wide range of affective and non-affective psychoses may permit
an empirical classification of psychosis.
Method. OPCRIT (operational criteria) analysis was performed on 387 adults aged 18-65 years in
an attempted ascertainment of all patients with psychosis from a geographical area with a stable
population. The data were analysed firstly using principal components analysis with varimax
rotation to identify factors, and secondly to establish latent classes. Information relating to key
variables known to be of relevance in schizophrenia was coded blind to the establishment of the
classes and dimensions.

Results. Striking correspondence was obtained between the two methods. The four dimensions
emerging were labelled 'depression', 'reality distortion', 'mania' and 'disorganization'. Latent
classes identified were 'depression', 'bipolar', 'reality distortion/depression' and 'disorganization'.
The latent classes corresponded well with DSM-III-R diagnoses, but also revealed groupings
usually obscured by diagnostic boundaries. The latent classes differed on gender ratio, fertility, age
of onset and self-harming behaviour, but not on substance misuse or season of birth.
Conclusions. Both dimensional and categorical approaches are useful in tapping the latent con¬
structs underlying psychosis. Broad agreement with other similar studies suggests such findings
could represent discrete pathological conditions. The four classes described appear meaningful, and
suggest that the term non-affectivc psychosis should be reserved for the disorganization class, which
represents only a subgroup of those with schizophrenia.

INTRODUCTION

Since Kraepelin (1919) proposed a distinction
between schizophrenia and manic depression
there have been repeated attempts to subclassify
psychoses, but no reliable neuropathological or
genetic markers have been identified to under¬
pin a valid independent classification. Psychosis

* Address for correspondence: Dr V. Murray. Scottish Centre
for Autism. Caledonia House. Yorkhill Hospital. Dalnair Street.
Glasgow G3 8SQ. UK.

(Email: val.murray@yorkhill.scot.nhs.uk)

is commonly defined by grouping either individ¬
uals or symptoms using data reduction methods.
Factor analysis is a common technique, and
there have been many studies of psychiatric
patients (e.g. Cardno el al. 1996; Peralta el al.
1997; Salokangas, 1997; Ventura et al. 2000;
Emsley et al. 2001) but a few also including non-
patients (e.g. Rosenman et al. 2000). Factor
analysis is most appropriate when data meet
various parametric assumptions (Polit, 1996)
but in the literature there are many examples
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where these assumptions are not fully met. In
particular the starting items are frequently
dichotomies with non-normal distributions.
Latent class analysis (McCutcheon, 1987;
Vermunt, 1997) is said to have greater validity in
this situation and has been used in at least one

large community study (Kendler el al. 1998).
Starting with subjects measured on a number
of discrete categorical items, its end-point is a
smaller number of discrete classes into which

subjects are placed.
The categorical approach as described in

DSM-IV (APA, 1995) and ICD-10 (WHO,
1992) defines separate syndromes of schizo¬
phrenia, bipolar and unipolar affective disorders
and the related conditions: schizoaffective dis¬
order, delusional disorder and brief or transient
psychotic disorder, in addition to the person¬
ality disorders described as schizoid, schizotypal
and paranoid. No absolute clinical boundaries
separate these categories, which may share some
genetic risk factors. An alternative approach
relevant to genetic studies of complex disorders
is to define dimensions of psychoses based on
the analysis of symptom profiles in patients.
Factor analysis of symptoms reported by groups
of patients with narrowly defined schizophrenia
has identified three main dimensions (Liddle,
1987; Andreasen et cd. 1995). The question of
whether these dimensions were particular to
schizophrenia or found in broadly defined
'spectrum' disorders was addressed by Rata-
konda et al. (1998) who identified the same three
dimensions or domains (positive, negative and
disorganized) in symptom profiles of patients
with broadly defined diagnoses within the
schizophrenia spectrum. This suggests that these
dimensions might correspond to discrete patho¬
logical conditions within the psychoses.

In both bipolar disorder and schizophrenia
the risk of illness in siblings is about 10 times
greater than the population risk. Relatives of
probands with schizophrenia have increased
genetic liability not only for schizophrenia but
for a range of psychotic disorders including
psychotic depression (Kendler et al. 1998). The
Finnish Adoptive Family Study of Schizo¬
phrenia (Tienari el al. 2000) reported a lifetime
prevalence of schizophrenia of 6-7% in the
adopted-away offspring of mothers with schizo¬
phrenia compared with 2 % in controls, but more
strikingly 17% of adoptees whose biological

mother had schizophrenia and 4% of control
adoptees attracted a diagnosis of either schizo¬
phrenia or a broadly defined schizophrenia
spectrum disorder. Spectrum disorders included
schizoaffective disorder, delusional disorder,
bipolar disorder, psychotic depression and the
schizotypal and paranoid personality disorders.
These findings support a shared genetic liability
for both narrowly defined schizophrenia and
broadly defined spectrum disorders including
affective psychoses. This is supported by a twin
study showing an overlap in the genetic risk
contributing to syndromes defined as schizo¬
phrenia, schizoaffective disorder and bipolar dis¬
order (Cardno et al. 2002). Overall, these genetic
studies in populations, twins and adoptees are
in keeping with linkage and association findings
at several chromosomal locations where there is
evidence that identical loci contribute to the risk
for both schizophrenia and bipolar disorders
(Wildenauer el al. 1999; Berrettini et al. 2000;
Blackwood el al. 2001). It is therefore important
to determine, at a population level, how symp¬
toms of bipolar disorder and schizophrenia
overlap. Linkage and association studies that
include everyone with psychosis involve arbi¬
trary judgements, for example, deciding whether
schizoaffective disorder should be included with

schizophrenia. Such decisions make assumptions
about underlying disease constructs that may
obscure significant findings. Using latent class
analysis to refine current clinical diagnoses may
thus facilitate these studies. A dimensional ap¬
proach to diagnosis based on factor analysis
of symptom profiles is an alternative strategy
that maximizes the use of information and is
well suited to quantitative trait approaches in
genetics.

Both the dimensional and categorical ap¬
proaches are sensitive to the case inclusion
criteria and ascertainment biases in the popu¬
lation under study. Ideally an epidemiological
approach should be adopted with a clear demar¬
cation for case inclusion, in order to minimize
errors and obtain as pure a study population as
possible. In this study we aimed to collect de¬
tailed clinical information from all patients with
a psychotic illness within a single catchment
area in a geographical region of Scotland where
the population is ethnically uniform and stable.
Psychotic disorders as a group are relatively
clearly demarcated although there are occasional
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difficulties differentiating severe obsessive-
compulsive disorder or autism spectrum dis¬
orders. The aim has been to establish a study
population for genetic research where both cat¬
egorical and dimensional diagnoses can be re¬
liably made in an unselected sample. The needs
assessment of this population has been pre¬
viously published (Murray et al. 1996) and a
follow-up study of clinical needs is in prep¬
aration. We describe here the identification and
clinical assessment of this population, and the
distribution of the population on the underlying
dimensions and classes of illness in order to

define from first principles the phenotypes in
psychosis. Since the latent class approach re¬
veals underlying constructs but cannot indicate
their clinical usefulness (Young, 1983), vali¬
dation was attempted using independent items
of relevant clinical data. This paper also de¬
scribes the distribution of validating items on
the latent classes and discusses the findings in
the context of other studies.

METHOD

Sample ascertainment
In 1993 an epidenriologically based sample of
people with psychosis was ascertained for the
purposes of a needs assessment in the Hamilton
area of central Scotland. The clinicians involved
continued to add to this database as new cases

were identified. From 1996 to 1999 these cases

were assessed along with all subsequent new
cases. Case ascertainment was facilitated by
the geographical organization of in-patient and
Community Mental Health services and close
links with local general practices. Methodology
differed slightly for the two time periods.

Sample ascertainment (1993-1994)
Inclusion criteria

Patients were included for investigation if aged
18-65 years, if they had a permanent address in
the Hamilton area for at least 1 month between

1 June 1993 and 31 May 1994, and if they had a
psychotic illness (as defined below) at any time
in the previous 5 years. We did not include
people meeting our diagnostic criteria currently
living in the local learning disability hospital or
in long-stay psychiatric wards. Ethical approval
was obtained from local ethics committee and

Information Services Division of the Scottish
Office.

Identifying study subjects
Sources of information used to identify patients
were as follows:

Hospital and out-patient records
(a) Hospital records for the previous 5 years
were examined. We were deliberately over-
inclusive at this stage and any ICD-9 diagnosis
which could indicate a psychotic illness led to
full examination of all case-notes. ICD-9 diag¬
noses used were: 295 schizophrenia; 292-1
paranoid and hallucinatory states induced by
drugs; 291-9 unspecified psychoses; 297 para¬
noid states; 296 affective psychoses; 294-8 other
organic psychoses; 298 other non-organic psy¬
choses; 301-0 paranoid personality disorder;
291-3 other alcoholic hallucinosis; 301-2 schiz¬
oid personality disorder and 291-5 morbid jeal¬
ousy.

(b) Consultants were asked to identify poten¬
tially suitable out-patient attendees; this was
facilitated by the use of appointment diaries and
a computerized database of recent attendees at
clinics.

(c) Community Psychiatric Nurse (CPN) re¬
cords over the past 5 years were examined.

(d) Day Hospital records were examined.
(<?) Daily nursing report returns were ob¬

tained. These indicate which in-patients require
special observations, many of whom suffered
from psychotic disorders.

Scottish Morbidity Record Returns (SMRII4)
These are centrally held data on all in-patient
and day-patient episodes in Scotland. Ad¬
missions and discharge records for 1988-93 for
patients from the Hamilton area with the rel¬
evant diagnoses were supplied by the Infor¬
mation Services Division of the Scottish Office.

General practice cases
An attempt was made to identify cases known
only to general practitioners (GPs). Agreement
was sought from the local medical committee
prior to contacting local GPs by letter. We ex¬
plained the nature and purpose of the study
and provided each doctor with a list of people
already included who were registered with
them. The doctors were asked to identify any
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additional cases matching our inclusion criteria.
GPs who did not respond were followed up by
further letters or phone calls.

Sample ascertainment (1996-2000)
This was identical to the above except that the
following ICD-10 categories were used: Fix.5
psychotic disorder due to psychoactive sub¬
stance use; Fix.7 residual and late-onset psy¬
chotic disorder due to psychoactive substance
misuse; F60.0 paranoid personality disorder;
F60.1 schizoid personality disorder; F20.x
schizophrenia; F21 schizotypal disorder; F22.X
and F24 delusional disorders; F23.x acute poly¬
morphic psychotic disorder; F25.X schizoaffect¬
ive disorders; F28 other non-organic psychotic
disorders; F29 unspecified non-organic dis¬
orders; F30.X manic episode; F31.X bipolar af¬
fective disorder; F32.3 severe depressive episode
with psychotic symptoms; F33.3 recurrent de¬
pressive disorder with psychotic symptoms and
F34 cyclothymia. Also, SMR04 returns and GP
cases were not pursued since, from experience,
these sources were unlikely to identify new cases.
SMR04 returns did not identify any additional
cases in the first survey, and a substantial pro¬
portion of cases identified elsewhere were not
included in SMR04 returns. GPs were reluctant
to identify people not known to psychiatric
services; they indicated that 20 people with
psychosis were known only to their GP. Three
people were known only to CPNs. In each case
the CPN was attempting to establish a relation¬
ship with a reclusive person, possibly psychotic,
but not enough was known to establish whether
or not the individual would fulfil inclusion
criteria.

Case definition

To ensure standardized definition of a case we

used the OPCR1T (operational criteria) system
(McGuffin et al. 1991), which generates diag¬
noses according to several different classification
systems from 90 pieces of information obtained
from patients' medical records or interview.
DSM-I1I-R criteria were used in this study
(APA, 1987). All case-notes were examined and
coded by Dr Murray after training in the use of
OPCRIT with a series of 30 abstracts provided
by Professor McGuffin's group in Cardiff plus
20 records of Lanarkshire patients.

Any mention in the case records of psychotic
symptoms or signs necessitated full evaluation
with OPCRIT. Where current clinical opinion
disagreed with OPCRIT, clinical consensus was
final. This is in keeping with the philosophy on
which OPCRIT is based (McGuffin el al. 1991).
This occurred in six cases: one case scored zero

on OPCRIT (i.e. no diagnosis) but the clinicians
adjudged there to be bipolar disorder; the other
five cases scored major depression on OPCRIT
and were judged to have depression with psy¬
chosis (four) or bipolar disorder (one). One case,
which scored positively on OPCRIT, was ex¬
cluded on clinical grounds. We included people
with co-morbid diagnosis of substance misuse
since this is common in people with psychotic
disorder. However, we were careful to exclude
those whose psychotic symptoms were thought
to be due primarily to intoxication or delirium
associated with substance misuse. This was dis¬
cussed in detail with the relevant clinician and a

consensus agreed. Data for validating items was
collected prior to the data reduction analyses.

Analysis
Two data reduction analyses were carried out.
In the first of these, 62 OPCRIT items represent¬
ing psychiatric symptoms were included. Items
measuring substance use were excluded. These
were first dichotomized where necessary and
then subjected to principal components analysis
with varimax rotation. The scree test was used
to determine the number of factors to be ex¬

tracted. The second analysis was a latent class
analysis of the same data, performed using the
LEM programme (Vermunt, 1997), model
selection being determined by minimizing the
BIC statistic. The derived classes were validated

using 10 items from OPCRIT and additional
items: deliberate self-harm; fertility; season of
birth; treatment with ECT; detention under the
Mental Health Act and substance misuse. For
women fertility was defined as having one or
more live births and for men fathering a child.
This information was taken from case-notes and
from direct interview in a proportion of cases.
All other outcome measures were derived from
case-notes. Deliberate self-harm included self-
harm with apparent suicidal intent as well as
non-lethal activities such as repeated superficial
wrist-cutting. Key outcome measures were com¬
pared between latent classes using %2 tests for
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categorical variables and Kruskal-Wallis tests
for continuous data. Analysis was performed
using MIN1TAB Version 13 (www.mini-
tab.com) and a significance level of 5 % used
throughout.

RESULTS

In all, 387 people met inclusion criteria. In the
mid-1990s the total population was approxi¬
mately 89 000, of whom about 56000 were aged
between 18-65 years (personal communication,
Lanarkshire Health Board). Owing to the pro¬
longed period of assessment a virtual age was
calculated, that is, the age at OPCRIT assess¬
ment. Thus 387 people were identified with a
mean age of 42-83 (s.d. = 12-58, range 17-69) of
whom 50-1 % were male. The average length
of illness as described by the difference between
age at assessment and age at onset was 14-8
years for males and 14-9 years for females. The
stability of the population is illustrated by place
of birth. Information was not available for 52
cases but of the remainder 320 were born within
Scotland (266 within the same geographical
area), 14 in England, Wales or Ireland, and
one in Europe. All but three were of Caucasian
origin.

Principal components analysis
The scree test indicated that four components
should be extracted covering 29-2% of the
variance. We have labelled these components
'mania', 'reality distortion', 'depression', and
'disorganization'. The rotated component
loadings are shown in Table 1. Factor loadings
of >0-3 are deemed significant and are shown
in bold. Mania accounts for 9-4% of the total
variance, reality distortion 7-6%, depression
7-0%, and disorganization 5-2%.

Latent class analysis
The best latent class model contained four classes
and placed 19% of the sample in class A ('de¬
pression'), 28% in class B ('disorganization'),
23% in class C ('bipolar') and 30% in class D
(' reality distortion/depression'). The conditional
probabilities (which are analogous to principal
component loadings) are shown in Table 1. The
highest probabilities for each item are shown in
bold, although >0-5 is considered significant.

Correspondence between the two analyses
The analyses were compared in two ways. First,
correlations were run between the component
loadings and the conditional probabilities. The
significantly positive Spearman Rho values (all
with 77 = 62 and significant beyond the 0-001
level) were:

Mania to latent class C 0-570

Reality distortion to latent class B 0-608
Reality distortion to latent class D 0-494
Depression to latent class A 0-518
Depression to latent class B —0-504
Disorganization to latent class B 0-534

Secondly, the mean values of the principal
component scores for the latent classes were
compared using one-way analyses of variance
(ANOVAs) followed by the Schelfe test. The
overall /-'values are all significant at the 0 001
level or better (Fig. 1).

Validation of latent classes

Summary statistics for key outcome variables by
latent class and results of univariate statistical
analyses are shown in Table 2. There were sig¬
nificant differences for most of the clinical items
across the latent classes, the exceptions being
winter birth and substance misuse. Compari¬
sons with DSM-lll-R diagnoses are shown in
Table 3.

DISCUSSION

Dimensions and classes

We set out to define psychosis phenotypes by
classifying and categorizing symptom profiles of
an attempted complete ascertainment of people
aged 18-65 years who had received professional
attention for psychosis. The validity of the
principal components analysis could be chal¬
lenged since its underlying assumption that the
62 items used were normally distributed was
not upheld. However, in the literature, factor
analysis is frequently used in these situations
and appears to be robust to such violations
(Tabachnick & Fidell, 1996; Hair el at. 1998).
Here, four principal components were extracted.
Latent class analysis yielded four classes as the
best model and there was a reasonably close
correspondence between the four classes ob¬
tained and the four principal components.
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Tabic I. Principal component loadings and latent class conditional probabilities

Principal component loadings
Latent class conditional probabilities

Mania
Reality

distortion Depression Disorganization A B C D

Excessive activity 0-82 -0-24 012 0-94
Pressured speech 0-81 -015 018 018 0-90 017
Elevated mood 0-81 -017 019 0-86 013
Thoughts racing 0-80 -013 010 015 0-86 013
Reduced need for sleep 0-78 -0-22 -014 013 0-88 010
Increased self-esteem 0-68 Oil 016 019 0-64 0-22
Recklessness 0-65 -018 0-50
Increased sociability 0-62 011 014 013 0-77 016
Distractibility 0-58 0-38
Grandiose delusions 0-54 0-21 -013 0-22 018 0-41 016
Irritable mood 0-35 -0-23 0-28 0-50 019
Thought echo -Oil 0-05

Weight gain 009 0-15
Persecutory, jealous delusions -016 0-74 0-53 0 21 0-80
and hallucinations

Delusions, hallucinations 1 week -Oil 0-72 012 0-60 0-32 0-88
Widespread delusions 0-64 -014 0-13 0-23 0-71 0-40 0-84
Well organized delusions 0-58 -015 0-23 0-56 0-31 0-63

Abusive/accusatory/pcrsccutory -018 0-54 0-13 0 21 0 38 019 0-66
voices

Persecutory delusions -014 0-53 -010 014 0-49 0-80 0-56 0-93
Delusions of passivity 0-50 0-22 0-24 013 0-43
Delusions of influence 0-45 013 016 0-48 0-33 0-62
Bizarre delusions 0-43 -016 0-20 Oil 0-40 0-22 0-38
Non-alTective hallucinations: -011 0-41 -016 015 0-37 010 0-41

any mode
Third person auditory -017 0-40 0-20 0-37

hallucinations
Thought insertion 0-40 0-20

Thought broadcast 0-39 010 0-22
Thought withdrawal 0-35 Oil 0-13
Running commentary voices -013 0-24 -013 010 019

Dysphoria -010 0-79 -013 0-96 0-68 091
Loss of pleasure 0-77 -011 0-87 014 0-61 0-87
Poor appetite 0-57 0-56 012 0-33 0-49
Suicidal ideation -on 0-52 -013 0-59 0-26 0-40 0-66
Initial insomnia 0-50 0-50 012 0-28 0-36
Loss of energy -0-25 0-49 0-56 0-31 0-28
Poor concentration -012 0-48 -015 0-72 019 0-36 0-49
Excessive self-reproach 0-21 0-47 0-23 0-30

Relationship psychotic/affective 0-37 -0-12 0-45 -012 0-65 0-70 010
Slowed activity 012 0-43 015 0-18 014 012
Middle insomnia 014 0-41 0-56 0-39 0-62 0-71

Early morning wakening 0-40 -014 0-27 0-22 0-23
Diurnal variation -0-12 0-35 0-26 011 012
Weight loss 0-34 0-49 012 0-30 0-40
Diminished libido 0-31 0-17
Delusions of guilt 0-27 0-28 -010 0-18
Excessive sleep 0-25 0-11

Agitated activity -014 0-23 0-34 017 014
Nihilistic delusions 019 012
Increased appetite 016 017 0-08
Positive formal thought disorder 0-20 0-61 015 0-37 0-20 0-27
Restricted affect -016 0-58 0-32 0-44 0-22 0-42

Rapport -0-20 -018 0-54 018 017 014
Inappropriate affect 0-53 015 0-45 0-36 0-31
Blunted affect -015 0-52 010
Speech difficult to understand 015 -010 0-50 012 0-22 0-26 010

Negative formal thought disorder -014 0-44 010 0-20 014
Catatonia 010 0-40 0-13 010
Bizarre behaviour 0-24 0-40 0-30 0-59 0-54 0-57
Incoherent Oil 0-39 009
Lack of insight 017 — 0-21 0-28 0-38 0-79 0-67 0-62
Other auditory hallucinations 016 0-27 010 0-34 0-26 0-33
Other primary delusions 014 0-21 010 016

Primary delusional perception 012 005
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Latent class Latent class

1-5
A B C D

Latent class

Fig. 1. The correspondence between latent classes and mean

Considering factor studies, Rosenman et al.
(2000) used OPCRIT on 980 Australian com¬

munity and hospital subjects with a wide range
of psychotic illness. They obtained five factors
covering 58-9% of the variance. However, un¬
like our study, substance abuse was included in
their item domain. One of their factors is loaded
highly by the substance abuse items. The other
four are all closely similar to ours ('dysphoria'
to depression, 'positive symptoms' to reality
distortion, 'mania' to mania and 'negative
symptoms/incoherence' to disorganization).
Seretti et al. (1996) used 38 OPCRfT items on
over 1000 patients hospitalized for schizophrenia
or depressive disorder. Factor analysis was

performed on half the subjects and the factor
structure confirmed on the other half. Four
factors were obtained, accounting for 56-4% of
the variance and, once again, these factors are
extremely similar to ours. However, it could be
argued that the similarities in the results are a
product of the underlying structure of OPCRIT.
In this respect it is noteworthy that a study
involving a first-episode community sample but
using an entirely different assessment tool found
similar factors to our study (McGorry et al.
1998). Likewise Kitamura et al. (1995) found
four similar factors, with a fifth factor loading
catatonia-related items not included in our

study.

0-3
ABC

Latent class

values of the principal components scores.
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Table 2. Comparison ofkey outcome measures between latent classes

Key outcome measures
Depression

n (%)
Disorganization

"(%)
Bipolar
"(%)

Reality
distortion/depression

n (%) Statistical tcstst

Gender
Male 29 (40%) 69 (64%) 32 (37%) 64 (54%) *2(3)= 18-2
Female 44 (60%) 39 (36%) 55 (63%) 55 (46%) p< 0-0001

Fertility
No children 29 (40%) 77 (71%) 34 (39%) 60(50%) *l(3) = 26-4
At least one child 44 (60%) 31 (29%) 53 (61 %) 59 (50%) p< 0 0001

Deliberate self-harm
No 36 (49%) 82 (76%) 55 (63%) 53 (45%) *l(3) = 26-3
Yes 37 (51 %) 26 (24%) 32 (37%) 66 (55%) p< 00001

Season of birth
Summer (Apr.-Scpt.) 38 (52%) 56 (52%) 46 (53%) 64 (54%) *

Winter (Oct.-Mar.) 35 (48%) 52 (48%) 41 (47%) 55 (46%)
Onset mode

< 1 week 5(11%) 10 (15%) 20 (38%) 10(12%) *2(9) = 30-3
Within 1 month 9 (20%) II (16%) 14 (26%) 23 (28%) p< 0-0001
Gradual up to 6 months 13 (30%) 13 (19%) 11 (21 %) 24 (29%)
Insidious > 6 months 17 (39%) 34 (50%) 8 (15%) 26 (31 %)

Evidence of poor pre-morbid
social adjustment

No 61 (88%) 84 (84%) 83 (97%) 105 (91 %) X2(3) = 8-5
Yes 8(12%) 16 (16%) 3(3%) 10(9%) p = 0037

Course

Single episode 2(3%) 12 (12%) 3 (4%) 6 (5%) *2(9) = 47-6
(good recovery) p< 0-0001

Multiple episodes 26 (38%) 21 (21%) 47 (56%) 30 (26%)
(good recovery in between)

Multiple episodes 26 (38%) 25 (25%) 23 (28%) 39 (34%)
(partial recovery in between)

Continuous chronic illness 14(21%) 42 (42%) 10 (12%) 40 (35%)
ECT ever received

No 53 (73%) 88 (81 %) 55 (62%) 78 (66%) X2(3)=l0-8
Yes 20 (27%) 20(19%) 33 (38%) 41 (34%) /> = 00I3

Ever detained under Mental
Health Act
No 54 (74%) 43 (40%) 35 (40%) 52 (44%) X2(3) = 25-6
Yes 19 (26%) 65 (60%) 52 (60%) 67 (56%) p = 0-013

Substance misuse
None 58 (81 %) 78 (74%) 76 (87%) 86 (73%) *

Substance misuse 11 (15%) 19 (18%) 7(8%) 27 (23%)
Age at onset: male

Mean/median 29-5/29-5 23-8/23-0 28-0/25-5 28-3/28 0 //= 11 -49
Standard error 1-93 0-97 1 -87 1-14 p = 0009

Age at onset: female
Mean/median 29-3/27-0 31-0/27 0 30-1/27-0 30 0/27 0 *

Standard error 1 68 1 95 1 53 1-62

t Tests performed : x1 test used on categorical variables: Kruskal-Wallis test used on continuous variables.
* Indicates a non-significant result at the 5% level.

One of the closest latent class studies to ours

is that of Kendler and co-workers (1998) on 343
individuals with broadly defined schizophrenia
or affective illness (of whom only a proportion
had psychosis). They used 19 items based on
the OPCR1T checklist, seven of these being
composites of more than one item, with two
items added to assess course and outcome.

From this they obtained six classes, the smallest
of which ('hebephrenia') contained only 3 0%

of the sample. Their' major depression' class was
virtually confined to affective illness and is simi¬
lar to ours. Of their four remaining classes, the
'bipolar-schizomania' and 'schizodepression'
are reasonably close to our bipolar and re¬
ality distortion/depression classes respectively.
However, their 'classic schizophrenia' while
incorporating many of the features of our dis¬
organization class also includes positive symp¬
toms, which in our study are confined to the



Dimensions and classes ofpsychosis in schizophrenia

Table 3. The latent classes, demographic data and DSM-III-R diagnoses
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D
ABC Depression/reality

Depression Disorganization Bipolar distortion Total
(/? = 73) (/i =108) (0 = 87) (o=I19) (o = 387)

Age at onset, yr (mean, s.d.) 29 4 (10-6) 26-4 (10-3) 29 3 (110) 29 0 (10-5) 28 4 (10-6)
Age at time of data 49-5 (1 1-4) 43-9 (12-4) 51-3(13-0) 48-8 (13-5) 48-1 (13 0)
collection, yr (mean, s.d.)

Bipolar disorder 7 (63-6%) — 4 (36-4%) — 11

Depression with psychosis 42 (79-2%) — — 11 (20-8%) 53
Delusional disorder 5 (55-6%) 4 (44-4%) — — 9

Schizophreniform disorder 1 (H I %) 5(55-6%) — 3(33-3%) 9

Schizophrenia 9(6-3%) 83 (57-6%) 2(1-4%) 50 (34-7%) 144

Mania — — 8 (100-0%) — 8
Mania with psychosis — — 33 (97-1 %) 1 (2-9%) 34

Bipolar with psychosis — — 28 (96-6%) 1 (3-4%) 29
Schizoaffective: manic — 1 (11-1%) 6 (66-7%) 2 (22-2%) 9
Schizoaffective: depression — — — 23 (100-0%) 23
Schizoaffective: bipolar — — 2 (40-0%) 3 (60-0%) 5

Atypical psychosis 9(17-0%) 15 (28-3%) 4(7-5%) 25 (47-2%) 53

Total 73 (18-9%) 108 (27-9%) 87 (22-5%) 119 (30-7%) 387

Values are given as o followed by the percentage of total with the diagnosis in parentheses.

reality distortion/depression class. Lastly, their
'schizophreniform disorder' has no correlate in
our study. Such divergent outcomes may be at¬
tributable to differences in the study popula¬
tions. Also, we included purely symptoms
within the latent class analysis whereas Kendler
and colleagues included two items for illness
course and outcome. Nonetheless given the dif¬
ferences in populations and procedures there is
clear correspondence with our findings.

The Camberwell First Episode Study (Castle
et al. 1994) examined an epidemiological sample
of people presenting with their first non-affective
psychotic episode. OPCRIT items were again
used in a sample of 447, but pre-morbid items
such as family history and social adjustment, as
well as sex and age of onset, were included in the
latent class analysis. Three types of illness were
found: 'neurodevelopmental', 'paranoid' and
'schizoaffective'. The 'neurodevelopmental'
subtype is akin to our disorganization class,
with restricted and inappropriate affect, nega¬
tive features, thought disorder and catatonia.
Our reality distortion/depression class is com¬
parable to their 'schizoaffective' subtype but
their 'paranoid' subtype is not represented in
our study. Our bipolar and depression classes
have no correlate, since their study excluded
affective psychoses. Again, the results are
comparable despite major methodological dif¬
ferences.

The broad consensus between our study and
those above suggests that within the domains
of symptoms experienced by patients with psy¬
chosis there are four classes and four dimen¬
sions. It is of interest that principal component
analysis and latent class analysis give similar
results but each type of analysis is useful for
different reasons. Factor analysis is concerned
with dimensions along which individuals may
be classified. If the dimensions produced by
factor analysis are kept independent then a
subject who is high on one dimension may or
may not be high on any other. Latent class
analysis is, in principle, more akin to cluster
analysis (McCutcheon, 1987). It seeks out
groups of cases (e.g. there might have been a
particular latent class which was simultaneously
high on two of our dimensions). In our study
the latent class analysis makes a distinction be¬
tween disorganization (characterized by bizarre
behaviours and the negative symptoms of
schizophrenia) and a reality distortion/
depression class that includes people with delu¬
sions and hallucinations. The other two types of
patient, those in the depression class or bipolar
class, are clearly distinct from these. On the
other hand, the dimensional principal compo¬
nents analysis does not force people into these
particular categories thereby allowing, for in¬
stance, a person to be both disorganized and
reality distorted. At an individual level the
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dimensional approach makes best use of the
data and describes the pattern of symptoms
much more accurately. The difference between
the categorical and dimensional approach might
be best illustrated by considering how individ¬
uals could be graphically represented under the
two procedures. Latent class analysis would be
illustrated simply as a Venn diagram, where the
universal set was represented by all people with
psychosis, with each and every individual occu¬
pying only one of four discrete subsets. In con¬
trast, illustrating the position in space of each
individual on the four factors would require a
four-dimensional graph, with each individual in
an exploratory factor analysis occupying a
unique point in space. Thus, while the categori¬
cal approach is more intuitive and familiar,
being the basis of our diagnostic systems, the
dimensional approach oilers more efficient use
of the available data and may be useful for
quantitative trait approaches in genetic analysis.

Validation of the four-class model

No difference was found between the classes for
substance misuse or winter birth. Key differ¬
ences are discussed below.

Age ofonset
In the disorganization class men had a signifi¬
cantly earlier age of onset (23-8 years) than
women (31 years), in keeping with the well estab¬
lished but unexplained finding that age at onset
of schizophrenia is earlier in men than women
(Hafner el ai 1989). Earlier age of onset in
males is unique to this class, suggesting sharp
delineation of an underlying biological con¬
struct.

Gender

The classes were distinguished by varying sex
ratios. The depression and bipolar classes had
significantly more women than men whereas the
disorganization class had a higher proportion of
men. These findings are generally in agreement
with other reports of increased prevalence of
affective disorders in females. This is well estab¬
lished in depression (Angold & Worthman,
1993; Wilhclm et al. 1997) but equal sex ratios
are usually reported in bipolar disorder and
schizophrenia. The National Comorbidity Sur¬
vey of the life-time and 12-month prevalence of
psychiatric disorders reported higher prevalence

of affective disorders in women than men except
for mania, for which there was no sex difference
(Kessler et al. 1994). Here the latent classes
appear to have a clear division along gender
lines.

Fertility
The main result is reduced fertility in the dis¬
organization class. Reduced fertility in schizo¬
phrenia compared with the general population
is a persistent finding, although there has been
some contradictory evidence (Nimgaonkar,
1998). A national cohort study from Finland
confirmed the lower-than-average fertility in
men and women with schizophrenia, which is
not counterbalanced by an increase in fertility of
siblings (Haukka et al. 2003). For community
patients with psychoses, McGrath et al. (1999)
noted that the reduction in fertility is most
marked in those with non-affective psychosis,
consistent with our finding.

Deliberate self-harm
Both the depression and reality distortion/
depression classes have a higher risk ofdeliberate
self-harm, with members of the disorganization
class having lower risk. This clear difference
between the disorganization class and reality
distortion/depression class highlights the effi¬
cacy of the latent classes in sorting individuals
into clinically significant groups. The self-harm
risk difference between latent classes may be
important in clinical risk assessment, since pre¬
vious suicide attempts have been associated with
eventual completed suicide. De Hert et al. (2001)
found that early onset of a defect state was
a protective factor in a case-control study of
completed suicide in young people with schizo¬
phrenia. Also, in a Finnish study of all people
with schizophrenia who completed suicide,
Heila et al. (1997) found that the paranoid and
undifferentiated subtypes were most common,
and two-thirds of those completing suicide had
a depressive syndrome during the course of their
illness.

Usefulness of the latent classes
The results suggest differences between mem¬
bership of the latent classes and categorical
diagnoses based on standard criteria such as
DSM-III-R, and add validity to the four-class
model of psychosis which has been devised
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empirically from symptom patterns in a popu¬
lation-based cohort of people. Certain classes
identified are clinically recognizable and have
been observed in other studies. It would appear
that the neurodevelopmental/praecox subtype
of schizophrenia is most closely identified with
the disorganization class with pre-morbid social
difficulties, early and insidious onset, poor out¬
come, low fertility and predominately male.
This is similar to the neurodevelopmental class
found in a study of non-affective psychoses
(Castle et cd. 1994). In contrast the bipolar class
is of abrupt onset, with a relatively benign out¬
come, few pre-morbid problems, high rates of
fertility and predominately female. The useful¬
ness of the latent class approach is demon¬
strated, however, not by these clear prototypes
but in the classification of cases between these
extremes. Thus the reality distortion/depression
class is distinguished from the depression class
by a more even sex ratio, greater incidence of
pre-morbid social isolation and higher rates
of detention, although both have high risk of
deliberate self-harm.

For genetic studies, four latent classes that are
well demarcated provide a useful alternative to
classical diagnostic systems. This is of particular
relevance when population samples of people
with psychosis are studied because a substantial
minority of these do not fall neatly into bipolar
disorder or schizophrenia and the categoriz¬
ation of schizoaffective disorders, atypical psy¬
chosis and paranoid states are recognized as
being particularly unreliable. When considering
how the reality distortion/depression and de¬
pression classes are spread over the original
DSM-ill-R diagnoses (Table 3), it can be seen
that while the depression class draws heavily on
depression with psychosis, and delusional dis¬
order, the reality distortion/depression class is
drawn from almost all of the diagnostic cat¬
egories. In particular it identifies a substantial
subgroup within schizophrenia, and incorpor¬
ates almost all of the schizoaffective cases. This

implies identification of this class has sorted
cases in a novel way that reveals similarities
obscured by traditional diagnostic practice.
Validation of this, and the other classes, suggests
that the term non-affective psychosis should
perhaps be restricted to those within the dis¬
organization class. Each of the other classes has
a substantive affective component. While the

affective influence in schizophrenia has long
been acknowledged, its importance has been
obscured by incorporating heterogeneous cases
within the schizophrenia grouping. The distinc¬
tion between the disorganized class and the re¬
ality distortion/depression class is validated by
differences in several measures including gender
ratio, fertility, and age of onset, as well as risk of
self-harm.

CONCLUSION

Factor analysis and latent class analysis are
useful in attempting to reveal the latent vari¬
ables in psychosis which might better represent
underlying diseases compared with traditional
diagnoses. Validation of the four-latent-class,
four-orthogonal-factor model of psychosis
supports the hypothesis that examining a
population-based cohort with these statistical
methods more clearly defines the underlying
diseases. The four factors derived from factor
analysis are likely to be useful in a quantitative
trait loci approach in psychiatric genetics.
Likewise, the four latent classes should provide
clearer phenotypes for linkage and association
studies of the psychoses. While we hope that
the four latent classes may truly be 'dividing
nature at its joints', this can only be proven if,
and when, biological markers are found which
are differentially distributed across these four
classes.
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Candidate psychiatric illness genes identified in patients with
pericentric inversions of chromosome 18
Ben S. Pickarda, M. Pat Malloya'b, Leanne Clarka, Stephanie LeHellard3,
Henrik L. Ewald0'1, Ole Morsc, David J. Porteousa, Douglas H. R. Blackwoodb
and Walter J. Muirb

Both the long and short arms of chromosome 18 have
been consistently identified as potential locations for
schizophrenia and bipolar affective disorder susceptibility
genes. We previously described the identification of two
independent pericentric inversions of chromosome 18
[inv(1 8)(p11.31 ;q21.2) and inv(18)(p11.31 ;q21.1)] occurring
in two small families in which carriers have been

diagnosed with schizophrenia and bipolar affective
disorder, respectively. Using fluorescence in situ
hybridization on patient metaphase chromosomes we have
identified the locations of all four chromosome breakpoints
in the inversion carriers. Neither pericentric inversion
results in a direct gene disruption. However, each inversion
breakpoint has the potential to perturb local gene

expression by position effect or by the separation of
important regulatory (enhancer) sequences from the core

gene sequences. Five genes in the localities of the
breakpoints have been identified as good candidates for
the genetic basis of psychiatric illness in these families;
TTMA, a novel membrane spanning protein; TCF4, a

basic helix-loop-helix transcription factor; DLGAP1, an
interactor of the PSD-95 synaptic protein; and ARKL1

and ARKL2, novel members of the ubiquitin ligase
gene family. Psychiatr Genet 15:37-44 © 2005 Lippincott
Williams & Wilkins.
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Introduction
Chromosome 18 has been repeatedly identified as a
potential location for susceptibility genes for either
schizophrenia (SCZ) or bipolar affective disorder (BPAD)
(van Broeckhoven and Verheyen, 1999; Potash and
DePaulo, 2000; Lewis et al., 2003; Segurado eta/., 2003).
The observation that BPAD and SCZ linkage peaks on
chromosome 18 overlap in some reports has also been
interpreted as indicating that these two disorders might
have common genetic aetiologies (Wildenauer et a!., 1999;
Berrettini, 2000). To date, linkage studies have identified
possible regions on 18p (Schwab et al., 1998; Detera-
Wadleigh et a/., 1999; Bennett et al., 2002; Mclnnes et al.,
2001), on 18q (McMahon et al., 1997, 2001; Mclnnis eta/.,
2003), on both chromosomal arms (Nothen et at., 1999),
or on neither (Nancarrow et al, 2000; DeLisi et al., 2002).
These data are suggestive of a genetic contribution of
chromosome 18 to psychiatric illness but the confounding
effects of genetic heterogeneity and population stratifica¬
tion have made the jump to gene identification difficult.

In respectful memory of Professor Henrik Ewald, 1958-2004.
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The cytogenetic approach offers a useful complement to
the linkage-based mapping of genes for complex dis¬
orders. It has been a successful strategy for the
identification of candidate genes for a number of
psychiatric and neurological conditions: DISCI, DIBDI,
NPAS3 and FOXP2 are some of the genes identified in
this way (Millar et al., 2000; Lai et al., 2001; Baysal et a/.,
2002; Kamnasaran et al., 2003; Pickard et al., in press).

Several reports exist in the literature of chromosome 18
abnormalities associated with psychiatric phenotypes
(Calzolari et al., 1996; Smith et al, 1996; Maclntyre
et al, 2003). We have previously reported the identifica¬
tion of unrelated pericentric inversions of chromosome
18 [inv( 18)(pll.31 ;q21.2) and inv( 18)(pi 1.31 ;q21.1)]
occurring in two small families where members suffer
from schizophrenia or bipolar affective disorder respec¬
tively (Mors et al., 1997). Briefly, the Danish bipolar
family consists of an unaffected carrier parent and four
offspring, three of which have severe BPAD. Only two of
the offspring have karyotype information; both are
inversion carriers, one affected and one unaffected. In

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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the Scottish family, three siblings are inversion carriers;
one is unaffected, one has severe learning disability
(mental retardation) and one has chronic SCZ. Subse¬
quently, fluorescence in situ hybridization (FISH) was
used to position the breakpoints within yeast artificial
chromosome clones (Hampson et a/., 1999). Here, we
describe the precise localization of all four breakpoints
within chromosome 18 sequences, and identify and
characterize the transcriptional units in their vicinities.
Several genes are identified as good candidates for
psychiatric illness genes on the basis of expression
pattern, previous study in the context of psychiatric
illness and presumed function.

Materials and methods
Fluorescence in situ hybridization
Iterative rounds of FISH were carried out with probes
derived from BAG and PAC clones selected from the
Whitehead map, the Washington University BAG finger¬
print contigs (http://www.genome.wustl.edu/projects/hu-
man/index.php?fpc_get = 1) and the emerging Golden
Path assemblies (now UCSC Human Genome Browser;
http://genome.ucsc.edu/) as described previously (I lamp-
son et al., 1999; Pickard et a!., in press). Briefly, BAG clones
were ordered from BAGPAG resources (http://bacpac.-
chori.org/), grown and DNA extracted according to
standard protocols. BAG clone DNA was labelled using
a standard nick translation protocol (incorporating biotin/
digoxigenin-tagged nucleotides, Roche™; Roche Products
Ltd, Welwyn Garden Gity, UK) and probes hybridized
overnight on patient metaphase chromosome spreads on
microscope slides. Fluorescently conjugated antibodies
against biotin/digoxigenin epitopes were used to detect
specific hybridization signals. Imaging was carried out on
a Zeiss Axioskop2 microscope (Garl Zeiss Ltd, Welwyn
Garden Gity, UK)/Photometrics Goolsnap HQ camera
(Roper Scientific, Tucson, Arizona, USA) using Digital
Scientific SmartGapture 2 software (Digital Scientific
Ltd, Cambridge, UK).

Gene identification

Sequences corresponding to the novel genes Two
TransMembrane A (TTMA), ARKadia Like I and 2 (ARKL.l
and ARKI.2) were deduced by reverse transcriptase-
polymerase chain reaction (RT-PGR) and combining
mouse and human EST data referenced against the
human genome sequence. Two existing cDNA sequences
encoding proteins homologous to TTMA have also been
renamed as TTMB and TTMC, and annotated to indicate
the relationship. A novel gene was compiled from publicly
available partial cDNA sequences (e.g. accession numbers
AB046852, AK023817 and BG036911) and termed
HEEW1. Nucleotide sequence data reported are available
in the Third Party Annotation Section of the DDBJ/
EMBL/GenBank databases under the accession numbers
TPA: BK005124 (TTMA), BK005141 (TTMB), BK005144

(TTMC), BK005125 (ARKI.l), BK005135 (ARKI.2),
BK005253 (HEEW1).

Reverse transcriptase-polymerase chain reaction
RNA was extracted from homogenized mouse tissues
using the Qiagen RNeasy1" Protect kit (QIAGEN Ltd,
Crawley, UK). RT-PCR was carried out using the
following primer pairs: mFIJ35936, GTGGATGAGGT
GGCTGAGTT and TGTAGATCTTCAGTGCTGGGC;
Rab27b, GATGAGTGAAGTGGAGGGAA and AAATA-
GATTGCGGTCAGCGG; Se57-I, ACAAGCTGGA-
GAGGTGGAGA and CTGGGAGTCGATCACGAACT;
Dlgapl, CCTTCACCTCGCTGAGAAAC and TTTATT
TTTCCACCCTTCCG; AtpSal, GACAGGTGAGATGT
GGTGGA and CACAGAGATTCGGGGATAA; Ccdc5,
AAGTCTGGTTCCCGGTTTCT and GGGTAGTGAG
CGATGAGAGA; Ark/1, AGGAAGGGGAAGAAAGATGA
and CCAACTCCTCTTTCCAGCAA; Ark/2, GTTTCA
GGGAGCACCAACAC and AGACACTCTGGATCAC
GGGT Gapdhl, AACTTTGGGATTGTGGAAGG and
TGTGAGGGAGATGGTGAGTG.

The Invitrogen™ PGRx Enhancer kit (Invitrogen Ltd,
Paisley, UK) was used to amplify products in the following
cycling conditions: 94°G for 4min, followed by 30 cycles
of 94°C for 1 min, 50°C for 30 s, and 72°G for 2min. A
final 15 min step at 72°G ensured all products were
double-stranded.

Results
Iterative rounds of FISH resulted in the identification of
all four breakpoint-spanning sequences from the two
inversion cases. In the Scottish (SCZ) inv(18), the
18p 11.31 breakpoint occurred within BAG RP11-122k 17
(AQ342833/AQ342831) excluding flanking sequences
with accession numbers AP005231 and AP001021. The

18q21.2 breakpoint occurred within the overlap between
BAGs RP1 l-839g9 (AG098848) and RP11-108H9 (de¬
fined by end sequences AQ348665 and AQ319000). In
the Danish (BPAD) inv(18), the 18p 11.31 breakpoint was
within BAG RP 11 -687i9 (AP001006). This is located
approximately 1.25 Mb telomeric to the equivalent
breakpoint in the Scottish inv(18). The 18q21.1 break¬
point lay within the overlap between BAGs RPll-8h2
(ACO12569) and RPll-353o2 (AG116004). Figure 1
summarizes these data with respect to the precise
positional relationship between the breakpoints of the
two inversions, the linkage peaks described in a
selection of recent reports and several previously
identified candidate chromosome 18 psychiatric
illness genes (Rojas et al., 2000). As the annotation
of the genome assembly improved over the course
of this work, we were able to define the full set of
transcribed sequences in the vicinities of the breakpoints
(Fig. 2).
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It can be seen that no gene is directly disrupted by a
breakpoint. Therefore, we assume that the pericentric
inversions are responsible for the clinical phenotype
through the perturbation of expression of one or more of
the genes in the vicinities of the breakpoints. In order to
assess the candidacy of the breakpoint-proximal genes,
we attempted, where possible, to define the function of
each gene and its encoded protein. This was achieved by
BLAST searching the NCIBI database for related genes,
proteins and functional domains (http://www.ncbi.nlm.-
nih.gov/BLAST/). In addition, we conducted semi¬
quantitative RT-PCR expression profiling of most of the
gene orthologues in a panel of mouse tissues in order to
determine whether they exhibited central nervous
system expression.

Fig. 1

Danish inv(18): BPAD Scottish inv( 18): SCZ

I I

Mclnnis, 2003
■I Mclnnes, 2001

■ Bennett, 2002
■ Schwab, 1998, Detera-wadleigh, 1999

Ideogram of chromosome 18 indicating the relative positions of the
breakpoints of the pericentric inversions in the Scottish and Danish
families. The figure also highlights previously described candidate
psychiatric illness genes and several recently reported linkage peaks.
BPAD, bipolar affective disorder; SCZ, schizophrenia.

Candidate gene description
Figure 2 shows all identified genes located within 300 kb
of each of the four breakpoints. This distance is well
within the maximum extent to which the position effect
has been observed to act in chromosome abnormalities
associated with disorders. While the most proximal genes
are the best candidates, again there are precedents for
position effect 'leapfrogging' closer genes to affect those
at a distance (Kleinjan and van Heyningen, 1998). The
details of each gene are listed below.

Scottish inversion:18p
F.PH41I.3 is a member of the gene family originally
defined by the band 4.1 protein encoded by the F.PB41
gene responsible for some forms of hereditary elliptocy-
tosis (OMIM:130500). These family members encode
proteins that interact with spectrin and actin in the
regulation of the cytoskeleton.

AF301223 is a cDNA sequence originally described by the
authors of a paper reporting the cloning of a novel
transcript located near the breakpoint in a patient with
hamartoma of the retinal pigment epithelium and retina
and a chromosome rearrangement t( 11; 18)(pl3;pl 1.31)
(Kutsche et al., 2000). We were unable to identify other
expressed sequence tags corresponding to this sequence,

protein-coding potential or a mouse orthologue. There¬
fore, we conclude that this transcript is likely to be
transcriptional 'noise'.

We have identified a novel single exon gene, TTMA,
located on 18p. This gene shares homology with two
other genes; TTMB (chromosome lp35.3) and TTMC
(chromosome 6q23.1). These three members of a new
gene family share several features. First, the protein-
coding portion of each gene is located within a single

Fig. 2

AF3013 23 TTMA
□

j78p
EPB41L3 FLJ35936

RAB27B

18q
SE57-1 TCF4

18p
DLGAP1

CCDC5
CD

ARKL1 ARKL2

18qIMF

HEEW1

□ (

PSTPIP2 ATP5A1
t \

100 kb

Candidate genes within 300 kb of the inversion breakpoints. The four horizontal lines represent 600 kb stretches of chromosome 18 bridging each of
the inversion breakpoints (vertical dashed lines) in the two families. Rectangular labelled boxes indicate the positions and orientations of genes on
the + (above) and - (below) strands.
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Fig. 3

hTTMA MIATGGLLR ISARKQDPLRPPSQIPKRK-RKAKKRRKNDWWKGKLKLCSI
hTTMB -MTAGSPEE CGEVRRSPEGRVSRLGRRLGRRRRPRSPPEPLRVRARLRLRSP

hTTMC MIATGGVITGLAALKRQDSARSQQHVNLSPSPATQEKKPIRRRPRADWWRGKIRLYSP

hTTMA SGLIALCGILVLLVGIAMAWGYWPKATGTNREGGKQLPPAGSSHRVPTTANSSSSGSKN
hTTMB SGAFAALGALWLVGMGIAVAGYWPHRAGAP GSRAANASSPQMSELRR
hTTMC SG FFLILGVLISIIGIAMAVLGYWPQKE HFIDAETTLSTNETQV

hTTMA RSRSHPRAPGGVNSSSAGAPRSTPPARAASPSSSSTSVGFFFRIFSGYLHSDKLKVFGPL
hTTMB EGRGGGRAHG PHERLRLLGPV

hTTMC IRNEGGVWR FFEQHLHSDKMKMLGPF

hTTMA IMGIGIFLFICANAVLHENRDKKTKIINLRDLYSTVIDVHSLRAKDLAAAAAAAAAAAAS

hTTMB IMGVGLFVFICANTLLYENRD LETRRLRQGVLRAQALRPP
hTTMC TMGIGIFIFICANAILHENRDKETKIIHMRDIYSTVIDIHTLRIKEQRQMNGMYTGLMGE

ClustalW (1.81) alignment of part of the chromosome 18 TTMA protein with its human homologues, TTMB and TTMC, located on chromosomes 1
and 6, respectively. Grey boxes represent conserved residues. Regions underlined by asterisks are putative transmembrane domains.

exon. Second, they appear to be the result of ancient
segmental duplication events such that TTMA, TTMB
and TTMC are all closely linked with members of the
F.PB41 (described earlier) gene family (F.PB41L3, F.PB41
and F.PB41I.2, respectively; Peterset al., 1998). Third, the
principal regions of protein homology between the three
encoded proteins are two putative hydrophobic/trans¬
membrane domains (Fig. 3). Positively charged residue
clusters are located in the short N-terminal region before
the first of these domains in each case. TTMA and
TTMC possess long C-terminal stretches with a pre¬
dicted cytoplasmic location.

FIJ35936 (NM_173464) encodes a transcription factor
with three mbt (malignant brain tumour) repeats, a C2HC
type Zn-finger domain, and a sterile alpha motif (SAM)
domain. This combination of domains suggests that it is
part of the polycomb group of proteins (PCG). PCG
proteins maintain the transcriptionally repressed states of
other genes, permitting stable and heritable transmission
of gene activity.

Scottish inversion:18q
RAB27B (NM_004163) is a small ras-like GTPase
involved in vesicle trafficking and fusion. Its function
has been studied in the context of endocrine and platelet
secretion.

SF.57-I (NM_025214) was identified as an upregulated
marker in cutaneous T-cell lymphomas (Eichmuller et al,
2001). Its protein sequence contains a periodicity of
leucine residues that suggests that it may function as a

protein interacting protein through the formation of a
coiled-coil structure.

TCF4, transcription factor 4 (NM_003199) also known as
SF.F2-1B, is a member of the basic helix-loop-helix
(bHLH) class of gene expression regulators. It may play a
role in the regulation of genes such as the somatostatin
receptor 2 and the heavy and light chain immunoglobulin
genes.

Danish inversion:18p
DI.GAP1, discs large associated protein I, (NM_004746, also
known as GKAP, DAP-1 and SAPAP), was identified in a

yeast two-hybrid screen for interactors with the mem¬
brane-associated guanylate kinase (MAGUK) family
member, discs large 4 (D1.G4) encoding the post-synaptic
density protein, l'SD-95 (Kim et a/., 1997; Naisbitt et al.,
1997; Satoh et al., 1997). DLGs are tumour suppressors
known to be involved in the clustering of ion channels
such as the NMDA receptor. D/gapl is expressed in the
hippocampus and cortex of rodent brains. As well as bind¬
ing to DLG4, DLGAP1 has also been shown to associate
with a large number of other proteins including other
discs large proteins, Shaker-type potassium channel sub-
unit Kvl.4 (KCNA4), ProSAPs, Dynein Light Chain
(DLC), Synamon, nNOS, SHANK1, GRIN2A, nArgBP2,
S-SCAM, APC and P-CATENIN. With so many inter¬
actors, it is apparent that DLGAP1 may play a coordinat¬
ing role in the assembly of neurotransmitter complexes.

Danish inversion:18q
A novel gene, HF.F.IV1, identified by combining existing
partial cDNAs, encodes a protein with homologues in
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many species but without any conserved domains or
defined function.

PSTPIP2 (NM_024430) encodes proline-serine-threo-
nine phosphatase interacting protein 2 (Wu et al., 1998).
It is a protein that mediates the interaction between the
cytoskelton and the I'EST-type PTP haematopoietic
stem cell factor.

ATP5/11 (NM_004046) encodes the alpha subunit, iso-
form 1, of the proton-transporting ATI' synthase located
in mitochondria.

CCDC5 (NM_138443) encodes a protein of unknown
function containing a coiled-coil domain.

ARKI.l and ARK/,2 are novel genes identified from EST
clusters telomeric to the 18q breakpoint in the Danish
(BI'AD) inversion patient. ARKI.l and ARK/.2 are
homologous to a single chromosome 15 gene, ARK/IDIA
(also known as RNFUl, NM_017610). ARKL1
shows sequence homology to the N-terminal region of
ARKADIA while ARKL2 matches the C-terminal (RING-
finger containing) region of ARKADIA (Fig. 4a,b). RT-
PCR on mouse cDNA failed to identify transcripts linking
Ark/1 and Ark/2, suggesting that they are distinct genes.
The analysis shown in Fig. 5 confirms this by showing that
these two genes have different expression patterns.
ARKADIA protein appears to be a member of the
ubiquitin ligase class of proteins involved in the targeting
of proteins for degradation via the proteasomal pathway.
Specifically, ARKADIA has been shown to augment Nodal
and BMP signalling during developmental processes by
the targeting of the inhibitory SMAD7 protein for
degradation (Episkopou et al, 2001; Niederlander et a/.,
2001; Patten and Placzek, 2001; Koinuma et al., 2003;
Schier, 2003).

Discussion
We have characterized the gene content of chromosome
18 regions flanking breakpoints in two unrelated families
with pericentric inversions. In contrast to several
reported instances (reviewed in Pickard et a/., in press)
of chromosomal abnormality associated with psychiatric
illness, no genes were directly disrupted. Therefore,
there is less certainty over the nature of the conse¬
quences of the genetic lesions in these families. Even so,
there are numerous clear precedents for chromosomal
breakpoints perturbing gene expression at a distance
(Kleinjan and van Heyningen, 1998; Marlin et al., 1999;
Fang et al., 2000; Crolla and van Heyningen, 2002; David
et al., 2003; FitzPatrick et al., 2003; Tian et al., 2004), with
chromatin-mediated (position effect) silencing or separa¬
tion of enhancer elements from the body of the gene

usually cited as mechanistic explanations.

Confirming the contribution of any of the candidate
genes already highlighted to the aetiology of SCZ or
BPAD will ultimately require the application of case-
control association studies using microsatellite or single
nucleotide polymorphism markers in linkage disequili¬
brium with the genes. As a first step towards this goal we
have carried out a preliminary screen to select the best
candidate genes to take forward to association analysis.
This was based both on expression analysis (selecting
those with central nervous system expression) and
examination of the published literature on each gene.

Out of the 14 genes detailed in Results, five appear to
merit further investigation, mostly on the basis of
apparent function as the expression analysis demon¬
strated that all genes showed some degree of central
nervous system expression.

In the Scottish family, the 18q breakpoint is located
proximal to the TCF4!SF.F2-\¥> gene. TCF4 has previously
been studied in the context of psychiatric illness. In a
search for CTG triplet repeat expansions associated with
bipolar affective disorder, one was found (denoted
CTG18.1) within an intron of the TCF4 gene (Breschel
et a/., 1997). Three repeat length groups were identified
with the grossly expanded group possessing 2100 repeats
compared with 24 in the smallest repeat size group. No
association with phenotype was detected. A second
study (Del-Favero et al., 2002) found an association
between moderate expansion of repeats (GTG„, where
n > 40) and a more severe bipolar I diagnosis with clear
familial origin.

A novel gene, TTMA, has been identified on 18p. The
protein structure of TTMA (and two related proteins,
TTMB and TTMC) suggests that they reside in a
cellular membrane. It is tempting to speculate that the
highly conserved putative transmembrane domains may
play a role in homo/hetero-di/tri-merization and, perhaps,
in the formation of a channel pore structure. A recent
publication describing a UK-Irish BI'AD sib-pair genome
scan identified the most significant peak at marker
D18S452 with a multipoint linkage LOD score of 1.54
under a narrow diagnostic model (Bennett et al., 2002).
This marker is 61 kb telomeric to TTMA on 18p,
suggesting that this is the best candidate gene in the
Scottish family.

In the Danish family, the DI.GAP1 gene and the ARKI.JI2
gene pair appear to be the strongest candidates for
involvement in the causation of psychiatric illness. One
study has shown that Dlgapl transcription is upregulated
in the nucleus accumbens of rats given phencyclidine as a
model for schizophrenia. This study also showed sig¬
nificant upregulation of DLGAI'l protein in the same
brain region in untreated schizophrenia patient brains
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Fig. 4

(a)
hARKLl

hARKADIA
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hARKLl
hARKADIA
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hARKLl

hARKADIA
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QQAGPSYVQNCVKENQGILGLRQHLGTPSDEDNDSSFSDCLSSPSSSLHFGDSDTVTSDE

hARKLl
hARKADIA

ENEPSQAETAVEGDPSGVSGATVGRKSRRSRSESETSTMAAKKNRQSSDKQ NGRV
DKEVSVRHSQTILNAKSRSHSARSHKWPRTETESVSGLLMKRPCLHGSSLRRLPCRKRFV

hARKLl
hARKADIA

AKVKGHRSQKHKERIRLLRQKREAAARKKYNLLQDSSTS-DSDLTCDSSTSSSDDDEE--
KNNSSQRTQKQKERILMQRKKREVLARRKYALLPSSSSSSENDLSSESSSSSSTEGEEDL

hARKLl
hARKADIA

-VSGSS KTITAEIPDGPPWAHYDMSDTNSD--PEWNVDNLLAA

FVSASENHQNNPAVPSGSIDEDVWIEASSTPQVTANEEINVTSTDSEVEIVTVGESYRS

hARKLl
hARKADIA

AWQEHSNSVGGQDTG ATWRTSGLLEELNAEAGHLDPGFLASDKTSGNAP
RSTLGHSRSHWSQGSSSHASRPQEPRNRSRISTVIQPLRQNAAEWDLTVDEDEPTWPT

hARKLl

hARKADIA
LNEEINIASSDSEVEIVGVQEHARCVHPRGGVIQSVSS
TSARMESQATSASINNSNPSTSEQASDTASAVTSSQPSTVSETSATLTSNSTTGTSIGDD

hARKLl

hARKADIA
WKHGSGTQYVST

SRRTTSSAVTETGPPAMPRLPSCCPQHSPCGGSSQNHHALGHPHTSCFQQHGHHFQHHHH

hARKLl

hARKADIA
RQTQSWTAVTPQQTWAS PAEWDLT LDEDSRRKYLL
HHHTPHPAVPVSPSFSDPACPVERPPQVQAPCGANSS'SGTSYHEQQALPVDLSNSGIRSH

(b)
hARKL2 M

hARKADIA RPPQVQAPCGANSSSGTSYHEQQALPVDLSNSGIRSHGSGSFHGASAFDPCCPVSSSRAA

hARKL2 VLVHVGYLVLP- -VFGSVRNRG APFQRSQHPH
hARKADIA IFGHQAAAAAPSQPLSSIDGYGSSMVAQPQPQPPPQPSLSSC'RHYMPPPYASLTRPLHHQ

hARKL2 ATSCRHFHLGPPQPQQLAP--DFPLAHPVQS-QPGLSAHMA PAHQHSGALHQ
hARKADIA ASAC PHSHGNPP PQTQ PRj'QVDYVIPHPVHAFHSQISSHATSHPVAPPPPTHLASTAAPI

hARKL2 SLTPLPTLQFQDVTGPSFLPQALHQQYLLQQQLLEAQHRRLVSHPRRSQERVSVHPHRLH
hARKADIA PQHL PPTHQ PISHHIPATAPPAQRLHPHEVMQRMEVQRRRMMQHPTRAHERP P PHPHRMH

hARKL2 PSFDFG QLQTPQPRYLAEGTDWDLSVDAGLSPAQFQVRPIPQHYQHYLATPRMH
hARKADIA PNYGHGHHIHVPQTMSSHPRQAPERSAWELGIEAGVTAATYTPGALHPHLAHYHAPPRLH

hARKL2 HFPRNSSSTQMWHEIRNYPYPQLHFLALQGLNPSRHTSAVRESYEELLQLEDRLGNVTR
hARKADIA HLQLG--ALPLMVPDMAG---YPHIRYIS -SGLDGTSFRGPFRGNFEELIHLEERLGNVNR

hARKL2 GAVQNTIERFTFPHKYKKRRPQDGKGKKDEGEESDTDEKCTICLSMLEDGEDVRRLPCMH
'hARKADIA GASQGTIERCTYPHKYKKRK-LHCKQDGEEGTEEDTEEKCTICLSILEEGEDVRRLPCMH

•k'kic'kie'k'k'k'k-kic'k-k-k'kicJcicJc-k-k'k

hARKL2 LFHQLCVDQWLAMSKKCPICRVDIETQLGADS
hARKADIA LFHQVCVDQWLITNKKCPICRVDIEAQLPSES

ClustalW (1.81) alignment of the chromosome 18 proteins (a) ARKL1 and (b) ARKL2 with the related protein, ARKADIA, located on chromosome
15q22.2. Grey boxes represent conserved residues. The region underlined by asterisks in (b) corresponds to the ring finger motif indicative of
ubiquitin ligase activity.

(Kajimoto et al., 2003). A search for polymorphisms in phrenic cases and normal controls (Aoyama et a/., 2003).
DLGAP1 found one single nucleotide polymorphism that No significant association was found in this small-scale
was typed in an association study comprising schizo- study.
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Fig. 5
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Reverse transcriptase-polymerase chain reaction expression analysis of
breakpoint region candidate gene orthologues in a panel of mouse
tissues. Sp.Co., spinal cord; Sk.Mu., skeletal muscle. Gapdhl is
included as a positive, ubiquitously expressed control.

The ARKI.l and ARKI.2 gene arrangement represents an
unusual example of gene evolution whereby two distinct
genes show homology to different parts of a third gene,
ARKADIA. It is not certain whether ARKADIA or ARKI.U
2 is the ancestral gene, but if it is the latter then this
could be a living record of evolution through protein
domain shuffling. The central nervous system-restricted
expression of ARKI.2 (the RING-finger domain-
containing gene) suggests that only in this tissue could
ARKL1 and ARKL2 potentially physically/functionally
interact. The presence of the RING-finger domain and
the known function of ARKADIA suggest that ARKL1/2
functions as a ubiquitin ligase. Deficits in these enzymes
lead to pathologies associated with the failure to degrade
particular target proteins; in some instances, these
protein form toxic aggregates. There are several disorders
caused by such defects including von Hippel-Lindau
cancer susceptibility (VHI,), breast cancer susceptibility
(IIRC'Al), Parkinson's disease (Parkin) and Angelman
syndrome (UBF.3A).

We suggest that that the five genes detailed represent
the most convincing candidates for the causation of
psychiatric illness in the two inv(18) families based on
their proximity to the inversion breakpoints and pre¬
dicted role in key neurobiological pathways. Future case-
control association and family linkage studies offer the
best means to test their candidacy in the karyotypically
normal population.
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Association between the TRAX/DISC locus and
both bipolar disorder and schizophrenia in the
Scottish population
PA Thomson1, NR Wray1, JK Millar1, KL Evans1, S Le Hellard1, A Condie1, WJ Muir2, DHR Blackwood2
and DJ Porteous1
1 Medical Genetics Section, University of Edinburgh, Molecular Medicine Centre, Western General Hospital, Edinburgh, UK;
2Department of Psychiatry, Royal Edinburgh Hospital, Edinburgh, UK

The Translin-associated factor X/Disrupted in Schizophrenia 1 (TRAX/DISC) region was first
implicated as a susceptibility locus for schizophrenia by analysis of a large Scottish family in
which a t(1;11) translocation cosegregates with schizophrenia, bipolar disorder and recurrent
major depression. We now report evidence for association between bipolar disorder and
schizophrenia and this locus in the general Scottish population. A systematic study of linkage
disequilibrium in a representative sample of the Scottish population was undertaken across
the 510 kb of TRAX and DISC1. SNPs representing each haplotype block were selected for
case-control association studies of both schizophrenia and bipolar disorder. Significant
association with bipolar disorder in women P = 0.00026 (P=0.0016 in men and women
combined) was detected in a region of DISC1. This same region also showed nominally
significant association with schizophrenia in both men and women combined, P = 0.0056. Two
further regions, one in TRAX and the second in DISC1, showed weaker evidence for sex-
specific associations of individual haplotypes with bipolar disorder in men and women
respectively, P<0.01. Only the association between bipolar women and DISC1 remained
significant after correction for multiple testing. This result provides further supporting
evidence for DISC1 as a susceptibility factor for both bipolar disorder and schizophrenia,
consistent with the diagnoses in the original Scottish translocation family.
Molecular Psychiatry (2005) 10, 657-668. doi:10.1038/sj.mp.4001669
Published online 19 April 2005
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Schizophrenia (SCZ) and bipolar disorder (BP) are
common mental illnesses each of which affects

approximately 1% of the population. Family, twin
and adoption studies have shown a strong genetic
component to both diseases.1,2

The Disrupted in Schizophrenia 1 locus [DISCJ)
was first identified from a large Scottish family in
which a balanced translocation t(l,11) (q42.2,ql4.3)
segregates with major mental illness with a LOD of 7.1
for diagnoses including SCZ, BP and recurrent major
depression, and with a LOD of 3.6 for SCZ alone.3-0
The chromosome 1 translocation breakpoint falls
within intron 8 of DISCI and within the single exon
of DISC2, a putative noncoding gene antisense to
DISCI.4 A third gene, Translin-associated factor X
[TRAX), has been shown to undergo intergenic
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splicing with DISCI and thus may also be affected
by the translocation.7

Independent evidence for involvement of the
TRAX/DISC region in SCZ has come from the studies
of the Finnish population. Evidence for linkage has
been detected between a marker, D1S2709, in intron 9
of DISCI and SCZ with a maximum LOD of 3.21."
Additional studies of the Finnish population by
Hennah et al10 identified a number of haplotypes
(denoted HEPl-4) that for a broad diagnosis of illness
(SCZ, schizoaffective disorder and affective disorder)
show transmission distortion not only in DISCI/2
but also for a haplotype in TRAX. Only a two-SNP
haplotype (HEP3), spanning intron 1 to exon 2 of
DISCI, was deemed to be significant following more
stringent statistical testing. This haplotype showed
sex-specific undertransmission to women and was
significantly associated with the Operational Criteria
Checklist for Psychotic Illness (OPCRIT) factors:
delusions, hallucinations and negative component
traits, rather than manic or depressive symptoms.
The original evidence for linkage in the Finnish
population has recently been replicated in an indepen¬
dent sample from the same population (LOD = 2.7).10
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A three-SNP haplotype of the most strongly linked
markers also showed evidence for association (indi¬
vidual haplotype P = 0.0009), this haplotype being the
same as the overtransmitted haplotype seen in
HEP1.9,10 Weaker evidence of the involvement of the
TRAX/DISC region has come from other populations
both with SCZ11-13 and BP,12-14"18 and most recently
schizoaffective disorder.12

Functional studies of DISCI have been hampered
by the lack of similarity to other protein or protein
domains. Recent expression analysis in rodent and
primate brain shows relatively high levels of expres¬
sion in the limbic regions of these species.17,18
Investigation of the subcellular localization of endo¬
genous DISCI indicates that the protein is strongly
associated with the mitochondrial compartment, but
is also present elsewhere including in the cytosol in
association with the cytoskeleton, and in the nu¬
cleus. 111-21 A number of yeast two-hybrid studies have
identified potential DISCI interacting proteins, the
best studied of which are FEZ1,20,22 a protein involved
in axon guidance, cell adhesion and neurogenesis,
and Nudel,19,23-25 a protein involved in neuronal
migration. The proteins identified in yeast two-hybrid
screens suggest that DISCI acts as a 'scaffold' protein
and may be involved in multiple neuronal processes
such as neuronal migration, signal transduction,
modulation of the actin cytoskeleton and neurite
outgrowth (reviewed by Millar et al2li). Investigation
of the interaction with Nudel suggests that in some
cases, these interactions are developmentally regu¬
lated and critical to early brain development.25

The third gene of interest in this region is TRAX
(also known as TSNAX). TRAX forms protein com¬
plexes with Translin, which can bind to the 3' UTRs
of certain mRNAs to suppress their translation.7,27,2li
TB-RBP, the mouse homologue of Translin has
been shown to translocate to neuronal dendrites in

response to neuronal activity.20 Translin post-trans-
criptionally stabilizes TRAX.3" Mice null for Translin
(and therefore also effectively null for TRAX) show
altered gene expression in the brain, including
transcriptional downregulation of genes including
those coding for neurotransmitter receptors and ion
channels.31 The alterations are likely to be regulated
indirectly as the Translin/TRAX complex does not
bind these proteins.

Previous association studies for the DISC region
using Scottish patients and controls found no asso¬
ciation with psychiatric disorders.32,33 However, only
two micosatellite loci and five SNPs were genotyped
across the 415 kb gene. Due to the increasing interest
in TRAX/DISC as a replicated susceptibility locus
with a plausible biological function, we have under¬
taken a comprehensive study of the region to
determine the underlying genomic structure and to
test for association between SNPs and major mental
illness in the Scottish population from which the
original t( 1:11) family was identified. We have
followed a three-step strategy. We first constructed a
linkage disequilibrium (LD) map of the region and

used this to select a set of markers that were

informative in the Scottish population. Second, using
this set of markers, we performed case-control
association studies of both SCZ and BP. Third, we

attempted to replicate the findings in the Finnish
population9,1" and of Harrison and Weinberger.13 We
have detected three regions in TRAX/DISC with
evidence of association with BP or SCZ, and discuss
these results in the context of other studies.

Materials and methods

The study was approved by the Scottish Multicentre
Research Ethics Committee. All patients and controls
gave full informed consent.

Clinical assessment of patients
Subjects were in-patients or outpatients of hospitals
in southeast or south central Scotland. Subjects were
interviewed by an experienced psychiatrist and a
venous blood sample was given for DNA extraction.
Whenever possible, participation was also sought
from first-degree relatives and blood samples were
taken. Diagnoses were made according to DSM-IV
criteria34 based on case note review and personal
interview using The Schedule for Affective Disorders
and Schizophrenia—lifetime version (SADS-L).35
Final diagnoses were reached by consensus between
two experienced psychiatrists (DB and WM).

Control subjects were drawn from the same popula¬
tion in southeast and south central Scotland, and
recruited from donors for the Scottish National Blood
Transfusion service (395). Although the blood donors
were not screened by interview for personal or family
history of psychiatric illness, this group was selected
to the extent that donors are only accepted if they are
not currently on medication and have no chronic
illness. The remaining controls (83) were recruited
from the local population or from hospital staff, and
were briefly screened by interview to exclude anyone
currently on medication or with a history of treatment
for psychiatric illness.

Genomic DNA was extracted from venous blood
samples using standard protocols.

Genotyping
For LD analysis, SNFs were genotyped using either
the TaqMan ABI Assays-on-Demand'" or Assays-
by-Design™ systems on an ABI PRISM" 7900HT
Sequence Detection System, or by DNA sequencing
using the ABI prism BigDye Terminator Cycle
Sequencing Ready Reaction Kit or using ABI PRISM"
SNaPshot™ system.

Samples for the association study were genotyped
on an ABI PRISM" 7900HT Sequence Detection
System using TaqMan technology, converting where
necessary SNaPshot assays to the alternate system.

TaqMan genotyping was performed at the Welcome
Trust Clinical Research Facility, Genetics Core (http://
www.wtcrf.ed.ac.uk/genetics/index.htm).

Molecular Psychiatry
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SNP selection
Our aim was to undertake a comprehensive associa¬
tion study of the TRAX/DISC region in the Scottish
population. An LD map of the 510 kb region (chromo¬
some 1:228,699,208-229,209,780, UCSC genome
browser July 20033") was constructed using SNPs
selected both from public databases3"'37 and those
discovered in-house.33 Our SNP evaluation and
selection procedure was an iterative process, partly
reflecting cost-effective strategies and partly reflecting
the increased availability of publicly available SNPs
and genotype information as the project progressed.
Initially, 27 biallelic markers were genotyped on 29
BP parent-offspring trios (26 SNPs and an insertion
deletion polymorphism). LD between the markers was
assessed and an additional nine SNPs were selected
in regions of low LD (primarily intron 9 of DISCI) for
genotyping on the 29 BP trios. A total of 21 SNPs were
selected to progress to association studies using the
following criteria: (i) one or two SNPs selected to
represent each high i D' I LD blocks (I D' I >0.8), (ii)
preference for SNPs with high minor allele frequency
>0.2, (iii) when a choice of SNPs remained within a
block, then any SNP showing different values of D'
with adjacent markers between case and control
chromosomes was preferentially selected and (iv) all
known nonsynonymous SNPs, which were poly¬
morphic in our population (rs3738401, rs6675281
and rs821616), as well as a synonymous SNP in
exon 6 (rs2492367) were selected.

Recently, associations from markers in the TRAX/
DISC region have been published."'10,13 We wished to
test the ability of these same markers to detect
association in the Scottish population. A total of 13
SNPs were selected from the associated haplotypes
HEPl-4 defined by Hennah et al," Ekelund et aP" (the
same as HEP1) and Harrison and Weinberger.13 Of
the SNPs needed for testing reported associations, one
SNP (rsl615344 from HEP2) failed assay design and
two had already been genotyped on the 29 BP trios
(rs751229 and rs821597), but had not been selected,
and three had already been selected (rs3738401,
rs6675281 and rs821616).

In total, 45 SNPs were genotyped on the 29 BP trios
and 30 SNPs were genotyped on the association study
samples. The full list of SNPs genotyped and the
criteria under which each was selected are presented
in Table 1.

Subsequent to SNP selection, we used the method
proposed by Clayton3" as implemented in the TagIT
software3" to investigate the proportion of the gross
haplotype diversity described by all 45 SNPs geno¬
typed on our 29 trios that was captured by the 30
SNPs genotyped in the association study (using TagIT
criterion 5). Although a single optimum set of SNPs
exists, which maximizes proportion of diversity
explained (PDE), many sets of SNPs exist for which
the PDE is close to the maximum,40 thus providing
ample leeway to impose the other criteria we
included in our SNP selection strategy. It was not
possible to investigate PDE for the full set of 45 SNPs.

Instead, PDE was investigated, firstly, in two groups
of SNPs 1-23 and 24-45 and secondly, in windows of
four consecutive selected SNPs as our association

analysis considered haplotypes of up to four SNPs.

LD analysis
The release of the International HapMap Project
data41 in August 2004 allowed us to compare our LD
map to that generated from the 30 trios from 20 CEPH
families used in the HapMap project (Utah residents
with ancestry from northern and western Europe).
Genotypes were available on 73 SNPs for the same
region as our study, after excluding nonpolymorphic
and duplicated markers. Haploview v2.0542 was used
to compare LD maps generated from our 29 BP trios
(45 SNPs), the 30 HapMap trios (73 SNPs) and our 481
association study control samples (30 SNPs). In
Haploview, haplotype blocks were defined using the
following criteria: solid spine of I D' I LD, where the
spine was extended if I D' I >0.8; blocks were also
joined if the multiallelic I D' I value between blocks
>0.9 when haplotypes with frequency >1% are
examined. Comparison of LD maps generated from
our 29 BP trios and the 30 HapMap trios led us to
genotype 11 SNPs used in the HapMap project on our
29 BP trios to refine two of the regions of interest
suggested by our association study. In total, 56 SNPs
were genotyped on our set of 29 BP trios, allowing
us to compare LD maps of the region across two
populations of European ancestry.

Association study
A total of 30 SNPs were genotyped on 478 control
(248 men, 230 women), 394 SCZ (282 men, 112
women) and 381 BP (334 BP1: 149 men, 185 women;
47 BPII: 14 men, 33 women) subjects. Sexes were
analysed both separately and in combination. Fre¬
quencies of genotypes were tested for Hardy-Wein-
berg equilibrium. The program UNPHASED43 was
used to analyse the association of disease status with
sliding windows of one-, two-, three- and four-SNP
haplotypes. Windows of up to four SNPs were
considered, as a maximum of four SNPs were needed
to represent each LD block (see Figure lc). Maximum
likelihood haplotype frequencies were estimated with
the EM algorithm and haplotypes with frequencies
of less than 1% in both case and control groups
were combined into a single rare haplotype class.
UNPHASED uses unconditional logistic regression to
perform likelihood ratio tests under a log-linear
model of the probability that an allele or haplotype
belongs to the case rather than control group. The
global null hypothesis is that the odds ratios of all
haplotypes are equal between cases and controls.
When the significance of the global test exceeded a
nominal level, P<0.05, individual haplotypes were
tested for association by grouping the frequencies of
all other haplotypes together. Individual haplotype
tests were also undertaken for SNPs reported to be
associated in other studies. Results are discussed for
all cases in which the global association reaches a
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Figure 1 LD maps of the TRAX/DISC region. Maps were
generated using Haploview v2.05 (http://www.broad.mit.edu/
mpg/haploview/) under the analysis criteria solid spine of
LD>0.8; blocks were joined where the multiallelic D'
(MAD')>0.9. Maps are displayed against a schematic
representation of TRAX (dark blue) and DISCI (light blue)
taken from the UCSC Human Genome Project genome
browser (http://genome.ucsc.edu/). The physical represen¬
tations of the SNP positions in (a, b) have been coloured to
represent the LD between the adjacent SNPs according to
the standard Haploview colour scheme: LOD> 2 and D' — 1,
red; LOD>2 and D'<1, shades of pink/red; LOD<2 and
D' = l, blue; LOD<2 and D'< 1, white, (a) A total of 56
markers genotyped on 29 BP parent-offspring trios from the
Scottish population, (b) A total of 73 SNPs genotyped by
the International HapMap Project on 30 CEPH trios from
Utah with western or northern European ancestry, (c) The
LD map of the 30 SNPs genotyped on the association study
control sample (study numbers 1-30 in Table 1). The
positions of the SNPs in region 3 are marked with asterisks.

nominal level of P<0.05 or an individual haplotype
association of PcO.Ol.

In the presentation of the association study results,
a 1-30 SNP number is used (see Table 1). In
presentation of haplotypes, the allele is underlined
if the SNP is exonic. Of the 30 SNPs genotyped in the

association control samples, genotype frequencies of
three SNPs (1-3) deviated from the frequencies
expected under Hardy-Weinberg equilibrium (mini¬
mum P= 0.0043; Table 2), each showing an increased
frequency of heterozygotes. The three are adjacent
SNPs in TRAX and are in high LD (r2 >0.97) and so
their genotype frequencies are expected to follow
the same pattern. No significant differences were
observed in allele frequencies or genotype frequencies
between the case and control groups for these SNPs,
and genotype frequencies of the case groups were
found to be in Hardy-Weinberg equilibrium. There¬
fore, we conclude that the observed deviation from
Hardy-Weinberg equilibrium in the three SNPs is a
chance occurrence in our control sample and is
unlikely to reflect any problems with genotyping.

Results

SNP selection

Using an iterative process, we constructed an LD
map of the TRAX/DISC region using 29 BP parent-
offspring trios from the Scottish population. In total,
45 biallelic markers were genotyped and 30 SNPs
selected for the association study (Table 1).

The proportion of haplotype diversity of all 45
SNPs genotyped on 29 BP trios explained by the 30
SNPs taken forward for genotyping on the association
study sample was 97 and 98% for windows of SNPs
1-23 and 24-45, respectively. For windows of four
consecutive selected SNPs, the mean PDE was 94%,
with range 81-100%.

Results of the association study
Three regions in TRAX/DISC show evidence for
association in the Scottish population for either SCZ
or BP (single marker P<0.05, global haplotype
P<0.05, individual haplotype PcO.Ol). Single mar¬
ker and global haplotype association results are
presented in Table 2. The sex differences in transmis¬
sion of TRAX/DISC haplotypes reported by Hennah
et aP led us to analyse the sexes both separately and
in combination (Tables 3-6).

Region 1
When both sexes were analysed together, SNP 5
showed association with BP (P = 0.032; Table 2). SNP
5 is located in TRAX intron 5 and is in very high LD
with SNP 4 (P= 0.056). Analysis of sliding windows
of SNPs including SNPs 4 and 5 showed nominal
global association for SNPs 5-7 (P = 0.044) when
sexes were analysed together (Table 2), and one
individual haplotype A-C-A-G from SNPs 5-8
showed an association of P = 0.0092, reflecting esti¬
mated frequencies of 11% in BP cases vs 7% in
controls. When the sexes were analysed separately,
the resultant P-values suggested that an eight-SNP
haplotype, G-C-C-G-A-C-A-G, is individually asso¬
ciated with significance P = 0.00073 with BP males
(Table 3). Although SNPs 1-8 lie across three blocks
using the criteria used in Figure 1, the LD between all
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Table 1 Complete list of markers used

Marker no. (rs) ABI assay ID UCSC July 2003 Tag" Other studies'' Exonic SNP Study no.

1630250 228699208 Yes 1
3767754 228714667
1615409 228718422 HEP2 2
766288 228728693 HEP2 3
1982095 228732035
1025527 228784850
1025526 228785646 Yes 4

1030711 228790466 Yes 5
751229 228803544 HEP3 6
1433596 228805479
1285730 228829799 Yes 7

1417584 228854055
1572899 C1200194610 228860495
3738401 228865300 HEP3 Gln264Arg 8
1954175 C_12001940_10 228890415 Yes 9
884159 228919991
2793091 228929613
1538977 228932308 Yes 10
2793085 228934882
3738402 228938015
2492367 228941594 Ile469Ile 11
2812389 228946016
2812393 C_16113570_10 228948678 Yes (Hoda) 12
4658945 228953846
1322784 C1200193010 228963940 Yes (Hoda) 13
1322783 228964080
2255340 C_1650649_l 228971155
2738875 228980378
967244 228983651
2759346 228983826 Yes 14
6675281 228989106 HEPl/Ek/(Hodp) Phe607Leu 15
3890280 228997302 HEPl/Ek 16
1000731 C_9627536_10 228998496 HEPl/Ek 17
1000730 228998606 Yes 18
— C_1650688_10 229008639
— C_11679288_10 229023421
734551 C_1650709_10 229029438 Yes 19
999710 C 9628231 10 229045948 Yes (Hodp) 20
— C_1650723_10 229052749
821723 C_9628176_10 229070201
2038636 C_1650750_10 229090254 Yes 21
821577 C_1433206_10 229102062
701158 229108133 Yes 22
1417866 C_9628093_10 229121918
821597 C_1433188_10 229137269 Callicott 23
821663 C__1433182_10 229156227 Yes 24

701163 229160114
821660 229170025
821616 229179603 Callicott Cys704Ser 25
821639 229184848
3524 229193684
1160491 229196898 Yes 26
1411771 229209780 Yes 27
11122396 229210284 HEP4 28

12404162 229211034 HEP4 29

1411776 C_9626960_10 229212492 Callicott 30

"Position of the SNP according to the UCSC Human Genome Project July 2003 release.
bSNPs selected on the basis of the criteria in Materials and methods.
These SNPs were selected on the basis of their informativeness in a number of other studies or are annotated in parentheses
if they have been published recently after our SNP selection. HEPl—4: Hennah et al* Ek: Ekelund et a7,10 Callicott: Harrison
and Weinberger;13 (Hoda,/i): Hodgkinson et a/.12
SNPs with marker numbers in bold were used in the association study.
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Table 2 Global association results for single-, two-, three- and four-marker haplotypes

BP SCZ

N Markers Other Allele freq'' HW Number of SNPs in window^ Number of SNPs in windowd

Ctl BP SCZ N N+ 1 N+2 N + 3 N N+ 1 N + 2 N+3

1 1630250 40 41 40 0.01 0.79 0.95
2 1615409 Hep2 40 41 40 0.00 0.77 0.091 0.86

3 766288 Hep2 40 41 39 0.01 0.71 0.055 0.077 0.095 0.72
4 1025526 33 38 33 0.61 0.056 0.073 0.86

5 1030711 33 38 33 0.64 0.032 0.091 0.044 0.059 0.91

6 751229 Hep 3 41 44 38 0.74 0.28 0.25
7 1285730 42 44 40 0.95 0.29 0.45

8 3738401 Hep3 36 35 33 0.95 0.83 0.15

9 1954175 38 37 34 0.58 0.69 0.093 0.006

10 1538977 23 22 23 0.93 0.49 0.002 0.98 0.039 0.006

11 2492367 12 10 13 0.91 0.20 0.007 0.50 0.008 0.043

12 2812393 Hoda 43 42 42 0.35 0.73 0.023 0.055 0.10 0.60 0.004 0.062 0.15

13 1322784 Hoda 26 23 25 0.59 0.20 0.56

14 2759346 37 38 36 0.10 0.69 0.83

15 6675281 Hepl/Ek/Hodp 14 15 14 0.56 0.25 0.57

16 3890280 Hepl/Ek 22 23 23 0.28 0.64 0.95

17 1000731 Hepl/Ek 22 23 22 0.31 0.44 0.96

18 1000730 39 38 38 0.29 0.55 0.82

19 734551 43 47 43 0.15 0.085 0.89

20 999710 Hodp 38 39 40 0.08 0.70 0.47

21 2038636 40 42 41 0.63 0.38 0.83
22 701158 41 43 42 0.78 0.47 0.68
23 821597 Callicott 37 36 34 0.66 0.67 0.16

24 821663 35 32 31 0.35 0.20 0.12
25 821616 Callicott 29 27 28 0.82 0.31 0.50

26 1160491 37 39 33 0.11 0.39 0.14

27 1411771 30 29 29 0.92 0.89 0.90

28 11122396 Hep4 2 3 2 0.62 0.45 0.51

29 12404162 Hep4 2 2 2 0.64 0.60 0.48

30 1411776 Callicott 16 16 15 0.36 0.92 0.54

"These SNPs were selected on the basis of their informativeness in a number of other studies or are annotated in parentheses
if they have been published recently after our SNP selection. HEP1-4: Hennah et alEk: Ekelund et alf" Callicott: Harrison
and Weinberger;13 (Hodcc,/)): Hodginson et al.12
''Minor allele frequencies in the control (Ctl), bipolar (BP) and schizophrenia (SCZ) groups.
"Hardy—Weinberg P-value for the control sample.
"'Markers in analysis: N = single marker; N+ 1 = two SNP, N+ 2 = three SNP, N + 3 = four SNP sliding windows. The P-values
are given for bipolar (BP) and schizophrenia (SCZ) haplotypes when P<0.1. P<0.05 are in bold.

the SNPs is high (I D11 > 0.69). From the 256 possible
haplotypes from a set of eight SNPs, only 10
haplotypes were estimated to have frequencies of
greater than 1% in both cases and controls. The odds
ratios for the haplotype in men is 3.9 (95% CI 1.9—
8.1), suggesting that region 1, which spans TRAX and
DISCI exons 1-2, is associated with susceptibility to
bipolar males in our study.

Region 2
When sexes are analysed separately, the only SNP to
show association at the nominal level is SNP 24,
located in intron 10 of DISCI, P= 0.047 for BP men.

Trends towards association were also seen for the two

neighbouring SNPs, SNP 23 P= 0.055 and SNP 25

P = 0.111. No global haplotype associations for any
two to four SNP windows were found in this region
for any diagnosis. As an association between haplo¬
types of SNPs 25, 28 and 30 and SCZ was reported by
Harrison and Weinberger,13 individual haplotypes for
the SNPs 24-30 were also analysed for association. In
this region, several three- and four-SNP haplotypes
were associated individually in BP women at P<0.01
(Table 4), again suggesting the association of a
longer haplotype in SNPs 24-27 in BP women in this
region (A-A-A-C-A). However, the three- and four-
SNP haplotypes were only found at low estimated
frequencies in the case group (1.6-1.8%) and
were estimated not to occur in the control sample,
suggesting that this result may be due to the
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Table 3 Region 1 bipolar four-marker haplotype associations of markers 1-8

SNP Haplotype

Men Women

P-value" Estimated haplotype freq (%) P-value" Estimated haplotype freq (%)

Global Indiv BP Ctl Global Indiv BP Ctl

1-4 G-C-C-G 0.056 0.0081 10.9 5.1 0.66 0.35 7.8 6.2

to 1 U1 C-C-G-A 0.055 0.0082 11 5.1 0.61 0.32 7.9 6.2

3-6 C-G-A-C 0.021 0.0097 11.3 5.4 0.78 0.32 8.6 6.5

4-7 G-A-C-A 0.18 0.067 38.7 32.3 0.64 0.28 36.8 33.3

U1 1 CO A-C-A-G 0.11 0.0080 12.5 7.8 0.56 0.25 9.5 7.2

1-8 G-C-C-G-A-C-A-G 0.0066 0.00073 8.8 2.4 0.44 0.057 6.1 2.7

"Global or individual (Indiv) P-values for bipolar (BP) vs controls (Ctl). P<0.05 are in bold.

Table 4 Region 2 individual haplotype associations, P<0.01, markers 24-28

Window Haplotype

BP women, P-value" Estimated freq (%)

Global Indiv BP CTL

25-27 A-A-C 0.22 0.0083 1.8 0.0

24-27 A-A-A-C 0.30 0.0083 1.6 0.0
25-28 A-A-C-A 0.26 0.0084 1.8 0.0

24-28 A-A-A-C-A 0.19 0.0053 1.8 0.0

"Global or individual (Indiv) P-values. P<0.05 are in bold.

uncertainty in EM estimation of haplotypes. Region 2
is discussed later, in the context of haplotypes found
to be associated in other studies.

Region 3
Analysis of SNP sliding windows of 2-4 SNPs (Table
2) shows that haplotypes that include SNPs 12 and 13
show evidence of association with both SCZ and BP
[P— 0.0044 and 0.0016, respectively; Table 5).

When the sexes were analysed separately, five
global associations were more significant than the
association with sexes combined, two in SCZ and
three in BP (Table 5). Of course, all the tests are highly
correlated, but in SCZ the individual P-values were
less significant than the original two-SNP haplotype
12-13 analysed with sexes combined (P — 0.0044).
This suggests that the two-SNP haplotype C-C may
be driving the association with SCZ (individual
P = 0.0036; Table 5). In contrast, for the strongest
region of association in BP (SNPs 10-13), a global
haplotype association was found to be more signifi¬
cant when BP women were analysed separately
(P= 0.00026) than when the sexes were combined
(P= 0.0016). BP men showed no significant global
associations in this region (P> 0.1; Table 5), even with
SNPs 10-13 (P = 0.75), although a similar trend in
individual haplotype frequencies was observed. Inter¬
estingly, there were no significant individual haplo¬
types of SNPs 10-13 at the nominal P<0.01 level,
although four haplotypes were associated at the level

of P< 0.05. Three of these individual haplotypes are
common in both female BP subjects and controls
(estimated haplotype frequency; T-C-G-T: 27.0% BP
women vs 19.3% controls; T-C-G-C: 12.7% BP women
vs 19.7% controls; C-C-C-T: 1.7% BP women vs 6.1%
controls). The global association therefore reflects a
general difference in the multinomial frequencies of
the haplotypes in this case, rather than being driven
by differences in frequencies of any specific haplo¬
type. An underlying functional variant in LD with one
or more haplotypes, or more than one low-frequency
functional variant in this region, may explain this
observation.

Individual haplotype analysis for the region of
SNPs 9-15 found differential frequencies between
cases and controls for only one common haplotype al
the nominal level of PcO.Ol: haplotype C-G-T of
SNPs 11-13 has a higher frequency in BP compared to
control chromosomes (Table 5). Other individual
haplotypes in region 3 that show association at
P<0.01 are all haplotypes with differential frequen¬
cies between SCZ and controls, with estimated
haplotype frequencies of less than 5% and either
the case or control group having undetectable esti¬
mated haplotype frequencies (Table 5). The frequen¬
cies of these haplotypes are susceptible to error due to
EM estimation and, although they may represent rare
functional variants in the case group, the results
require much larger sample sets before they can be
assessed with confidence.
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Table 5 : Association analysis for SNP combinations in region 3 (SNPs 9-15)

Global association test, P-value'' Individual haplotypes with P<0.01

Window BP SCZ Diag Sex Hap1' Case freq % Con freq % P-value

M+F M F M+F M F

12,13 0.023 0.32 0.034 0.0044 0.21 0.018 SCZ M + F C-C 1.9 0.2 0.0036

11,12,13 0.0068 0.28 0.024 0.0079 0.32 0.021 SCZ M + F c-c-c 1.9 0.2 0.0044

BP M + F C-G-T 31 24 0.0063
BP F C-G-T 31 22 0.0079

9, 10, 11 0.79 0.30 0.88 0.19 0.037 0.81

10,11,12 0.59 0.93 0.022 0.039 0.48 0.10 SCZ M + F T-T-G 1.3 0.0 0.0062

SCZ F T-T-G 2.6 0.0 0.0096

10,11,12,13 0.0016 0.75 0.00026 0.0056 0.84 0.032 SCZ M + F T-T-G-T 1.3 0.0 0.0075

9,10,1142 0.34 0.29 0.15 0.0064 0.0046 0.31 SCZ M + F G-T-T-G 1.4 0.0 0.0050

SCZ M A-C-C-G 0.0 4.4 0.00048

11,12,13,14 0.13 0.20 0.26 0.043 0.24 0.0074

12,13,14,15 0.096 0.12 0.26 0.15 0.84 0.040

"Only sliding windows that are significant at the nominal level for at least one sex by diagnosis combination are shown;
global P<0.05 or individual P< 0.001 are in bold.
''Haplotypes. Alleles from exonic SNPs are underlined. All frequencies are estimated using an EM algorithm.
M: male; F; female.

Table 6 Global association of TBAX/DISC SNP haplotypes from other studies

Study" SNP numbers BP global P-value SCZ global P-value

SNP1 SNP2 SNP3 All Women Men All Women Men

HEPl/Ek 15 16 17 0.42 0.52 0.30 0.86 0.70 0.39
HEP2 2 3 0.95 0.89 0.80 0.14 0.53 0.44

HEP3 6 8 0.50 0.88 0.39 0.42 0.55 0.64

HEP4 28 29 0.15 0.13 0.13 0.39 0.32 0.33
Eka 15 16 0.44 0.69 0.32 0.89 0.94 0.84

Ekb 16 17 0.50 0.31 0.60 0.76 0.51 0.26

Callicott 23 25 30 0.79 0.93 0.22 0.23 0.73 0.28

Callicotta 23 25 0.48 0.60 0.12 0.14 0.44 0.16

Callicottb 25 30 0.71 0.98 0.19 0.52 0.82 0.60

"These SNP haplotypes were selected on the basis of their informativeness in a number of other studies. HEP1—4: Hennah
et al,9 Ek: Ekelund et al/" Callicott: Harrison and Weinberger."

Of the SNPs implicated in the association in region
3, SNP 10 is located in intron 4, SNP 11 is a

nonsynonymous SNP in exon 6 and SNPs 12 and 13
are located in intron 6 of DISCI (Figure lc).

Further LD analysis resulting from the association
study
To investigate the LD structure of the associated
regions further, an additional 11 markers were
genotyped on the 29 BP parent-offspring trios around
markers 12-13 and 24-25. In total, 56 SNPs from
the chromosome region 1:228,699,208-229,212,492
(UCSC genome browser July 2003)™ were genotyped
on these trios, an average marker density of one per
9.3 kb (Figure la). In the final 56 SNP LD map, 12

haplotype blocks of between 6 and 47 kb were
identified using the Haploview criteria (solid spine
of LD, D'> 0.8, multiallelic D' (MAD') >0.9). The total
length of DNA in blocks was 361 kb, suggesting that a
minimum of 70% of TRAX/DISC lies in regions of
high LD (361/510 kb). The main region of low LD
spans much of DISCI intron 9 and into intron 10,
in which a 138.8 kb region has average I D' I values
between seven markers of 0.34 (data from association
control chromosomes; Figure lc). It should be
emphasized that this study was started before the
public release of data from the International HapMap
Project. Visual comparison shows good agreement
between the LD block boundaries in both the Hap¬
Map CEPH sample set and the Scottish population
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(Figure la and b), and between allele and haplotype
frequencies (data not shown).

SNPs from previous studies
Attempts to identify associations with SNPs used in
other studies did not identify regions of association
either under global haplotype analysis (Table 6) or for
any individual haplotype associations with a signifi¬
cance of PcO.Ol. However, we have shown associa¬
tion of several low-frequency haplotypes containing
SNPs 24-28 with BP women (Table 4, region 2).
Harrison and Weinberger13 reported association in an
overlapping region corresponding to haplotypes of
SNPs 25, 28 and 30 of our study. The five-SNP
haplotype A-A-A-C-A for SNPs 24-28 has an esti¬
mated frequency of 1.8% in BP women, but is absent
in female controls [P= 0.0053), or any other sex by
diagnosis class. This region includes the nonsynon-
ymous SNP rs821616 (SNP 25) that is associated
with hippocampal volume in controls,13 and also
rsl 1122396 that is involved in multiple rare HEP4
haplotypes that were overtransmitted to affected
individuals in the Finnish study (5320A>G, SNP
28)." EM estimation of haplotype frequencies may
not be accurate for low-frequency haplotypes, and
examination of BP female genotypes identified no
individuals as unambiguously carrying the A-A-C
haplotype. SNP 24. which we found to be associated
at the nominal level in BP men (P = 0.047), is also on
the same LD block as SNP 25 (Figure lb). In addition,
both regions 1 and 3 for which we have found
evidence for association also overlap with regions
implicated in other studies. Our first region of
nominal association encompasses a haplotype con¬
sisting of our first eight SNPs (Region 1). This region
includes the SNPs that define HEP2 and HEP3
in TRAX and DISCI, respectively," but the associated
haplotypes of HEP2 (C-A-C) and HEP3 (T-A) are
not the same as those identified here (?-C-C-and
C-G, respectively). However, in the Finnish study,
the associated haplotypes were significantly under-
transmitted to affected individuals, and for HEP3
the undertransmission was to women only, whereas
here, the haplotypes are over-represented in male
affected individuals. These results may only be
reconcilable once candidate functional variants are

identified.
Our third region of association is centred on SNPs

12 and 13 (region 3). Recently, Hodgkinson et aP2
have reported association between DISCI and SCZ,
BP and schizoaffective disorder. Region 3, in which
association is detected in both SCZ and BP in our

study, overlaps with a region producing nominal
association for SCZ reported by Hodgkinson et al,
P< 0.05.13 SNPs 12 and 13 are located on haplolype
block 5, while the SNPs of HEP1 are located in block
6; however, moderate levels of LD exist between the
blocks (Figure lc).",1H We cannot therefore exclude the
possibility that the same functional variant/variants
underlie the association results in both the Finnish
and Scottish populations.

MIPT3

ATF5/4

MAPI A FEZ1

q-tubulin Kendrin

Er

LIS1

Nudel/Nudel

9 1( T11 12 13

Region 1 Region 3 Region 2

Figure 2 Comparison of binding sites for DISCI interactors
and regions of association. The horizontal bar represents the
DISCI protein with exons 1-13 alternately shaded. Regions
1—3 show the exons spanned by the associated haplotypes
(boxes). The positions of the nonsynonymous (solid arrow)
and synonymous (dashed arrow) exonic SNPs are also
labelled. Regions of the protein thought to be involved in
the binding of interactors are indicated with lines labelled
with the name of the interactor.

Alignment of regions showing association with protein
binding sites of DISCI
All three regions of association identified within our
study extend across more than one exon and
associated haplotypes involve synonymous or non-
synonymous coding SNPs (Figure 2). Numerous
putative protein interactors have now been identified
for DISCI and their regions of interaction defined to a
greater or lesser extent.1"'2"'23'25'44 All three regions of
DISCI implicated in our study contain exons identi¬
fied as encoding binding sites of the putative
interactors (Figure 2), suggesting that multiple func¬
tional variants may disrupt discrete interactions and
may therefore affect one or more DISCI functions.

Statistical considerations
Our study presents a considerable number of tests and
indeed our samples are used in other association
studies. However, a Bonferroni correction for all tests

performed would be overly conservative as many of
the tests are correlated. Nonetheless, in this study, we
perform at least 2 diagnosis x 2 sex x 14 LD block
(blocks plus single SNPs not in blocks) = 56 tests, so
that P must be less than 0.05/56 = 8.9 x 10 4 before we

can declare statistical significance with confidence.
If this P-value for declaration of significance is
accepted, then only the association between BP
women and SNPs 10-13 (region 3) remains significant
in our study (P = 0.00026), confirming the association
between BP and DISCI.

Discussion

We have generated a dense LD map of TRAX/DISC in
the Scottish population. This has allowed us to
choose SNPs informative in this population for
case-control association analysis of both BP and
SCZ, in the largest association study for DISCI
variants yet undertaken. In addition, we have tested
SNPs that gave positive TRAX/DISC linkage and/or

555
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association results in other studies. Our results
provide evidence that TRAX/DISC variants are
susceptibility factors in BP and SCZ, supporting
results published previously.,i_ls However, we failed
to replicate previous reports of associated haplotypes
of SNPs, indicating either allelic heterogeneity, or
heterogeneity of the haplotype surrounding a
functional variant, between populations. This hetero¬
geneity is expected, as both positive and negative
association results have been reported for this region,
and is in line with other genes implicated in bipolar
and SCZ, that is, neuregulin,45 dysbindin4" and
NOTCH4.u,A7 Settling the debate between the two
extremes of an oligogenic common ancient variant
hypothesis and a variable penetrance, quasi-Mende-
lian genetic heterogeneity model requires more
empirical evidence, but most likely a spectrum of
scenarios will emerge. It is however worth noting
that under the genetic heterogeneity model, it is
quite possible that functional variants do not reside
on common haplotypes, thus demanding a full
inspection of all haplotype diversity within a study
population. In order to detect association due to
low-frequency functional variants, haplotypes of
similarly low frequency that are in high LD with the
functional variant must be genotyped,4" resulting in
multiple testing implications. Ekelund et al replicated
their original linkage finding" in a second Finnish
sample.1" This study highlighted the importance, in
replications, of using exactly the same markers as in
the original study, even within the same population.1"
The use of alternate markers may have contributed to
the negative result in the meta-analysis by Levinson
et a/.10'4"'5" Our results reinforce the need to select
SNPs reflecting the haplotype structure in the
population under study, as those that have evidence
for association in other studies showed no association
in the Scottish population. A comparison of the LD
map and haplotype frequencies between the Scottish
population and the CEPH trios genotyped in the
International HapMap Project suggests that at least
these two study sets have similar LD blocks and major
haplotype frequencies at the TRAX/DISC locus. If this
is upheld at other loci, it suggests that many north
and western European populations, which have not
undergone a founder effect, may share much the same
LD and haplotype structure. This would allow the
same set of SNPs to be used to assess association in
wider geographic populations.

The case-control association studied three known
nonsynonymous SNPs (rs3738401, rs6675281 and
rs821616) and a single synonymous coding SNP
(rs2492367) from DISCI, and found no significant
results under single-marker analysis. This suggests
that these polymorphisms are not individually the
functional variants important in major mental illness.
This does not however rule out their involvement in a

haplotype-based effect. Duan et al51 demonstrated
that a synonymous SNP in DRD2 alters protein
expression levels, by altering mRNA stability, depen¬
dant on the allele present at a second synonymous

SNP, demonstrating a 'haplotype'-based effect. It is
also possible that major functional variant in SCZ and
BP will not affect the protein sequence but rather
splicing or protein expression levels. The causative
variant may therefore be found in the noncoding
regions such as introns or 5' and 3' regulatory regions,
as recently reported for the SCZ risk factor ZDHHC853
and suggested for dysbindin.53 In many association
studies that attempt to identify functional variants, it
may be valuable to relate evidence for haplotype
association to the emergent functional domains of
DISCI and the evidence for functional conservation
across species.

To conclude, this study reports association of
variants in TRAX/DISC to BP (SNP 10-13,
P = 0.0016 for combined sex, P = 0.00026 women

only) supporting three previous results in this
region.13,15,1B Two further regions gave evidence for
association with BP, but did not meet the Bonferroni
corrected level for the declaration of significance in
this study. Nominal association was also detected for
SCZ (SNPs 12 and 13, P= 0.0044), suggesting that the
involvement of DISCI in this disorder is not unique to
the t(l :11) family but also seen in the wider Scottish
population. Recently, Hodgkinson et al12 have re¬
ported association between DISCI and SCZ, BP and
schizoaffective disorder, despite low sample sizes in
the latter two groups, suggesting association with this
gene and multiple psychiatric diagnoses in more than
one population. This study has implicated the same
region of DISCI in both SCZ and BP. If the association
is replicated, it would be in keeping with growing
evidence for common risk factors in affective and
nonaffective psychosis. This is also consistent with
the spectrum of major mental illness seen in the
t( 1:11) translocation family, which includes SCZ,
schizoaffective disorder, BP and recurrent major
depression.
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Sex-specific association between bipolar affective
disorder in women and GPR50, an X-linked orphan G
protein-coupled receptor
PA Thomson*1, NR Wray1, AM Thomson2, DR Dunbar2, MA Grassie2, A Condie1, MT Walker3,
DJ Smith3, DJ Pulford2, W Muir3, DHR Blackwood3 and DJ Porteous1
1 Medical Genetics Section, University of Edinburgh, Molecular Medicine Centre, Western General Hospital, Crewe Road,
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GPR50 is an orphan G protein-coupled receptor (GPCR) located on Xq28, a region previously
implicated in multiple genetic studies of bipolar affective disorder (BPAD). Allele frequencies
of three polymorphisms in GPR50 were compared in case-control studies between subjects
with BPAD (264), major depressive disorder (MDD) (226), or schizophrenia (SCZ) (263) and
ethnically matched controls (562). Significant associations were found between an insertion/
deletion polymorphism in exon 2 and both BPAD (P=0.0070), and MDD (P=0.011) with
increased risk associated with the deletion variant (GPR50X502_505). When the analysis was
restricted to female subjects, the associations with BPAD and MDD increased in significance
(P= 0.00023 and P = 0.0064, respectively). Two other single-nucleotide polymorphisms (SNPs)
tested within this gene showed associations between: the female MDD group and an SNP in
exon 2 (P = 0.0096); and female SCZ and an intronic SNP (P=0.0014). No association was
detected in males with either MDD, BPAD or SCZ. These results suggest that GPR50XS02~5051 or a
variant in tight linkage disequilibrium with this polymorphism, is a sex-specific risk factor for
susceptibility to bipolar disorder, and that other variants in the gene may be sex-specific risk
factors in the development of schizophrenia.
Molecular Psychiatry (2005) 10, 470-478. doi:10.1038/sj.mp.4001593
Published online 28 September 2004

Keywords: bipolar affective disorder; schizophrenia; G protein-coupled receptor; hypothalamus;
pituitary; Xq28

Bipolar affective disorder (BPAD) is a severe psychia¬
tric disorder affecting approximately 1% of the
world's population, and shows no difference in
lifetime prevalence between male and female sub¬
jects. Twin and adoption studies have demonstrated a
strong genetic component, with a concordance in
BPAD between monozygotic twins of 60%.' Major
depressive disorder (MDD) has a lifetime prevalence
of 17% with women twice as likely as men to develop
the disorder.2 Estimates of the heritability of MDD
vary, but a meta-analysis of studies gives a point
estimate of heritability of liability to MDD of 0.37.:1
Schizophrenia (SCZ), as with BPAD, has an estimated
frequency of 1% in the population, but heritability
estimates suggest that it has a larger genetic compo¬
nent than either BPAD or MDD, with monozygotic
twins giving a point estimate of comorbidity of 0.81 in
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another recent meta-analysis.4 Despite the strong
genetic component in these major psychiatric dis¬
orders, there are also strong environmental influ¬
ences.

Linkage to Xq28 has been studied many times in
BPAD. Two loci, colour-blindness (CB), and glucose-6-
phosphate dehydrogenase (G6PD), have been detected
through linkage and association in more than one
population.5 Most significant are LOD scores of 8.1
and 7.35 between CB and BPAD in the American and
Belgian populations, respectively, although reanalysis
of much of the data from positive linkage results on
the X chromosome has resulted in much reduced
evidence for linkage and suggestions of ascertainment
bias.8-0 Several more recent studies have again
renewed interest in the distal end of Xq, although
the region implicated in these studies (Xq24-28) is
larger than that depicted in the earlier reports.5,1"~™

GPR50 is an X-linked orphan G protein-coupled
receptor (also known as H9, melatonin-related recep¬
tor or ML1X) located on Xq28, and was initially
cloned from a human pituitary cDNA library.14,15 The
gene encodes a protein of 617 amino acids that is 45%
identical overall to human melatonin receptors
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MTNR1A and MTNRlB, with identity increasing to
55% when comparing just the transmembrane do¬
mains.15 Despite its close structural relationship to
the melatonin receptors, GPR50 does not bind either
[125I]melatonin or ("HJmelatonin.15-16

RMA in situ hybridisation experiments with human
GPR50 detected expression in the mediobasal hy¬
pothalamus, in a region containing the ventromedial
and arcuate nuclei; and the paraventricular nucleus,
as well as in the infundibular stalk.15 Expression was
also detected in the pituitary gland.15 The hypotha¬
lamus has a punctate pattern of expression. In
contrast, the expression pattern in the pituitary is
widespread and heterogeneous, occurring in both the
pars tuberalis and the pars distalis. The hypothala¬
mus hac boon implicatod in a number of physiological
and behavioural responses. These include endocrine
regulation (dorsal medial-ventromedial nuclei), re¬
production, circadian and stress responses (dorsome-
dial hypothalamus), fluid balance, ingestive
behaviours (arcuate nucleus and dorsomedial hy¬
pothalamus) and thermoregulation (lateral hypotha¬
lamus). The pituitary controls the endocrine system
through secretion of hormones. This suggests a role
for GPR50 and its ligand in neuroendocrine function.

The combination of map position on Xq28 and
expression pattern makes GPR50 a positional and
functional candidate in affective disorder.

Materials and methods

The study was approved by the Scottish Multicentre
Research Ethics Committee.

Clinical assessment of patients
Subjects were in-patients or outpatients of hospitals
in South East or South Central Scotland, and gave
their informed consent for their inclusion in the
study. Subjects were interviewed by an experienced
psychiatrist and a blood was sample given for DNA
extraction. Diagnoses were made according to DSM-
IV criteria17 based on case note review and interview

using The Schedule for Affective Disorders and
Schizophrenia — lifetime version (SADS-L).1" Final
diagnoses were reached by consensus between two
trained psychiatrists (DB and WM). Age at onset was
defined as the age when the subject first received
professional help for psychiatric symptoms and
'early' onset was defined as less than 25 years of age.

Subjects in the group bipolar affective disorder
(BPAD) included those with diagnoses Bipolar 1 and
Bipolar 2, and all had a history of at least two
episodes of major depression. Subjects included in
the MDD group had a history of at least two episodes
of major depression. The interview of subjects with
MDD included additional questions to elicit symp¬
toms consistent with 'bipolar spectrum disorder' as
defined by Ghaemi et alP" The criteria for 'bipolar
spectrum disorder' include: brief episodes of hypo-
manic symptoms of any duration less than 4 days; a
first or second degree relative with bipolar disorder;

symptoms of hypomania induced by antidepressant
medication. In the first stages of analysis, subjects
with MDD and 'bipolar spectrum' features were
included in the group of major depression. The
nosological status of 'bipolar spectrum' remains
uncertain, but thoro are strong arguments for includ¬
ing these subjects in the bipolar group.20 Analyses
were therefore carried out with MDD excluding
'spectrum', and bipolar disorder including 'spec¬
trum'.

Control subjects were drawn from the same popula¬
tion in South East and South Central Scotland, and
recruited from donors for the Scottish National Blood
Transfusion service or from hospital staff.

The composition of the samples available for the
association study is given in Tabic 1.

Parents-offspring trios were ascertained by con¬
tacting parents through the probands. They gave
informed consent for genetic studies and a venous
blood sample was collected.

Genomic DNA was extracted from venous blood

samples using standard protocols.

DNA sequencing
DNA sequencing was performed using ABI prism
BigDye Terminator Cycle Sequencing Ready Reaction
Kit. Purified PCR products were sequenced directly
from 14 control individuals.

Genotyping
The insertion/deletion polymorphism (A502-505)
was amplified using the following PCR: primers: 5'
TTCATTTCAAGCCTGCTTCC 3', 5' Hex.CT-
TAGGGTGGCTGGTAGTGG 3'. The fluorescently la¬
belled PCR products were separated on an automated
laser fluorescence DNA sequencer ABI 377 (Perkin-
Elmer, Welleslay, MA, USA), and analysed using the
GENESCAN (version 2.1) fragment-analysis software.
The alleles were identified using the GENOTYPER
program (version 2.0) (Perkin-Elmer).

The nonsynonymous single-nucleotide polymorph¬
ism (SNP), ValB0"Ile (rsl3440581), was genotyped
using SNaPshot™ reactions carried out according to
the manufacturer's instructions (Applied Biosys-
tems). The PCR products were separated on an ABI
PRISM"1 377 DNA Sequencer and analysed using
GENESCAN (version 2.1) fragment-analysis software.
Genotypes of a subset of samples were confirmed
using an ABI PRISM 1,1 7900HT Sequence Detection

Table 1 Composition of available sample split into controls
(CTL), bipolar (BPAD), major depressive disorder (MDD),
schizophrenia (SCZ); bipolar spectrum (BPspec, a subdivision
of MDD); male and female subjects

471

Samples CTL BPAD MDD SCZ BPspec

Male 302 121 90 187 7

Female 260 143 136 76 15

Total 562 264 226 263 22

Molecular Psychiatry
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System and TaqMan technology. The SNP rs2072621
was available from ABI as an Assays-on-Demand™
TaqMan SNP genotyping assay. Genotypes were
detected on an ABI PRISM" 7900HT Sequence
Detection System.

For LD analysis, SNPs were either genotyped using
the TaqMan ABI Assays-on-Demand™ system or by
DNA sequencing performed using ABI prism BigDye
Terminator Cycle Sequencing Ready Reaction Kit.

TaqMan genotyping was performed at the Wellcome
Trust Clinical Research Facility, Genetics Core (http://
www.wtcrf.ed.ac.uk/genetics/index.htm).

Statistical analysis
Observed genotype frequencies in female subjects for
all case and control groups were tested for Hardy-
Weinberg equilibrium using x1 tests with 1 df. Allele
frequencies from both male and female chromosomes
of their own patient group were used to calculate
expected genotype frequencies. The x2 contingency
table tests were used to test for allelic association with
case-control status and for differences in allele
frequencies between cases with maternal or paternal
family history. Unconditional logistic regression21 as
implemented in UNPHASED22 was used to test for
association with two- and three-marker haplotypes
(haplotype frequencies were estimated using the EM
algorithm). UNPHASED was also used to calculate

I D I and r2 measures of linkage disequilibrium from
trio (parents and offspring) genotypes.

3 Exon 1 2

1573'1584 16G3 1885
+/-

Thf Thr Gly His Thr^Ala Var^lle

b,
Variant
Name

Nucleotide change

A502-505 Deletion of 1573 -* 1584 inclusive (ACC ACT GGC CAC)
Thr°"Ala 1663 A G
Valw"Tle 1885 G A

Figure 1 GPR50 gene structure and position of polymorph¬
isms. The GPR50 gene structure is shown and polymorph¬
isms identified by sequencing genomic DNA from 14
control individuals are illustrated (a). The seven transmem¬
brane domains are denoted by roman numerals I-VII. An
arrow denotes the approximate position of rs2072621. The
nucleotide changes resulting in alterations of the amino-
acid sequence for each polymorphism are shown in (b).
Numbering of nucleotides is relative to the Ensembl
transcript sequence ENST00000218316 and is with refer¬
ence to the GPR50allele that encodes a full-length protein
of 617 amino acids (a, b). The numbering of protein residues
is relative to the 617 amino-acid GPR50"' as described by
Ensembl protein ENSPO0(100218316.

Results

Sequencing and association study
Putative functional polymorphisms in CPR50 were
identified by sequencing the exons in 14 control
individuals. No polymorphisms were detected in the
first exon, but three nonsynonymous polymorphisms
were detected in exon 2 that encodes transmembrane
domains 2-7 and the carboxyl-terminal cytoplasmic
tail (see Figure la). An in-frame 12 bp insertion/
deletion polymorphism was identified beginning at
nucleotide 1573, with respect to the Ensembl tran¬
script sequence ENST00000218316, which results in
the loss of four amino acids (Thr.Thr.Cly.His) and is
designated A502-505. The 'insertion' allele, which
contains Thr.Thr.Gly.His at positions 502-505, was
found to be the most frequent form in the control
population analysed and therefore this allele was
designated GPR50'vl. GPR50""' encodes a full-length
protein of 617 amino acids as annotated in the
Ensembl database, ENSP00000218316. The A502-
505 variant encodes a truncated protein of 613 amino
acids as annotated in the Genbank and NCBI
databases (gi:4758467, NM004224). In addition, two
nonsynonymous polymorphisms were identified; a
Thr532Ala (rs561077) and a Val0O'Tle (rsl3440581). The
nucleotide changes resulting in these amino-acid
substitutions are detailed in Figure lb. Analysis of
genomic sequences indicated that variants A502-505
and Thr532Ala are in complete linkage disequilibrum

with each other, but not with Val""BIle. Association
analysis was therefore performed on the polymorph¬
isms A502-505 and Val606Ile, as well as an intronic
SNP described below.

Association between the GPR50'V"A!"12-5113 poly¬
morphism and psychiatric illness was explored in a
case—control association study in a population
sampled from the South East of Scotland (Table 1).
None of the female genotype frequencies in the
control or case groups differed significantly from
Hardy-Weinberg equilibrium. Significant association
was seen between A502-505 polymorphism and both
MDD and BPAD (see Table 2; P= 0.011 and
P = 0.0070). No association was seen between A502-
505 and SCZ (P = 0.12). The female association was

stronger than that for the combined group when the
cases were subdivided by gender (MDD, P= 0.0064
and BPAD, P = 0.00023). No association was seen for
either GPR50 variant and any male case group.

The difference in allele frequency between male
and female controls (43.4 vs 37.6% Table 2) is not
significant P=0.11 and, if the allele frequency in
BPAD female subjects is compared to the combined
allele frequency of male and female controls, the
association remains significant (P= 0.00089). Geno¬
type relative risks are 3.1 (95% confidence interval
1.7-5.6) for the GPR504502-51,3 homozygote and 1.5
(95% confidence interval 0.9-2.5) for the heterozy-
gote compared to the GPR50'vl homozygote. This
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Table2Singlemarkerassociation Marker

Samples

All

Male

Female

FemaleMDDnotBPspec
FemaleBPspec

P-value

Frequency
N°

P-value

Frequency
N"

P-value

Frequency
N°

P-valueFrequencyN"
P-valueFrequency
N"

A502-505
CTL

39.7

786

43.4

288

37.6

498

BPAD

0.0070

47.9

401

0.53

40.0

115

0.00023

51.0

286

MDD

0.011

47.7

352

0.48

47.7

86

0.0064

47.7

266

0.04445.3236
0.001566.7
30

scz

0.12

44.7

331

0.15

50.3

181

0.92

38.0

150

BPAD+BPspec

0.000026

52.5

316

Val606Ile

CTL

38.5

793

42.3

293

36.2

500

BPAD

0.24

42.0

400

0.74

40.5

116

0.077

42.6

284

MDD

0.040

44.9

354

0.99

42.2

90

0.0096

45.8

264

0.01845.3236
0.1450.0
28

SCZ

0.30

41.8

335

0.84

43.2

185

0.40

40.0

150

BPAD+BPspec

0.044

43.3

312

rs2072621
CTL

43.7

767

44.9

285

42.9

482

BPAD

0.61

42.1

387

0.79

43.5

115

0.71

41.5

272

MDD

0.58

45.5

341

0.19

53.1

81

0.97

43.1

260

0.5745.2230
0.08026.7
30

SCZ

0.31

47.3

273

0.16

37.9

153

0.0014

59.2

120

BPAD+BPspec

0.42

40.1

302

aN=numberofchromosomes. P-values<0.05inbold,P-values<0.0056inbolditalics.
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implies additive allelic action on the scale of risk,
which is consistent with the lack of deviation from

Hardy-Weinberg equilibrium in BPAD female sub¬
jects. The frequencies of the GPR50a502-505 homozy-
gote, heterozygote and GPR50"' homozygote in BPAD
female subjects vs controls are 27.3 vs 13.7%, 47.8 vs
47.6% and 25.2 vs 38.6%, implying a low penetrance
value for the GPR50A502-5I1S homozygote of 2.0%
(penetrance = 0.273 x 0.01/0.137), assuming a popu¬
lation frequency for BPAD of 1%.

Linkage disequilibrium map of GPR50
In order to define the haplotype blocks involved in
this association, and to exclude any neighbouring
genes, further markers were genotyped on a panel of
31 BPAD parent-offspring trios with affected pro¬
bands. The linkage disequilibrium map of GPR50 was
constructed using 10 SNPs spanning 21.5 kb (Table 3).
Despite GPR50 being only 5 kb in length, two
independently segregating haplotype blocks were
observed. The location of the break between these
blocks was resolved to 286 bp between markers
rs!2558086 and rsl2557475 in the single intron
(1/71=0.04). The haplotype block containing the
A502-505 polymorphism spans 4.5 kb covering part
of the intron, all of exon 2 and approximately 2kb of
the 3' region. This suggests that the haplotype block
carrying the putative functional polymorphism in
BPAD is limited to GPR50, although we cannot
formally rule out the possibility that the association
results from another gene in linkage disequilibrium
with these markers.

Additional marker association results
In order to investigate the association further, we
genotyped two additional polymorphisms: Val'iraiIle
(rsl3440581), identified by sequencing 14 control
samples (see Figure 1) and rs2072621 identified from
the public databases23 (Table 2). For both of these

polymorphisms, the genotype frequencies in the
female groups did not differ significantly from those
expected under Hardy-Weinberg equilibrium. Weak
association was detected between the exon 2 Val8O0Ile
polymorphism and the female MDD sample
(P= 0.0096), this SNP showed no significant associa¬
tions with female BPAD or SCZ. The intronic SNP
rs2072621 gave no association with either BPAD or
MDD, but showed significant association in the
female SCZ sample (P= 0.0014). As for the A502-
505 polymorphism, no significant associations were
found between Val6"'Tle or rs2072621 and disease
status in males. Investigation of two- and three-
marker haplotypes gave significant association with
disease status in female MDD, BPAD and SCZ,
although none of these associations were significantly
stronger than their initial single marker association
(Table 4). No association was seen for any male case
group between disease status and haplotype.

Statistical considerations
If the P-value for declaration of significance (P= 0.05)
is adjusted for multiple testing, the Bonferroni
corrected P-value for declaration of significance
accounting for the nine tests in the initial study
(three sex categories by three diagnosis categories on a
single marker) is P— 0.0056. Under this conservative
cutoff, association is declared for female BPAD and
the A502-505 polymorphism, and for female schizo¬
phrenics and the intronic SNP rs2072621. Power
analysis of the male sample suggests that the lack of
association within males is unlikely to be due to the
smaller number of chromosomes tested. The sample
of 115 BPAD and 288 control male chromosomes for
which the insertion/deletion genotypes were obtained
has 74 or 100% power to detect an association,
assuming a haplotype risk of 1.5 or 3.1, respectively,
allele frequency of 0.4 and type I error of 5%. This
suggests that the lack of association found in males is

Table 3 Pairwise measures of I IT I and r2 calculated from 31 trios with BPAD probands using both transmitted and
untransmitted chromosomes for 10 markers spanning the region 19.2 and 2.2 kb up- and downstream from GPR50ASIKi~Rl,fi

Murker Inter- % 123456789 10
marker Min
distance Allele

bp

im
1 rsl80496 1509 32.8 1.00 0.68 0.11 0.26 0.07 0.21 0.00 0.05 0.51
2 rs501938 7277 24.1 0.16 0.58 0.33 0.35 0.62 0.04 0.39 0.03 0.33
3 rs529286 6762 31.5 0.11 0.22 0.71 0.26 0.23 0.13 0.03 0.09 0.24

4 rs2072621 1382 46.6 0.01 0.04 0.28 0.53 0.08 0.08 0.06 0.05 0.31
5 rsl2558086 286 14.3 r2 0.01 0.07 0.02 0.06 0.04 1.00 0.32 0.40 0.08
6 rsl2557475 87 26.0 0.00 0.03 0.01 0.00 0.00 0.71 0.53 0.51 0.20

7 rs!201872 1945 22.0 0.03 0.00 0.00 0.00 0.05 0.39 0.40 0.40 1.00

8 A502—505 301 42.3 0.00 0.07 0.00 0.00 0.01 0.07 0.04 0.56 0.31
9 Val00r'Ile 1912 42.0 0.00 0.00 0.01 0.00 0.02 0.06 0.04 0.28 0.27

10 rs512294 — 10.7 0.02 0.04 0.01 0.01 0.00 0.00 0.04 0.02 0.01

"Iff] value >0.70 in bold.
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Table 4 Two- and three-marker haplotype associations (P-values)

Marker Samples All Male Female Female MDD not BPspec Female BPspec

rs2072621/A502—505 BPAD 0.017 0.87 0.0018

MDD 0.055 0.36 0.035 0.16 0.0016

SCZ 0.16 0.30 0.014

BPAD + BPspec 0.00023

A502—505/ValM°Ile BPAD 0.039 0.91 0.0011

MDD 0.10 0.67 0.027 0.095 0.019

SCZ 0.18 0.30 0.014

BPAD + BPspec 0.00023

rs2072621/Valoo"Ile BPAD 0.51 0.99 0.19

MDD 0.069 0.27 0.046 0.071 0.0065

SCZ 0.63 0.76 0.010

BPAD + BPspec 0.099

3 marker BPAD 0.13 0.94 0.0093
MDD 0.14 0.60 0.091 0.21 0.0051

SCZ 0.078 0.068 0.014
BPAD 1 BPspec 0.0026

475

P-values < 0.05 in bold, P-values <0.0056 bold italics.

Table 5 Analysis of female GPRSO**5"2-505 association

Diagnosis Samples jV" Deletion

frequency
P-value

Control All 498 37.6
BPAD All 286 51.0 0.00023

Early onset 150 52.0 0.00016
Maternal 74 60.8 0.00014
Paternal 64 59.4 0.00080

MDD All 266 47.7 0.0064

Early onset 56 46.4 0.20

Maternal 52 40.4 0.69
Paternal 20 55.0 0.12

P-values <0.05 in bold, P-values <0.0056 bold italics.
"N = number of chromosomes.

unlikely to be due to the smaller number of X-
chromosomes tested in males (115 chromosomes in
male, 286 chromosomes in female subjects).

Parent of origin/age of onset analysis
Evidence for a female only association led us to
investigate parent of origin effects (see Donald et al2A).
The female BPAD group was divided into those
reporting major psychiatric disorders in one or more
first- or second-degree relatives on their maternal
(N= 37) or paternal (N=32) families (Table 5). Allele
frequencies between these groups did not differ
(P=0.86). This suggests that there is no parent of
origin effect in the association between BPAD and the
A502-505 polymorphism. Age at onset was examined
for the female BPAD identifying those with an early

age of onset (24 years or less) of affective illness
(jV= 75 BPAD). Association between early age of onset
BPAD and A502-505 polymorphism was significant
(Table 5, P = 0.00016). Parent of origin and early age of
onset groups were also defined for MDD. No sig¬
nificant associations were found with any of these
groups (Table 5).

The number of observations in each class in the

analyses of parent of origin and age of onset was quite
small, these results should, therefore, be regarded as
preliminary and interpreted with caution.

'Bipolar spectrum' analysis
Analysis revealed that the MDD association was
largely driven by a group [N= 15) fulfilling diagnostic
criteria for bipolar spectrum disorder (BPspec,
P= 0.0015), and that the remaining MDD sample
(A7= 232) gave only a weakly significant association
[P= 0.044; Table 2). When female bipolar spectrum
disorder and BPAD cases are combined, the associa¬
tion between affected status and the A502-505

polymorphism is further increased (P = 0.000026,
Tables 2 and 4).

Discussion

This is the first study investigating a possible link
between putative functional polymorphisms in
GPR50, an orphan G protein-coupled receptor, and
major mental illness. Both the putative functional
polymorphisms studied result in alterations of the
amino-acid sequence in the carboxyl-terminus cyto¬
plasmic tail. The deletion allele, A502-505, which is
associated with boih BPAD and MDD (global P-values
0.007 and 0.011), results in the deletion of four
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amino-acid residues, including two threonine resi¬
dues (see Figure 1). The SNP at nucleotide 1885 is
characterised by a single base-pair transition (G-»A),
resulting in a nonsynonymous ValB0BIle amino-acid
substitution (rsl3440581). A third SNP at position
1663, which is in complete LD with A502-505, also
results in a nonsynonymous Thr5:,2Ala amino-acid
substitution (rs561077) in the carboxyl tail. GPR50
has an unusually long carboxyl tail of >300 amino
acids, longer than that for any other known GPCR.
The carboxyl tail contains 41 serine and threonine
residues and may be involved in receptor coupling to
G proteins, tethering the receptor to the plasma
membrane, receptor sequestration, desensitisation
and downregulation.26,26 The identification of a
consensus site for a serine protease in the carboxyl
tail also raises the possibility that it has enzymatic
function, which may depend on receptor activation/
phosphorylation state.15 Increasing numbers of pro¬
teins in addition to the G proteins are now known to
interact with GPCRs.27 Many of these GPCR-asso-
ciated proteins interact with the third intracellular
loop or with the C-terminal cytoplasmic tail. A
mutation in the distal portion of the (32-adrenergic
receptor has been shown to disrupt a PDZ domain-
mediated interaction, resulting in reduced receptor
recycling and increased targeting to lysosomes.2" Cao
et al2" also showed that amino-acid substitution of the
serine residue Ser411, a potential site of phosphor¬
ylation by GRKs in the intact receptor, effects
endocytic sorting to recycling or lysosomal pathways.
Recently, Barrett et al20 have reported an association
between a polymorphism in the G protein receptor
kinase 3 gene (GRK3) and bipolar disorder. GRKs
phosphorylate serine and threonine residues in the
cytoplasmic tail or third intracellular loop of GPCRs
in the presence of high agonist concentrations.
Phosphorylation results in rapid termination of
signalling through homologous desensitisation.2"
Two of the polymorphisms identified, A502-505 and
Thr632Ala, disrupt threonine residues and may there¬
fore disrupt sites of GRK phosphorylation. The third
coding polymorphism, Val606Ile, alters no known
protein motifs, but may well alter downstream
signalling or protein-protein interactions in the
cytoplasmic tail through as yet uncharacterised
interactions. There is no clear functional effect of
the intronic SNP rs2072621; however, in other genes,
intronic SNPs have been shown to alter splicing
efficiency (eg Liu et al'").

The clear association with female subjects affected
with major mental illness and not with male subjects
is intriguing. There is no reported gender bias in the
numbers of individuals affected by BPAD. MDD
however is twice as common in female as compared
to male subjects. A number of other groups have
reported sex-specific results with X-linked candidate
genes in both BPAD6,13,32-35 and MDD.36 A study of
affected sib pairs by Stine et all" reported excess
allele sharing in affected sister-sister pairs in the
Xq26-28 region that was not found in affected

brother-brother or brother—sister pairs. This suggests
that despite the lack of a sex bias in the numbers of
individuals affected by BPAD, the genetic risk factors
may differ between genders.

Analysis of the female genotype relative risk in our
study suggests an additive effect of each allele on risk.
Non-pseudoautosomal Xq28 genes are reported to
undergo X-inactivation3" and therefore it is surprising
to observe this effect. The additive effect of the GPR50
deletion in female subjects could in theory result from
the differences between numbers of cells expressing
the deletion form in heterozygotes, when the X-
chromosomes are inactivated randomly, compared to
expression of the deletion form in all cells in A502-
505 homozygotes. Until the X-inactivation status of
GPR50 is assessed directly, this remains speculative.
This hypothesis would not explain the lack of
association with BPAD in males carrying a single
copy of the A502-505 GPR50 gene. However, another
gene in this region, BGN, is reported to be expressed
in a sex chromosome dosage-dependant manner
despite being X-inactivated and having no copy on
the Y-chromosome.3" Geerkens et al"9 suggest that
BGN protein expression may be controlled during
transcription or translation by another sex chromo¬
some-linked gene that escapes X-inactivation. In a
similar manner, this mechanism could account for the
additive effect of the deletion in female subjects
observed in this study. Alternatively, studies of X-Y
gene pairs suggest that some X-linked genes may be
expressed at higher levels in the brains of female
compared to male subjects, independently of X-
inactivation status, at least in mice.4" It is important,
therefore, that the expression levels of GPR50 in male
and female subjects are studied at both RNA and
protein levels before effects of protein levels on
phenotype are discounted.

Other possibilities for the observed sex-specific
pattern of association include imprinting and inter¬
actions with hormones. Imprinting on the X-chromo-
some has been shown to influence phenotype in the
study of Turner's syndrome patients who inherit an
XO karyotype.41 Skuse et a/41 compared the levels of
social cognition of women with Turner's syndrome
who had inherited the maternal X-chromosome,
compared to those who had inherited the paternal
X-chromosome. Patients inheriting the maternal X-
chromosome tended to show more social difficulties,
including offensive and disruptive behaviour.
Although genetic and epigenetic mechanisms are
possible, these remain speculative. A perhaps more
obvious possibility is a female-specific hormonal
interaction, given the expression of GPR50 in both
the hypothalamus and the pituitary.

The endogenous ligand and physiological role for
GPR50 still remain to be identified. The localised

expression of this receptor in hypothalamus and
pituitary could, however, suggest a role for GPR50
in neuroendocrine function and HPA (hypothalamic-
pituitary-adrenocortical) axis regulation. There are
multiple lines of evidence which suggest that abnor-
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mally elevated HPA axis activity and raised Cortisol
levels are associated with the development of mood
disorders, including MDD and BPAD.42"44 There is
also considerable interplay between the HPA and the
hypothalamo-pituitary-gonadal axes and certain re¬
productive hormones, including oestrogen and pro¬
gesterone, have been implicated in the regulation of
mood and the pathogenesis of psychiatric disease
disorders (reviewed in Toren et al45, Halbreich et al4K).
The mechanisms behind these effects are not fully
understood but one could speculate that interactions
between gonadal hormones and the hypothalamus
and pituitary could provide a possible mechanism to
explain the female-only association for CPR50. Inter¬
estingly, another female-specific association has re¬
cently been reported in the literature and this
identified a variant of the CREB gene which displayed
significant evidence for linkage to familial recurrent
early-onset major depression in female but not in
male subjects.47,4" Zubenko et al4" reported an LOD
score of 8.19 in a region containing the CREB1 gene,
which encodes a cAMP responsive element-binding
protein (CREB). The CREB protein is thought to
interact with oestrogen receptors to promote the
transcription of genes containing oestrogen respon¬
sive elements, even in the absence of CREB-binding
sites. This mechanism could implicate CREB with
sex-specific patterns of gene expression.4"

We have shown that GPR50 is a strong candidate
gene for female-associated affective disorder, and that
there is weaker evidence of an association with
schizophrenia also in female subjects. In conclusion,
our findings support the hypothesis of linkage
between bipolar-related affective disorders and Xq28.
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Abstract

Background: The personality dimensions of harm avoidance (HA) and self-directedness (SD), as measured by the Temperament
and Character Inventory (TCI), have been widely associated with depression and there is preliminary evidence that they may
represent trait markers for depression. However, many studies in this area are limited by the use of heterogeneous samples of
depressed patients and by the confounding effect of depressed mood during personality testing. The current study compares TCI
personality dimension scores in a group of euthymic young adults with recurrent early-onset major depressive disorder (RE-
MDD) to well-matched euthymie controls.
Methods: Fifty-two young adults with a past history of RE-MDD were recruited from consecutive referrals to a psychiatric
clinic at a university health service. Eighty nine controls were also recruited. Euthymia was established in patients by a score of
less than 9 on the Hamilton Rating Scale for Depression (11RSD) and in controls by a Becks Depression Inventory (BDI) score
of less than 10. All participants completed the TC1-125.
Results: Patients and controls were well matched in terms of sociodemographic profile. Euthymic RE-MDD patients scored
significantly higher than controls on the temperament dimension of harm avoidance (HA; mean score 14.5 versus 7.8,
/;<0.0001) and significantly lower than controls on the character dimension of self-directedness (SD; mean score 14.1 versus
19.9, /?<0.0001"). Covariance analysis suggested that both HA and SD contributed independently to the familial risk of
depression.
Limitations: Subjects and controls all came from relatively affluent social backgrounds—these findings may not generalise to
more socioeconomically diverse populations. The possibility of a 'scarring effect' of depressive episodes on self-reported
personality dimension scores cannot be excluded.

AFFECTIVE
DISORDERS

www.elsevicr.com/locatc/jad

* Corresponding author. Tel.: +44 131 537 6526; fax: +44 131 447 6860.
E-mail address: danicl.smith@ed.ac.uk (D.J. Smith).

0165-0327/$ - see front matter €> 2005 Elsevier B.V. All rights reserved,
doi: 10.1016/j.jad.2005.03.014



S4 D .I. Smith et al. / Journal of Affective Disorders 87 (2005) 83-89

Conclusions: High HA and low SD represent trait markers for liability to recurrent major depressive disorder in young adults.
Further research is needed to replicate these findings and to assess the contribution that the experience of depressive episodes
makes to self-reported personality dimension scores.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Cloninger (1987) has proposed a psychobiologi-
cal model of personality in which the three person¬

ality dimensions of harm avoidance (HA), reward
dependence (RD) and novelty seeking (NS) are
heritable and relate respectively to the monoamine
systems of serotonin, noradrenaline and dopamine.
This model has been extended using information
from social, cognitive and psychometric psychology
with the addition of a further temperament dimen¬
sion of persistence (P) and three character dimen¬
sions; self-directedness (SD), cooperativeness (CO),
and self-transcendence (ST) (Cloninger et ah, 1993).
Character dimensions are largely determined by
socialisation processes during the life-span and
describe response biases related to different concepts
of the self, although recent work suggests that they
are also heritable (Cloninger et ah, 1993; Gillespie et
ah. 2003).

A large body of research has demonstrated that
the personality dimension of HA (defined as a ten¬
dency to respond intensely to signals of avcrsive
stimuli, thereby learning to avoid punishment and
novelty) is associated with depression (Brown et
ah, 1992; Joffe et ah, 1993; Bagby et ah, 1995;
Kusunoki et ah, 2000; Richter et ah, 2000; Farmer
et ah, 2003; Abrams et ah, 2004). This finding is
similar to the association of ncuroticism (N) with
depression (Katz and McGuffin, 1987; Roberts and
Kendler, 1999; Farmer et ah, 2002) and it is known
that HA and N are highly related (Zuckerman and
Cloninger, 1996; Sher et ah. 2000). Although several
studies have suggested that HA has trait-like proper¬
ties (Joffe et ah, 1993; Richter et ah, 2000; Marij-
nissena ct ah, 2002; Farmer et ah, 2003), it is also
known that HA scores are positively correlated with
depressed mood at the time of personality assessment
(Hansenne et ah, 1999; Richter et ah, 2000; Hirano
et ah. 2002; Farmer et ah, 2003), with the result that

it is difficult to conclude that high HA is a true trait
marker for depression. It is also possible that the
experience of a depressive episode may have a
'scarring effect' on HA scores as they tend to remain
elevated beyond controls following clinical remission
(Richter et ah, 2000; Abrams et ah, 2004). Further¬
more, many of the studies carried out so far in this
area have used populations of patients that are het¬
erogeneous in terms of depressive sub-type, age,

gender, social class and ethnicity.
Another consistent finding from previous studies

of personality dimensions in mood disorders is that
low SD (defined as the ability of an individual to
adapt, regulate and control behaviour to fit situations
in accord with his chosen goals and values) is asso¬
ciated with depression. As with HA, SD scores are
also influenced by depressed mood at the time of
assessment (Hansenne et ah, 1999; Hirano et ah,
2002; Farmer et ah, 2003).

In the current study, we test the hypothesis that
dimensions of personality such as HA and SD may
represent trait markers for depression by comparing
two carefully selected groups on the 125-item Tem¬
perament and Character Inventory (TCI-125) (Clonin¬
ger ct ah, 1993). Our patient sample consists of
clinically euthymic young adults with a history of
recurrent, early-onset major depressive disorder (RE-
MDD). This homogeneous depressive subtype,
defined as 2 or more episodes of major depression
with onset before age 22, represents a highly heritable
form of unipolar depression (Zubenko et ah, 2001;
Maher et ah. 2002). Our control sample is a group of
well-matched, euthymic young adults.

This sample of patients and controls has several
advantages over previous work. Firstly, all partici¬
pants are selected from a socially, economically and
educationally homogenous population. Secondly, all
subjects and controls were assessed as euthymic at the
time of personality assessment, thereby minimising
any 'state effect' on personality scores.
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2. Patients and method

Eighty-seven young adults with a current major
depressive episode and a past history of RE-MDD
were recruited from consecutive referrals to a psychia¬
tric clinic at a university health service. Patients with a
history of epilepsy, head injury or personality disorder
were excluded. Diagnoses were based on SCID-1
assessments (First et al., 1996). Patients received
standard antidepressant treatment for depression and
52 were subsequently assessed as euthymic (defined
as a FfRSD score of less than 9). At this point they
completed the TCI-125 self-report questionnaire. The
TCI-125 is an abbreviated version of the larger 226-
item TCI (Cloninger et al., 1993). It produces scores
on each of the 4 dimensions of temperament (NS. HA,
RD, P) and 3 dimensions of character (SD, CO, ST).
Eighty-nine controls were also recruited. They had no
previous personal history of depression and did not
have a current major depressive episode (clinical
euthymia was defined as Beck Depression Inventory
scores of less than 10; Beck et al.. 1961). All controls
also completed the TCI-125.

This study was approved by the local medical
research ethics committee and all participants gave
written informed consent. Statistical analyses were
carried out using SPSS software (SPSS Inc., Chicago,
IL) version 12.0 for Windows. Categorical data were
compared using the Chi-squared and Fisher's exact
tests and dimensional data were analysed using the
two-tailed independent /-test. Because 14 compari¬
sons were made on the personality measures in the
statistical analyses, a significance level was set at a
more conservative level of 0.01.

3. Results

Table 1 compares demographic and clinical char¬
acteristics between RE-MDD patients and the control
group. All participants were rated as euthymic at the
time of completing the TCI-125, with a mean HRSD
score of 2.5 (SD= 1.95) for patients and a mean BDI
score of 2.5 (SD= 1.76) for controls.

Patients and controls were well matched in terms of

gender distribution and ethnicity, and were from simi¬
lar socioeconomic backgrounds (Table I). Although
the mean age of the two groups was different (21.6

Tabic I

Demographic and clinical characteristics
Characteristic RE-MDD Controls Significance test

patients (/V — 89) and p value
(N=52)

Gender
Males/females 16:36 23:66 N.S.

Ethnicity
Caucasian 49 83 N.S.

Other 3 6 N.S.

Age mean (St)) mean (SD)
Overall 21.6 (1.99) 20.6 (1.99) / = 2.95, df— 139,

p <0.004
Males 21.7 (2.41) 21.1 (2.65) t=0.61, f//= 37.

IT".©V

Females 21.5 (1.81) 20.3 (1.69) /=3.22, df- 100,
p <0.001

Depression score mean (SD) mean (SD)
HRSD score 2.5 (1.98) N/A

BDI score 2.5 (1.76) N/A

years for patients versus 20.6 years tor controls,
p <0.004), it is unlikely that this 12-month discrepancy
has a significant impact on the TCI-125 scores
recorded in Table 2. There is no significant age differ¬
ence between male patients and male controls, with the
difference overall largely attributable to the higher
number of younger female controls relative to female
patients (Table 1).

Table 2 demonstrates a striking difference in mean
HA scores between the RE-MDD group and controls
(14.5 versus 7.8. p<0.0001). The RE-MDD group
also scored significantly lower than controls on SD
(14.1 versus 19.9, /;<().0001). The significance of
these differences remained the same (p<0.001)
when age was entered as a covariate. HA and SD
are highly correlated both in this current sample
(/- = —0.54) and in samples used in previous studies.
It could be hypothesised that the differences in SD
are be influenced by HA, and vice versa. However,
this does not seem to be the case because the differ¬
ences remain between patients and controls on SD
when HA is entered as a covariate (Fi, ug= 10.41,
p <0.002) and on HA when SD is entered as a
covariate ( F,, 138 = 34.89. p<0.001).

No other significant differences were detected
between groups, although there was a trend towards
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Table 2

TCI-125 personality dimension scores

RF.-MDD patients
((V=52) mean (SD)

Controls (tV = 89)
mean (SD)

Significance test and p value

Novelty see/ting (20 items)
Overall 10.7 (4.12)

Males 11.8(3.75)
Females 10.2 (4.24)

10.2 (4.31)
9.8 (4.56)

10.3 (4.25)

/ = 0.72. (//'= 139, p <0.47
(=1.39, df=37, p <0.17
(=-0.057, df= 100. p<0.95

Harm avoidance (20 items)
Overall 14.5 (4.54)

Males 13.4(5.33)
Females 15.0 (4.14)

7.8 (4.31)
5.9 (3.85)
8.4 (4.31)

( = 8.77. df— 139, p <0.0001
( = 5.13, df=37, <0.0001
( = 7.46, df- 100,/; <0.0001

Reward dependence (15 items)
Overall 9.2(3.14)

Males 8.8 (3.07)
Females 9.4(3.19)

Persistence (5 items)
Overall 3.3(1.75)

Males 3.1 (1.89)
Females 3.4 (1.71)

Self directedness (25 items)
Overall 14.1 (6.13)

Males 11.5(6.18)
Females 15.2 (5.83)

Cooperativeness (25 items)
Overall 20.6(4.12)

Males 19.6 (3.54)
Females 21.1 (4.32)

Self transcendence (15 items)
Overall 4.2(2.91)

Males 4.6 (2.85)
Females 4.0 (2.96)

9.8 (2.64)
8.7 (3.05)

10.2 (2.40)

3.2 (1.89)
2.5 (1.83)
3.5 (1.85)

19.9 (4.08)
19.9 (3.91)
19.9 (4.17)

22.1 (3.24)
20.3 (4.58)
22.7 (2.40)

3.3 (2.98)
2.5 (2.37)
3.6 (3.12)

( = -1.16, df- 139, p <0.25
(=0.06, df=37, p <0.96
( = — 1.34, df- 100, /><0.18

<0.84(=0.20, df—139, p<
(=1.07, df=37. p <0.29
( = -0.33, t//'=l00, p<0.74

( = 6.81, df=\ 39, p <0.0001
( = -5.18, df--37, /> <0.0001
( = -4.76, r//'=100,/)<0.000l

( = -2.30, df- 139, p <0.02
( = -0.50, df=37,p<0.62
( = -2.4. df= 100, p<0.02

(=1.70, df= 139, p<0.09
(=2.56, df=37, p<0.02
(=0.62, df= 100, p<0.54

significance in terms of lower mean CO scores in
subjects compared to controls (20.6 versus 22.1,
p<0.02; Table 2).

4. Discussion

The aim of this study was to compare TCI person¬
ality dimension scores in a group of euthymic RE-
MDD patients with a group of well-matched controls.
The main advantage of this study over previous work
is the use of a carefully ascertained, sample of euthy¬
mic young adults who suffer from a strongly genetic
sub-type of depression (RE-MDD).

The principal finding is that the mean HA scores of
RE-MDD patients were almost twice that of controls
(p<0.0001). This is consistent with a number of
previous reports linking high HA with depression
(Hansenne et ah, 1999; Kusunoki et al., 2000; Richter
et ah. 2000; Farmer et ah, 2003) and may support the
view that HA represents an intermediate phenotype
for depression (Marijnissena et ah, 2002; Farmer et
ah, 2003). However, the relationship between person¬
ality and depression is complex. Enns and Cox have
identified several possible models of interaction,
including the 'vulnerability model' where personality
factors predispose an individual to the onset of depres¬
sion; the 'pathoplasty model' where personality fac-
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A at least one major depressive episode
B no spontaneous DSM-IV hypomanic or manic episodes
C either of the following plus two from D. or both plus one from D:

First degree relative with bipolar disorder

Antidepressant-induced mania or hypomania
D if none from C, at least six of the following:

Hyperthymic personality
More than 3 depressive episodes
Brief major depressive episodes (less than 3 months)

Atypical depressive symptoms

Psychotic major depressive episodes

Early age of onset (less than age 25)

Postpartum depression

Antidepressant 'wear-off (acute but not prophylactic response)
Lack of response to more than 2 antidepressant trials

Fig. 1. Proposed diagnostic criteria for bipolar spectrum disorder (BSD) (Ghaemi ct al.. 2002).

tors affect the expression of depression; and the
'continuity' or 'spectrum model' where a separate
factor or process is responsible for both personality
factors and depression (Enns and Cox, 1997).

It is also possible that the elevated HA scores

reported here represent a 'scarring effect' of recur¬
rent episodes of depression on personality (Hans-
enne et al., 1999; Richter et al., 2000; Hirano et
al., 2002; Farmer et al., 2003). it may be that the
experience of depressive episodes impacts on self-
esteem and self-concept in such a way as to make
the reporting of HA traits more likely. Future studies
should seek to address this issue by measuring per¬

sonality dimensions prospectively in a long-term
cohort of young adults who are at high risk of depres¬

sion as they progress through episodes of depression
and recovery.

RE-MDD patients in this study also scored signifi¬
cantly lower than controls on the character dimension
of SD (/?<0.0001). Although character involves
supervisory cognitive processes that modulate under¬
lying emotional styles, twin studies suggest that (he
character traits measured by the TCI are also heritable
(Gillespie et al., 2003). Low SD might therefore also
be considered a trait marker for depression, although,
as with HA, low SD can occur as a consequence of
depressive episodes (Hanscnne et al.. 1999; Hirano et
al., 2002; Farmer et al., 2003). It is interesting to note
that even though HA and SD are usually moderately
correlated, covariance analysis of this data set sug-

Tablc 3

Comparison of bipolar-spectrum patients with 'pure' MDD patients

'pure MDD' patients BSD patients (N=20) Significance test and P value
(IV=32) mean (SD) mean (SD)

Novelty seeking (20 items) 10.7 (4.37) 10.65 (3.77) (=0.06. #= 50, p<0.95
Harm avoidance (20 items) 14.8 (3.56) 14.1 (5.85) (=0.56, #=50,/? <0.58
Reward dependence (15 items) 9.6 (3.22) 8.7 (3.00) ( = 1.02. <://'= 50, p <0.31
Persistence (5 items) 3.0 (1.71) 4.0 (1.70) (= 2.01, #=50,/;<0.05
Self dircctedness (25 items) 14.4 (6.37) 13.2 (6.0) (=0.66, #=50, /X0.51
Cooperativeness (25 items) 20.9 (3.76) 20.0 (4.58) (=0.78. #=50, p<0.44
Self transcendence (15 items) 3.8 (2.58) 4.65 (3.42) ( = -0.97, #=50,/)<0.34
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gests that each of these personality dimensions con¬
tribute independently to the familial risk of depres¬
sion. It is also the case that HA scores probably reflect
general emotionality factors that are associated with a
range of psychiatric disorders—it may be that the
combination of high HA with low SD is specific to
depression in young adults, although further studies
are clearly required to explore this possibility further.

By virtue of the young age at onset of the patients
in this study the possibility exists that many may
actually suffer from an early bipolar illness (Bellivier
et al., 2003; Akiskal et al.. 2003). This issue is
explored in detail in a previous description of this
cohort of patients—almost 37% of these MDD
patients were found to satisfy diagnostic criteria for
bipolar spectrum disorder (BSD) as defined by
Ghaemi et al. in Fig. 1 (Smith et al., 2005). In the
current study, 20 of the RE-MDD patients were BSD
according to these criteria. However, when TCI-125
scores for BSD subjects and 'pure MDD' subjects
were compared, both groups were very closely
matched in all categories, suggesting that bipolarity
was not a major confound (Table 3). Although no
clear differences emerged in this analysis, it must be
acknowledged that this may have been due to the
small numbers of patients in the two groups (32
'pure MDD' versus 20 BSD).

The selective nature of our sample of patients with
RE-MDD may limit the degree to which these find¬
ings can be generalised. However, their clinical and
demographic homogeneity could also be considered a
strength of this study. Another possible confounding
factor is that antidepressant therapy contributes to the
differences in mean personality scores between
patients and controls. There are very little data cur¬

rently available in this area, although one study has
suggested that SSRls can exert effects on personality
characteristics that are independent of clinical treat¬
ment response (Brody et al., 2000).

Overall, these data support the view that high HA
and low SD may represent trait markers for liability
to recurrent major depressive disorder in young
adults. However, to separate true trait liability for
depression from the effects of the experience of
depression on self-reported personality scores, a pro¬
spective study of high-risk young patients is neces¬
sary. Nonetheless, these findings will be of
considerable interest to researchers who are currently

engaged in the genetic study of complex neuropsy¬
chiatry disorders such as depression, as well as to
those interested in the contribution made by person¬

ality to treatment response.
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Abstract

Background: Young adults with early onset major depressive disorder (MDD) may be at high risk of progression to bipolar
disorder. Although hypomanic symptoms are common in young people with depression, many do not reach the strict DSM IV
and ICD 10 criteria for hypomania. We used an emerging innovativo framowork for bipolar spectrum to evaluate this question.
Methods: Consecutive referrals to a psychiatric outpatient clinic at a university health service were assessed for recurrent
episodes of depression. DSM-IV diagnoses were based on a SCID-I interview. We used two approaches to delineate bipolar
spectrum. The first focused on bipolar spectrum disorder (BSD, as defined by Ghaemi et al. [Can. .1. Psychiatry 47 (2002)
125]), and the second on a symptoms perspective based on MDD with a history of hypomanic symptoms, using a 15 point
hypomunio symptoms checklist with a cut off 2: 8 or more symptoms (modified from J. Affect. Disord. 73 (2003) 39 and J.
Affect. Disord. 73 (2003) 73). Data were also obtained on family history of affective disorder, course and number of episodes
of depression, symptom severity, psychosocial functioning, suicidally and deliberate self harm, and drug and alcohol use.
Results: High rates of bipolar and bipolar spectrum disorder were identified. Under DSM-IV, 14 subjects (16.1%) had bipolar
affective disorder and 73 subjects (83.9%) had recurrent MDD. Depending on the method used to diagnose bipolar spectrum,
between 47.1% and 77.0% of the total cohort could be so diagnosed. Ilypomanie symptom counts, irrespective of duration,
yielded the highest estimates for bipolar spectrum. High rates of pharmacological hypomania were also identified: 12 subjects
(16.4%) with recurrent MDD group reported this, and all could be diagnosed with bipolar spectrum. Limitations: The
reliability of using the 15 point hypomanic scale for the diagnostic assignments was not tested. All subjects were recruited
from a university health service and, given the affluence of their parents, findings may not generalise to other populations.
Most importantly, because bipolar family history and pharmacological hypomania were part of the diagnostic criteria of the
BSD group, they could not be used as external validators for Ghacmi's BSD construct. Conclusions: Bipolar disorders emerge
as extremely common in this cohort of young adults with recurrent depression. Antidepressant-induced hypomania and high
scores on a hypomanic symptoms checklist help to identify patients who are likely to have a bipolar spectrum illness, but who
do not moot DSM IV criteria for bipolar disorder. This is u preliminary study, and further ovidonco from oxtcrnal validating
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strategies are needed to verify the bipolar status of these patients in a larger and unselected cohort representing a broader socio¬
economic demographic profile.
© 2004 Elsevier B.V. All rights reserved.

ICi'ru'onjr: Depression; Bipolar disorder; Bipolar spectrum disorder; Young adults; Treatment emergent liypornattia

I. Introduction

Early age-at-onset in depression is associated with
high rates of progression to bipolar affective disorder
(Akiskal et al., 1983). Prepubertal-onset depression is
a strong marker for bipolar disorder (Akiskal, 1995),
with at least one third of such children developing a

bipolar illness in adult life (Geller et al., 2001). In a 7-
year prospective study of depressed adolescents, Rao
et al. (1995) detected a rate of bipolar outcome of
almost 20%. Similarly, a 15-year follow-up of young
adults hospitalised with unipolar depression found that
27% subsequently developed hypomania, with a fur¬
ther 19% experiencing at least one episode of mania
(Goldberg et al., 2001). The Oregon Adolescent De¬
pression Project (Lewinsohn et al.. 1995), which
studied a large cohort of adolescents between the ages
of 17 and 24, found that even sub-diagnostic levels of
hypomanic symptoms were associated with bipolar
family history. Major depressive disorder (MDD) with
early onset, hypersomnie-retarded features, rapid onset
and offset of depression, pharmacological hypomania,
postpartum episodes, psychotic depression, and bipo¬
lar family history have been found as predictive of
bipolar outcome (Strober and Carlson. 1982; Akiskal
ct al., 1983). Furthermore, MDD with intra-episode
hypomanic symptoms (depressive mixed state) was
found to have bipolar indicators, such as young onset,
atypical features of depression, high depressive recur¬
rence rate, and bipolar family history (Akiskal and
Benazzi, 2003; Sato et al., 2003).

The DSM-1V definition of hypomania (American
Psychiatric Association, 1994), requiring 4 days of
hypomanic symptoms for a diagnosis of bipolar-II,
excludes a large and important group of young patients
with bipolar features who do not meet its diagnostic
threshold. Several other components of the DSM-1V
diagnosis of bipolar disorders are in urgent need of
revision (Akiskal, 1996). Foremost amongst these are
the status of "antidepressant-induced" or pharmaco¬
logical, hypomania, as well as the importance of a

positive family history of mania, both of which are
strongly suggestive of bipolar outcome (Akiskal et al.,
1983, 2003; Akiskal and Pinto, 1999; Altshuler et al.,
1995; Ghaemi ct al., 2000).

The Zurich study reported by Angst et al. (2003),
and the reappraisal of the Epidemiological Catchment
Area study by Judd and Akiskal (2003) have demon¬
strated that definitions of hypomania using shorter
duration criteria arc clinically valid. Several other
recent papers support the view that bipolar disorders
are under-diagnosed at the expense of major depres¬
sive disorders (Akiskal and Mallya, 1987; Akiskai,
1996. 2002; Allilaire et al., 2001; Benazzi, 2001;
Benazzi and Akiskal. 2003; Ghaemi et al.. 2000;
Hantouche et al., 1998). The assertion that between
one quarter and one half of all patients with depres¬
sion are in fact bipolar represents a major challenge to
the way in which clinicians currently diagnose and
treat affective disorders (Akiskal et al., 2000).

Two decades earlier, Akiskal et al. (1983) first
proposed that certain clinical features of depressive
episodes could predict bipolar outcome. These includ¬
ed depressive episodes of acute onset, frequent recur¬
rence and of brief duration; a family history for
bipolar disorder; postpartum onset; retarded, neuras¬
thenic or atypical features; and pharmacological hy¬
pomania. This led to the concept of "pseudo-
unipolar" depressions characterized by the foregoing
features. Akiskal (1983) further proposed the exis¬
tence of a broad bipolar spectrum, with bipolar I at the
severe end, bipolar II in the middle range, and BP III
(pseudo-unipolar depression) at the softest end. More
recently, Ghaemi et al. (2002) reconstructed the con¬

cept of bipolar spectrum disorder (BSD) to describe
patients who do not meet the strict DSM-IV criteria
for bipolar 1 and II disorders, but who were otheiwise
bipolar at the soft end of the spectrum as described by
Akiskal (1983) and Akiskal and Mallya (1987).

An alternative method for the diagnosis of bipolar
spectrum is to measure the number of hypomanic
symptoms reported by subjects. Angst et al. (2003)
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have developed the hypomanic symptoms checklist
(HCL), which has been tested in the French EPIDEP
study (Hantouche et al., 2003; Akiskal et ah. 2003).
Another approach is to operationalize the DSM-IV
criteria for mania/hypomania in a self-rated format is
the mood disorders questionnaire (MDQ), a practical
screening tool for bipolar disorders (Hirschfield et ah,
2000). In the present study, we have used a 15-item
hypomanic symptoms checklist, based on and closely
similar to the HCL—and in spirit of the MDQ—to
measure levels of hypomanic signs and symptoms
over the lifetime of MOD in a cohort of adolescents.

2. Patients and methods

2.1. Overall aim

Our aim was to assess the prevalence of bipolar
spectrum in a cohort of young adults referred to an
outpatient psychiatric clinic with recurrent episodes of
depression. In addition to DSM-IV diagnostic criteria
for bipolar disorders and MDD, two separate diag¬
nostic criteria for soft bipolar spectrum were applied:
the BSD criteria (Appendix A), and MDD with

lifetime hypomanic signs and symptoms using a
threshold of eight hypomanic symptoms (Appendix
B). No duration criteria for hypomanic symptoms
were specified because of recent evidence suggesting
that a minimum duration criterion can be unreliable
and is probably not necessary for the correct detection
of hypomania (Bcnazzi and Akiskal, 2003; Angst et
ah, 2003). The validity of these bipolar spectrum
diagnoses was assessed by comparing diagnostic
groups in terms of the following variables: family
history of affective disorder; levels of hypomanic
symptoms; age-at-onset; chronicity and number of
episodes of depression; co-morbidity; suicidality and
deliberate self-harm; and levels of drug and alcohol
use. This validation pertained largely to the alternative
symptom-oriented approach, because the Ghaemi et
al. (2002) BSD framework incorporates all of these
criteria and therefore cannot serve as validators.

2.2. Overall design

Consecutive referrals to a university health service
psychiatric clinic were interviewed by a psychiatrist
(D.B. or D.S.). Eighty-seven patients satisfied the
inclusion criteria of a current major depressive epi-

poor response to more than 2 antidepressant trials

antidepressant 'wear-off'

post-partum depression

age of onset before 25 years

psychotic depression

atypical depression

brief major depressive episodes

at least 3 episodes of depression

hyperthymic personality

antidepressant-induced hypomania

first degree relative with bipolar disorder

0 20 40 60 80 100

percentage of subjects

Fig. I. Relative frequencies of criteria met in BSD group (Age at onset before 25 years and absence of postpartum episodes stem from the fact
that this is a young cohort).
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sode plus at least one previous depressive episode,
with onset before age 22. The study was approved by
the local ethics of medical research committee and all

participants gave written informed consent.

2.3. Data collection

Diagnosis was based on the Structured Clinical
Interview for DSM-IV (SC1D-1; First et al., 1996).
BSD was diagnosed using the criteria outlined in
Appendix A, and MDD with history of hypomanic
signs and symptoms was diagnosed using the criteria
outlined in Appendix B. Hyperthymic personality
(Akiskal et al.. 1998) was diagnosed on the basis
of clinical assessment and using the criteria detailed
in Appendix C. Symptom severity was assessed by
the Montgomery Asberg Depression Rating Scale
(Snaith et al., 1986) or MADRS and the Clinical
Global Impression of Illness scale (CGI; Guy, 1976).
Psychosocial impairment during the preceding 12
months was rated using the Global Assessment of
Functioning scale (GAF, Spitzer et al., 1996).

A semi-structured interview was also conducted.

Family history data were obtained by the Family
Interview for Genetic Studies, (FIGS, 1999). Drug
and alcohol use during the preceding 12 months
were assessed by the Drug Abuse Screening Test
(DAST-20; Skinner, 1982) and Alcohol Use Disor¬
ders Identification Test (AUDIT; Saunders et al.,
1993), respectively. The Life Chart Method (Lever-
ich and Post, 1998) was used to ascertain age-at-
otiset, chronicity and number of affective episodes, a

history of deliberate self-harm, and past suicidal
behaviour.

2.4. Diagnosis and subdivision ofgroups

Subjects were divided into four groups on the basis
of diagnosis; those with DSM-IV bipolar disorders
(including bipolar-I and bipolar-II); those who satis¬
fied criteria for BSD; those who satisfied criteria for
MDD with lifetime history of hypomanic signs and
symptoms; and those with MDD, the remainder. Two
separate analyses were performed. Analysis A used

Table 1

Demographic comparisons (analyses A)
Characteristic Total,

A= 87

MDD.
A'=46

BSD,
A=27

DSM-IV bipolar,
N— 14

Significance test and
P value

Fcmales:males 58:29 32:14 16:11 11:3 N.S.

Ethnicity
Caucasian
Other

83

4

45 25 N.S.
N.S.

Age
Mean (S.D.) 22.0 (2.63) 21.6 (2.20) 22.8 (3.01) 21.7 (2.97) N.S.

Marital status

Single 81
Married/living with partner 6

26 14

0

N.S.

N.S.

Social class (by father's occupation)
I 74

II II

IV

V

42

3

1

0

0

19

7

13
I

0

0

0

N.S.

N.S.

N.S.
N.S.
N.S.

Years offull-time education
Mean (S.D.) 16.7 (1.67) 16.7 (1.56) 17.0 (1.73) 16.7 (1.67) N.S.
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the diagnostic criteria in Appendix A to diagnose
BSD, and analysis B diagnosed MDD with hypoman-
ic signs and symptoms using the hypomanic symp¬
toms checklist criteria from Appendix B.

2.5. Statistical analyses

Comparative analyses of familial and clinical char¬
acteristics were conducted using the Chi-squared test
for categorical variables. For dimensional variables,
analysis of variance was used to compare the four
groups and differences between means were compared
using post hoc Schcffe analysis. P values were two-
tailed, and alpha level was set conservatively at 0.01
because of multiple comparisons between groups.

3. Results

3.1. Analysis A: bipolar spectrum disorder

3.1.1. Diagnoses
Overall, a high prevalence of bipolar disorders is

identified in this cohort. Fourteen subjects (16.1%)
fulfilled DSM-IV criteria for bipolar disorders (4 with
bipolar-I and 10 with bipolar-II). Sixty-seven subjects
(83.9%) had recurrent MDD. Twenty-seven of these
also satisfied the diagnostic criteria for BSD, leaving a

group of 46 with MDD. In total, 41 subjects from the
original cohort of 87 (47.1%) could be diagnosed as

having bipolar spectrum, either bipolar disorders as
defined by DSM-1V, or BSD. Fig. 1 provides the

Clinical and familial characteristics (analyses A)
Characteristic MDD,

N= 46
BSD,
N~ 27

DSM-IV bipolar,
N= 14

Significance tcsl and
P value

Hypomanic symptom checklist Mean (S.D.) 7.8 (4.30) 11.4 (2.22) 14.2 (0.80) F= 28, df= 2.
p <0.01, DSM-IV>BSD,
/J<0.03. DSM-IV>MDD,
/><0.001, BSD>MDD,
p< 0.001

At least one co-morbid diagnosis N (%) 18 (39.1) 10 (37.0) 8(57.1) N.S.

Agc-at-onset Mean (S.D.) 15.7 (2.63) 15.0 (3.37) 14.7 (1.44) N.S.
Chronic depression N (%) 9 (19.6) 10 (37.0) 4 (28.6) N.S.

Recurrent episodes
Number of depressive episodes Mean (S.D.) 3.7 (1.50) 4.1 (1.44) 3.8 (1.40) N.S.

Index episode.
Atypical depression N (%) 4 (8.7) 7 (26.0) 1 (7.1) N.S.
MADRAS score Mean (S.D.) 30.8 (6.94) 31.8 (5.17) 33.4 (2.87) N.S.

CGI score Mean (S.D.) 4.1 (0.28) 4.3 (0.53) 4.3 (0.47) N.S.

GAF score Mean (S.D.) 52.9 (5.89) 53.7 (5.56) 51.4 (5.65) N.S.

History of pharmacological Mean (S.D.) 0 (0) 12 (44.4) 6 (42.9) *

hypomania

Family history
First-degree relative with depression N (%) 33 (71.7) 22 (81.5) II (78.6) N.S.

First-degree relative with mania N (%) 0 (0) 6 (22.2) 3 (21.4) *

History of deliberate self-harm N (%) 21 (45.7) 15 (55.6) 10 (71.4) N.S.

Previous suicide attempt N (%) 6 (13.0) 7 (26.0) 4 (28.6) N.S.

DAST-20 score Mean (S.D.) 0.9 (1.09) 1.3 (1.32) 3.1 (3.39) F- 9.41. df-2, p< 0.001,
Scheffc: DSM-1V>BSD,

p<0.001. DSM-IV>MDD.
/><0.00l, BSD = MDD

AUDIT score Mean (S.D.) 9.2 (5.65) 12.4 (8.26) 10.9 (8.00) N.S.

*No statistical comparisons reported, because these variables, by definition, constitute core features of BSD.
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relative prevalence of the variables that BSD subjects
met in this study.

3.1.2. Socio-demographic characteristics
Table 1 compares the demographic characteristics

of the groups and demonstrates that there are no
significant differences between them in terms of age,
sex, ethnicity, marital status, social class and number
of years of full-time education. The affluence of the
parents (by father's occupation) is noteworthy.

3.1.3. Hvpomanic symptoms and family history of
bipolar disorder

Table 2 shows differences between subjects with
bipolar disorders, BSD and MDD for scores on the
hypomanic symptoms checklist (/;<0.01), and for
reports of a family history of bipolar disorder in first-
or second-dcgrce relatives. Interestingly, six of the
subjects with BSD (22.2%) reported a first-degree
relative with mania, compared with none in the
MDD group. These findings are in the expected
direction, but because they form the core of the
structured diagnostic criteria for BSD (Ghaemi ct

ah. 2002), formal statistical comparisons were not
carried out.

3.1.4. Pharmacological hypomania
Twelve subjects in the BSD group (44.4%)

reported antidepressant-induced hypomania. A similar
proportion of the bipolar group (42.9%) also reported
a history of pharmacological hypomania, compared
with none in the MDD group. Again formal statistical
comparison would be invalid, because such hypoma¬
nia is one of the criteria of the BSD construct as

defined by Ghaemi et al. (2002).

3.1.5. Family history ofdepression
Table 2 shows that the reporting by subjects of a

first-degree relative with depression is extremely
common across all groups, although there are no
significant differences between groups.

3.1.6. Other clinical variables

Apart from a higher score on the DAST-20 ques¬
tionnaire in the bipolar group, indicating greater levels
of drag (mainly cannabis) use, there arc no significant

Tabic 3

Demographic characteristics (analyses B)

Characteristic Total, MDD, MDD with hypomanic DSM-IV bipolar, Significance test and
N- 87 N~ 20 symptoms, N= 53 A7 — 14 P value

Sex
Fcmalcs:males 58:29 16:4 31:22 11:3 N.S.

Ethnicity
Caucasian 83 20 50 13 N.S.
Other 4 0 3 1 N.S.

Age
Mean (S.D.) 22.0 (2.63) 22.1 (2.56) 22.0 (2.60) 21.7 (2.17) N.S.

Marital status

Single 81 15 52 14 N.S.

Married/living with partner 6 5 1 0 N.S.

Social class (byfather's occupation)
1 73 18 46 9 N.S.

II II 4 5 N.S.
III 3 0 3 0 N.S.
IV 0 0 0 0 N.S.
V 0 0 0 0 N.S.

Years offull-time education
Mean (S.D.) 16.7 (1.67) 17.1 (1.70) 16.7 (1.60) 16.1 (1.86) N.S.
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differences between groups on variables such as
severity of the index episode (as measured by
MADRS and CGI scores), psychosocial impairment
(GAP scores), and the prevalence of atypical depres¬
sion. Similarly, the groups did not differ in terms of
age-at-onset, the number of subjects who described a
chronic course of illness, or number of previous
episodes of depression. Rates of deliberate self-harm
and previous suicide attempts were also similar across
the three groups.

3.2. Analysis B: MDD with lifetime history of
hypomanic signs and symptoms

3.2.1. Diagnoses
When MDD with lifetime hypomanic signs and

symptoms is diagnosed using a threshold of eight or

more hypomanic symptoms, the number of subjects
with bipolar spectrum rises at the expense of MDD.
Twenty-six of the MDD group become bipolar spec¬
trum. with 53 in the MDD with hypomanic signs and
symptoms group, and leaving 20 in the MDD group.
It brings the total number of subjects with a bipolar
spectrum to 67 (77.0%), leaving only 23.0% of the
original cohort with a diagnosis of MDD.

3.2.2. Socio-demographic characteristics
Table 3 compares the demographic characteristics

of the groups and demonstrates that using the check¬
list criteria for MDD with lifetime hypomanic signs
and symptoms does not lead to differences between
the groups in terms of age, sex, ethnicity, marital
status, social class and number of years of full-time
education.

Tabic 4

Clinical characteristics (analyses B)
Characteristic MDD.

N - 20

MDD with hypomanic
symptoms, N= 53

DSM-IV bipolar,
N- 14

Significance test and
P value

Hypoanic symptoms checklist Mean (S.D.) 3.5 (2.04) 11.2 (2.13) 14.4 (0.74) *

At least one co-morbid diagnosis N (%) 8 (40.0) 21 (40.0) 8(51.7) N.S.

Agc-at-onsct Mean (S.D.) 16.2 (2.26) 15.1 (3.10) 14.7 (1.44) N.S.

Chronic depression N (%) 4 (20.0) 16 (30.2) 4 (28.6) N.S.

Recurrent episodes
Number of depressive episodes Mean (S.D.) 3.5 (1.37) 4.0 (1.51) 3.8 (1.40) N.S.

Index episode
Atypical depression N (%) 1 (5.0) 10 (18.9) 1 (7.1) N.S.
MADRS score Mean (S.D.) 32.2 (5.89) 30.8 (6.50) 33.4 (2.87) N.S.
CGI score Mean (S.D.) 4.2 (0.37) 4.2 (0.41) 4.3 (0.47) N.S.

GAP score Mean (S.D.) 53.8 (5.49) 53.0 (5.85) 50.4 (4.96) N.S.

History of pharmacological N (%) 0 (0) 12 (22.6) 6 (42.9) Chi-square ~ 9.53, p < 0.01.
hypomania Both bipo!ars>MDD

Family history
First degree relative with N (%) 12 (60.0) 43 (81.1) 11 (78.6) N.S.

depression
First degree relative with mania N (%) 0 (0) 6(11.3) 3 (21.4) N.S.

History of deliberate self-harm N (%) 9 (45.0) 27 (50.9) 10 (71.4) N.S.

Previous suicide attempt N (%) 3 (15.0) 13 (24.5) 5 (35.7) N.S.

DAST-20 score Mean (S.D.) 1.0 (1.07) 1.0 (1.24) 3.14 (3.39) F= 8.87, df-2.
p< 0.001, Scheffe:
DSM-1V>BSD,

p< 0.001, DSM-IV>MDD,
p< 0.001, BSD = MDD

AUDIT score Mean (S.D.) 7.8 (4.62) 11.3 (7.38) 10.9 (8.00) N.S.

* Statistical analyses not conducted, because by definition the key variable is used in defining the MDD with hypomanic symptoms group.
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3.2.3. Hypomanic symptoms and family histoty of
hypomania

As expected, using a hypomanic symptoms check¬
list for diagnosis of MDD with lifetime hypomanic
signs and symptoms leads to considerable differences
between groups in terms of the number of hypomanic
signs and symptoms reported. However, Table 4
shows that changing the diagnostic criteria for bipolar
spectrum to a checklist does not significantly alter
rates of first-degree relatives with mania in the three
groups.

3.2.4. Pharmacological hypomania
The broader definition of bipolar spectrum results

in the inclusion of all 12 subjects with a history of
pharmacological hypomania within the MDD with
lifetime hypomanic signs and symptoms group. The
difference between this group and the other MDD
group is significant (/;<0.01), as none of the unipolar
MDD group report a history of pharmacological
activation.

3.2.5. Family histoty of depression
With these analyses, the difference in rates of first-

degree relatives with depression between the three
groups remains nonsignificant (Tahle 4).

3.2.6. Other clinical variables
MDD with hypomanic signs and symptoms diag¬

nosed using the hypomanic symptoms checklist
makes no difference to the rates of drug and alcohol
use between the three groups. However, for drug use
measured by the DAST-20 questionnaire, the bipolar
group continue to have higher scores compared to
both the MDD with hypomanic signs and symptoms
group and the MDD group (/?<0.001). This was due
to higher use of cannabis by the bipolar subjects.
Rates of alcohol use remain the same between the

groups.

Similarly, analysis B does not result in any signif¬
icant changes in the severity of the index episode,
psychosocial impairment, and the prevalence of atyp¬
ical depression. The three groups also remain the
same in terms of age-at-onset, the number of subjects
who described a chronic course of illness, and number
of previous episodes of depression. Rates of deliberate
self-harm and previous suicide attempts are also
similar.

4. Discussion

In this study of consecutive referrals of young
adults with recurrent depression, SCTD-1 assessment
identified only 14 subjects (16.1%) with DSM-IV
bipolar disorders and 73 subjects (83.9%) with
DSM-IV recurrent major depressive disorder. Howev¬
er, applying innovative diagnostic approaches suggest
that many of the MDD subjects have a bipolar-related
illness. Between 47.1% and 77.0% of the cohort can

be diagnosed as having a bipolar spectrum, depending
on the diagnostic criteria used (see Fig. 2). This
finding of a high prevalence of bipolar spectrum in
young people with recurrent depression is important,
and is consistent with a number of previous reports of
high rates of switching to bipolar disorder in adoles¬
cents and young adults with depression (Strober and
Carlson, 1982: Akiskal et al., 1983; Geller et al.,
2001; Lewinsohn et al., 1995; Rao et al., 1995).

The high prevalence of bipolar spectrum disorders
is in line with recent data in adults (e.g. Akiskal and
Bcnazzi, 2003) showing that going beyond the con¬
ventional approach relying on hypomanic and manic
episodes to diagnose bipolar disorders, and measuring
hypomanic signs and symptoms during depressive
episodes, boosts the diagnosis of bipolar spectrum to
70% in outpatients. Similar findings have emerged in
the epidemiological literature (Judd and Akiskal,
2003; Angst et al., 2003).

The retrospective methodology of the present study
measuring hypomanic signs and symptoms docs not
permit the separation of hypomanic episodes (by
history) from such signs and symptoms occurring
during major depressive episodes (depressive mixed
state). Nonetheless, they testify to the potential utility
of a descriptive variable measured on a checklist in
expanding the bipolar spectrum. Such "MDD"
patients had significantly high rates of pharmacolog¬
ical hypomania. Family history for bipolar disorder,
while nonsignificant, was increased in the expected
direction in these patients.

A limitation of the present study stems from our

inability to use pharmacological hypomania and fam¬
ily history for bipolar disorder as external validators
for the BSD concept described by Ghaemi et al.
(2002) in the analytic approach A, where such vari¬
ables are diagnostic criteria for the spectrum. We
conclude that the analytic approach B (hypomania



D.J. Smith et ai /Journal ofAffective Disorders 84 (2005) 167-178 175

Diagnoses

% subjects

DSM-1V bipolar disorder MDD (+BSD using MDD (+BSD using >7
structured criteria) manic symptoms)

□ MDD □ BSD

Fig. 2. Relative prevalence of bipolar phenotypes in MDD group by innovative criteria.

checklist) to be more practical and easier to validate in
clinical practice.

Eighteen (20.7%) of the subjects reported a history
of pharmacological hypomania, with only six of them
fulfilling DSM-IV criteria for bipolar disorder. This is
an important finding with potential implications in the
way in which clinicians manage young adults with
recurrent depression (Smith and Blackwood, 2004).
Antidepressant-induced mood destabilisation, mixed
affective states, mania, and rapid cycling are well
documented in patients with a bipolar diathesis (Akis-
kal and Mallya, 1987; Altshuler et al., 1995; Ghaemi
et ah, 2000). Recently, based on a large French
national cohort of over 400 clinically depressed
patients, Akiskal et ah (2003) showed that such
"induced" hypomania occurs significantly more often
in those with familial-genetic predisposition for bipo¬
lar disorder vs. those without such a predisposition.
Although clinical experience suggests that early treat¬
ment with mood stabilisers, rather than antidepres¬
sants, is likely to improve long-term prognosis, this is
an area in need of further study.

Levels of drug use, as measured by the DAST-20
questionnaire, are significantly higher in the bipolar
group compared to BSD/MDD with lifetime hypo-
manic signs and symptoms and MDD groups. Al¬

though this is consistent with studies demonstrating
high rates of co-morbidity between substance misuse
disorders and mood disorders (Regier et al., 1990), it
should be noted that the overall level of drug misuse
within the bipolar group is very low, with a mean
score on the DAST-20 questionnaire of only 3.4.
Nonetheless, such misuse may have partly contrib¬
uted to what, retrospectively, some subjects may
have interpreted as switches to hypomania. As the
rate of substance misuse is very low, such misinter¬
pretation is only a minor potential limitation of our
study.

Assessment of family history identified very high
rates of first- and second-degree relatives with life¬
time episodes of mania and depression. This finding is
in keeping with recent work suggesting that recurrent,
early-onset depression represents a strongly heritable
form of affective disorder (Zubenko et al., 2001). This
could also explain, in part, the high rates of suicide
attempts in all groups—nonsignificantly higher in the
bipolar groups and highlights the public health sig¬
nificance of a rigorous diagnostic approach in young

depressives.
No significant differences were found between

the three groups on variables such as co-morbidity,
chronic depression, number of depressive episodes,
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index-episode severity, psychosocial impairment, or
levels of deliberate self-harm or suicidality. We
believe that this may be due to the relatively small
number of bipolar subjects used in the comparisons
and the homogeneous nature of the cohort. All of
the subjects were enrolled with a university health
service; the majority were either current undergrad¬
uates or postgraduates, and most were from rela¬
tively affluent social backgrounds. Although this
may represent a limitation of this study in terms
of how the findings can be generalised, it may also
be considered a strength because the homogeneous
nature of this group eliminates the confounding
effects of age, 1Q, educational attainment and social
background. On the other hand, upper class stand¬
ing is a well-known correlate of bipolar disorder
(Weissman et al., 1996).

Despite the several limitations addressed in the
foregoing discussion, we submit that a combination
of three variables, namely, high scores on a hypoma-
nia symptoms checklist, a positive family history of
bipolar disorder, and the experience of pharmacolog¬
ical hypomania, could be used by clinicians to identify
individuals with recurrent depression who are likely to
be bipolar spectrum. Their relationship in the present
study is outlined in Fig. 3.

In a psychiatric outpatient population, a score of 7
or more symptoms on the MDQ is considered optimal
for the detection of bipolar disorder, giving a sensi¬
tivity of 0.73 and specificity of 0.90 (Hirschfield et al,.

Fig. 3. MOD with hypomanic symptoms diagnosed using
Hypomanic Symptoms Checklist (total = 53).

2000). In the present study, the hypomanic symptoms
checklist differs somewhat from the MDQ, and we
have therefore used a more conservative threshold of
8 or more hypomanic symptoms. It is also worth
noting that some of the criteria in the diagnosis of
BSD, such as post-partum depression, may be redun¬
dant when applied to a population of young adults. In
our cohort, the mean age was 22.0 years and none of
the subjects had as yet been through a pregnancy.
Finally, our cohort being a university student popula¬
tion, 100% by definition met the criterion stipulating
age-at-onset of depression prior to age 25.

In conclusion, this study supports the view that
DSM-IV and 1CD-10 criteria for bipolar disorders
are overly restrictive (Akiskal et al., 2000). It also
demonstrates that, for young adults with recurrent
early-onset depression, features such as a positive
family history of bipolar disorder, pharmacological
hypomania, and high levels of hypomanic symp¬
toms, without a duration criterion, can be used to

identify them as belonging to a putative bipolar
spectrum rather than a unipolar illness. These data
arc preliminary and require replication, extension or
modification by other research teams. It will be
methodologically imperative to define BSD inde¬
pendently from bipolar family history, so that such
history can then be used as a robust external
validator.
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Appendix A. Bipolar spectrum disorder (BSD)'

(A) Major depressive episode after excluding bi¬
polar I and II.

(B) Either of the following, plus at least two items
from criterion C, or both of the following plus one
item from criterion C:

• First-degree relative with bipolar disorder
• Pharmacological hypomania

1 Based on Ghacmi ct al. (2002).
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(C) If no items from criterion B are present, at least
six of the following:

• Hyperthymic temperament (at baseline, non-de¬
pressed state)

• Recurrent major depressive episodes (>3)
• Brief major depressive episodes (< 3 months)
• Atypical depressive symptoms (DSM-1V criteria)
• Psychotic major depressive episodes
• Early age of onset of major depressive episode

(<age 25)
• Postpartum depression
• Antidepressant 'wear-off' (acute but not prophy¬

lactic response)
• Lack of response to > 3 antidepressant treatment

trials

Appendix B. Hypomanic symptoms checklist
needed for the diagnosis

(A) Signs and symptoms2

1. Less sleep
2. More drive and energy
3. More self-confidence
4. Increased social activity and work motivation
5. Increased physical activity
6. More plans and ideas
7. Less shy, less inhibited
8. More talkative than usual
9. More puns and jokes, faster thinking, laughing

more

10. More irritable, impatient
11. Increased consumption of coffee, cigarettes
12. Increased consumption of alcohol
13. Extremely happy mood, over-euphoric
14. Increased sex drive, interest in sex
15. Overactivity (e.g., shopping, business, telephone

calls, travelling, driving, visiting people)

(B) Threshold for bipolar spectrum disorder=eight
or more of the above symptoms needed, irrespective
of duration.

2 Based on Hanlouche et al. (2003) and Angst ct al. (2003).

Appendix C. Hyperthymic temperament"

At least four out of the following six habitual traits:

1. cheerful, over-optimistic or exuberant
2. extroverted and people-seeking
3. over-talkative, eloquent and jocular
4. uninhibited, stimulus-seeking and sexually driven
5. vigorous, full of plans, improvident
6. overconfident, self-assured and boastful
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Abstract

Background: In young adults it can be difficult to differentiate between an early bipolar illness and borderline personality
disorder. There arc considerable areas of clinical overlap between cyclothymic temperament, bipolar-spectrum disorders and
borderline characteristics. The aim of this study was to measure borderline characteristics in young adults during an index
depressive episode and to compare three diagnostic groups: DSM-1V bipolar affective disorder (BPAD); bipolar spectrum
disorder (BSD); and DSM-IV recurrent major depressive disorder (MDD).
Methods: Eighty-seven young adults with a current episode of major depression and at least one previous episode of depression
were recruited from consecutive referrals to a psychiatric clinic. Diagnoses were based on the Structured Clinical Interview for
DSM-1V (SCID-1) and recently proposed structured diagnostic criteria for BSD [Ghaemi. S.N., Ko, J.Y., Goodwin, F.K., 2002.
Cade's Disease and beyond: misdiagnosis, antidepressant use and a proposed definition for bipolar spectrum disorder. Can. .1.
Psychiatry 47, 125 154.]. All patients also completed the borderline questions from the screening questionnaire of the
International Personality Disorders Examination (IPDE).
Results: Diagnostically, the cohort of 87 patients divided into three groups: 14 with BPAD; 27 with BSD: and 46 with MDD.
None of the subjects fulfilled DSM-IV or ICD-10 diagnostic criteria for personality disorder and all three groups were well
matched in terms of age, gender distribution, ethnicity, socioeconomic and educational status, age at onset of illness, and
severity of index depressive episode. Both of the bipolar-depressed groups reported significantly higher median levels of
borderline characteristics than the MDD group (/?<0.0001). Three of the borderline characteristics emerged as potentially
useful in differentiating bipolar depression from unipolar depression: 'I've never threatened suicide or injured myself on
purpose' (sensitivity = 0.93; positive predictive value [PPV] — 56.7); 'I have tantrums or angry outbursts' (sensitivity 0.66;
PPV=65.6%); and 'Giving in to some of my urges gets me into trouble' (sensitivity = 0.76; PPV=59.6%).
Limitations: All of the subjects were recruited from a university health service clinic and as such are unlikely to be
representative of patients from more diverse socio-economic backgrounds. No structured diagnostic assessment of personality
disorder was administered. The diagnostic criteria for BSD arc not yet fully validated.

* Corresponding author. Tel.:+44 141 201 1947: fax: +44 141 201 1947.
E-mail address: danicl.smith@ed.ac.uk (D.J. Smith).

0165-0327/$ - see front matter© 2005 Elsevier B.V. All rights reserved,
doi: 10.1016/j .jad.2005.02.019



IS D.J. Smith et al. / Journal ofAffective Disorders X7 (2005) 17-23

Conclusions: Young adults with bipolar depression exhibit significantly higher levels of borderline personality pathology than
those with unipolar depression. Those borderline screening questions that reflect cyclothymic characteristics or depressive
mixed states may be of practical use to clinicians in helping to differentiate between bipolar depression and unipolar depression
in young adults.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The relationship between mood and personality
disorders is currently the focus of considerable clinical
and research interest. This is particularly true of the
interface between borderline personality disorder and
bipolar disorder, where there is substantial overlap
(Akiskal, 1994; Delrito et al., 2001; Henry et al.,
2001; Levitt et al., 1990; Skodol et al., 2002; Smith
et al., 2004). Young adults with early-onset, recurrent
depression are at high risk of ultimately developing a

bipolar illness (Goldberg et al., 2001; Rao et al., 1995;

Smith et al., 2005; Smith and Blackwood, 2004) and
are more likely than older-onset depressed adults to
exhibit personality disorder characteristics (Fava et
al.. 1996; Ramklint and Ekselius, 2003). The clinical
presentations of early-onset depression and bipolar
disorder are often atypical, with the result that it can
be difficult to distinguish between borderline person¬
ality disorder and an emerging bipolar disorder.

This study compares levels of borderline person¬

ality disorder characteristics in a sample of young
adults with a history of recurrent depression (both
bipolar and unipolar) who are presenting during an

A At least one major depressive episode

B No spontaneous DSM-IV hypomanic or manic episodes

C Either of the following, plus at least two items from criterion D, or both of the

following plus one item from criterion D:

First degree relative with bipolar disorder

Antidepressant-induced mania or hypomania

D If no items from criterion C are present, at least six of the following:

Hyperthymic personality (at baseline, non-depressed state)

Recurrent major depressive episodes (> 3)

Brief major depressive episodes (< 3 months)

Atypical depressive symptoms (DSM-IV criteria)

Psychotic major depressive episodes

Early age of onset of major depressive episode (< age 25)

Postpartum depression

Antidepressant 'wear-off (acute but not prophylactic response)

Lack of response to > 2 antidepressant treatment trials

Fig. I. Diagnostic criteria for bipolar spectrum disorder (BSD; from Ghaemi ct al.. 2002).
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index depressive episode. In view of the relatively
young age of our sample, and recent evidence sug¬
gesting that DSM-IV tends to over-diagnose recurrent
major depressive disorder (MDD) at the expense of
bipolar affective disorder (BPAD; Allilaire et ah,
2001; Angst, 1998; Benazzi and Akiskal. 2003;
Judd and Akiskal, 2003), we have used the recently
proposed structured diagnostic criteria for bipolar
spectrum disorder (BSD, Fig. 1; Ghaemi et ah,
2002). We have also obtained formal DSM-IV diag¬
noses based on the Structured Clinical Interview for
DSM-IV (SCID-1; First et ah, 1996).

The principal hypothesis being tested was that
levels of borderline pathology, when assessed during
an index depressive episode, would differ between
young adults with a bipolar-type depression compared
to those with a more clear-cut unipolar depression. A
secondary hypothesis was that certain of these border¬
line characteristics would be useful clinically in help¬
ing to differentiate between bipolar depression and
unipolar depression in this young patient group.

2. Methods

Eighty-seven young adults with a current episode
of major depression and at least one previous episode
of major depression were recruited from consecutive
referrals to a psychiatric clinic at a university health
service. The study was approved by the local ethics of
medical research committee and all participants pro¬
vided written informed consent.

Diagnosis was based on an initial SCID-1 assess¬
ment performed by DJS and DHRB (First et al.,
1996). Severity of the index depressive episode was
assessed using the Montgomery Asberg Depression
Rating Scale (MADRS; Snaith et al., 1986), the Clin¬
ical Global Impression of Illness scale (CGI; Guy,
1976) and the Global Assessment of Function scale
(GAF; Spitzer et al.. 1996). All subjects completed the
questions for borderline personality disorder taken
from the screening questionnaire of the International
Personality Disorders Examination (1PDE; Loranger
et al., 1994). These questions are outlined in Fig. 2.

Following the initial assessment, subjects under¬
went treatment as usual in the psychiatric clinic and
were seen again at 3 months. At this stage, the diag¬
nostic criteria for BSD were applied (Fig. 1; Ghaemi

1 show my feelings for everyone to see (T=l, F=0)

Giving in to some of my urges gets me into trouble (T 1, F 0)

I get into very intense relationships that don't last (T= I, F 0)

I've never threatened suicide or injured myself on purpose (T=0, F I)

I often feel 'empty' inside (T=l, F=0)

I have tantrums or angry outbursts (T=l, F=0)

I'm very moody (T I, F~-0)

When I'm under stress things around me don't seem real (T I, F 0)

I go to extremes to try to keep people from leaving me (T 1, F=0)

Fig. 2. Borderline personality disorder questions in the IPDE
screening questionnaire (from Loranger et al., 1994).

et al., 2002). Three diagnostic groups were then iden¬
tified for comparison: BPAD; BSD; and MDD. All
subjects were also reviewed with respect to both
DSM-IV (American Psychiatric Association, 1994)
and ICD-10 (World Health Organisation. 1992) diag¬
nostic criteria for personality disorder. Final diagnoses
were discussed at a consensus meeting between DJS
and DHRB, where all available data, including pre¬
vious case note records, were taken into account.

Clinical and demographic data were analysed using
the Chi-squared test for categorical variables and
ANOVA (corrected for multiple testing with Scheffe
analysis) for continuous variables using SPSS (ver¬
sion 11.5, Chicago, IL). Median scores on the IPDE
screening questionnaire borderline items were com¬
pared between the three diagnostic groups using the
Kruskall-Wallis test, with two-tailed significance set
at 0.05. A secondary analysis was also carried out by
combining the two bipolar-depressed groups (BPAD
plus BSD) and comparing this group of 41 patients
with the 46 MDD patients on each of the borderline
personality disorder questions.

3. Results

In terms of diagnosis, the cohort of 87 subjects
divided into three groups: 14 with BPAD (4 with
bipolar-I and 10 with bipolar-II); 27 with BSD; and
46 with MDD. None of the subjects satisfied DSM-IV
or ICD-10 diagnostic criteria for a personality disor¬
der. There were no significant differences between
groups in terms of age, gender distribution, social
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Tabic 1

Demographic and clinical characteristics
Characteristic 'Pure' MDD (n -46) BSD («=27) BPAD (n = 14) P value

Sex: Females/males 32:14 16:11 11:3 0.46"

Ethnicity:
Caucasian 45 25 13 0.52"
Other 1 2 1

Age: Mean (S.D.) 21.7 (2.19) 22.7 (3.06) 21.7 (2.97) 0.24h
Social class:

1 42 24 11 0.42"
II or III 4 3 3

Years in full-time education: Mean (S.D.) 16.7 (1.56) 17.0 (1.73) 16.1 (1.86) 0.241'
MADRS: Mean (S.D.) 31.0 (7.01) 31.6 (5.05) 33.4 (2.87) 0.43h
CGI: Mean (S.D.) 4.1 (0.28) 4.3 (0.53) 4.3 (0.47) 0.12"
Age at onset: Mean (S.D.) 15.7 (2.63) 15.0 (3.37) 14.7 (1.44) 0.43"
Median score on borderline characteristics: 4.5 6.0 6.0 0.000 lc

a

Chi-squared Test.
b ANOVA.
c Kruskall Wallis (csl.

class, ethnicity, marital status and number of years in
full-time education (Table 1). The groups were also
well matched in terms of age at onset of illness and
severity of current depressive episode, as measured by
MADRS, CGI and GAP scores (Tabic I).

Table I also demonstrates that the median number
of borderline characteristics detected in each of the
three diagnostic groups was significantly different.
Both bipolar groups reported a median number of 6
borderline characteristics, with the MOD group

reporting a median of 4.5 (Chi-squared = 16.04,
df=2.p< 0.0001).

This finding was taken a step further by comparing
frequencies of a positive response on each of the
borderline questions between two groups: patients

with MOD (;?=46), and a second group of bipolar-
depressed patients comprised of DSM-IV BPAD
patients and BSD patients («=41). This analysis
revealed that three of the questions were able to
distinguish between bipolar depression and unipolar
depression (Table 2). These questions were: 'Giving
in to some of my urges gets me into trouble'
(p<0.04); 'I've never threatened suicide or injured
myself on purpose' (p <0.001); and 'I have tantrums
or angry outbursts' (/?<0.001). None of the other
borderline questions appeared to distinguish unipolar
depression from bipolar depression in this group of
patients, although there was a trend towards signifi¬
cance for the question 'I get into veiy intense relation¬
ships that don't last' (p<0.08).

Tabic 2

Scores for each of" the borderline questions: unipolar depression versus bipolar depression
Borderline trait MDD(n=46) BSD+BPAD («=41) P value"

N (%) N (%)
I show my feelings for everyone to sec (T~ 1) 12 (26.1) 9 (22.0) 0.65

Giving in to some of my urges gets me into trouble (T= 1) 25 (54.3) 31 (75.6) 0.04

I get into vcty intense relationships that don't last (T — 1) 15 (32.6) 21 (51.2) 0.08

I've never threatened suicide or injured myself on puipose (F- 1) 29 (63.0) 38 (92.7) 0.001

1 often feel 'empty' inside (T=l) 35 (76.1) 35 (85.4) 0.28
I have tantrums or angry outbursts (T~ 1) 14 (30.4) 27 (65.9) 0.001
I'm very moody (T- 1) 30 (65.2) 33 (80.5) 0.11

When I'm under stress things around me don't seem real (T- 1) 30 (65.2) 27 (65.9) 0.95
I go to extremes to try to keep people from leaving me (T = 1) 7 (15.2) 12 (29.3) 0.11

" Chi-squared test.
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Tabic 3

Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of the borderline characteristics that differentiate
between bipolar and unipolar depression
Borderline trait

Giving in to some of my urges gets me into trouble
I've never threatened suicide or injured myself on purpose
I have tantrums or angry outbursts

Sensitivity Specificity PPV (%) NPV (%)
0.76 0.54 59.6 71.4

0.93 0.37 56.7 85.0
0.66 0.70 65.6 69.6

Table 3 details the sensitivity, specificity, positive
predictive value (PPV) and negative predictive value
(NPV) of these questions for bipolar depression.

4. Discussion

This finding of higher levels of borderline charac¬
teristics during bipolar depression compared to uni¬
polar depression in a sample of young patients
supports previous findings that borderline pathology
in early-onset depression is predictive of ultimate
bipolar outcome (Akiskal et al.. 1983). From a clinical
perspective, these data argue strongly for careful con¬
sideration of a primary bipolar illness in young adults
with recurrent depression who appear to exhibit strong
borderline features during their depressive episodes.

The three borderline characteristics identified in
Table 2 as having the potential to differentiate
between bipolar depression and unipolar depression
('I've never threatened suicide or injured myself on
purpose,' 'I have tantrums or angry outbursts,' and
'giving in to some of my urges gets me into trouble')
are also likely to prove useful to clinicians in asses¬
sing the likelihood of an underlying bipolar illness in
young adults with recurrent depression. A 'true'
answer to the statement '1 have tantrums or angry
outbursts' carries a positive predictive value for
bipolar depression of 65.6% (Table 3). It is also
notable that answering 'false' to the statement 'I've
never threatened suicide or injured myself on
purpose' carries a sensitivity of 0.93, suggesting
that this question would be able to positively identify
almost all of the bipolar depressed patients in this
study sample (Table 3).

Clinical variables such as age at onset, current
levels of depressive symptoms and psychosocial
impairment (as measured by MADRS, CGI and
GAF scores) were very similar across all three diag¬
nostic groups. As a result, the higher level of border¬

line characteristics detected in the bipolar groups is
unlikely to be a reflection of differences between
groups in terms of previous illness course or severity
of depression at the time of assessment.

It is interesting to speculate that the three border¬
line characteristics identified above appear to differ¬
entiate between bipolar and unipolar depression
because DSM-IV borderline characteristics and

cyclothymic traits are essentially describing the
same psychopathological feature from slightly differ¬
ent points of view. It is well established that cyclothy¬
mic temperament has a strong association with bipolar
disorder (Akiskal, 1996; Klein et al., 1986) and that it
has endophenotypic qualities in the sense that unaf¬
fected relatives of bipolar probands score highly on

ratings for cyclothymia (Chiaroni et al., 2005). It is
also the case that cyclothymic traits are extremely
common in patients diagnosed with borderline person¬
ality disorder (Akiskal, 1981, 1996; Levitt et al.,
1990). Furthermore, in a survey of 107 consecutive
patients with atypical MDD, Perugi and colleagues
have demonstrated that mood lability and interperso¬
nal sensitivity traits are related to an underlying
cyclothymic diathesis which appears to be at the
core of a wide range of clinical phenotypes, including
complex anxiety and impulsive disorders and border¬
line personality disorder (Perugi et al., 2003).

The issue of overlap between cyclothymia, border¬
line personality disorder and bipolar disorder is far
from trivial. The correct identification of affective

pathology in apparently personality-disordered
patients is a matter of considerable public health
importance (Akiskal, 2004). A greater recognition of
the link between cyclothymic temperament and bor¬
derline characteristics also opens tip the possibility
that many borderline patients (who often find them¬
selves rejected from psychiatric services) may benefit
from pharmacological and psychological interventions
that are of known benefit in mood disorders (Smith et
al., 2004). Furthermore, a more complete understand-
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ing of this complex clinical area will have major
implications for future work in psychiatric genetics
as attempts are made to assess how genetic risk factors
influence both normal and abnormal temperament and
risk for mood and anxiety disorders.

Another possible interpretation of these data is that
certain borderline characteristics (particularly 'I have
tantrums or angry outbursts,' and 'giving in to some
of my urges gets me into trouble') are a reflection of
hypomanic symptoms occurring during depressive
episodes. Intra-episode hypomanic features (some¬
times termed 'depressive mixed states') are more
common in patients with bipolar depression relative
to patients with unipolar depression (Sato et al., 2003)
and are known to correlate with genetic risk for
bipolar disorder (Akiskal and Benazzi, 2003; Benazzi,
2004).

The findings presented here are from a small study
with several important limitations. All of the patients
were recruited from a university health service clinic
and as such are unlikely to be representative of
patients from more diverse socioeconomic and educa¬
tional backgrounds. The structured diagnostic criteria
for BSD are relatively new and, despite their intuitive
clinical sense, they still await validation in larger
clinical samples.

Another possible limitation is the absence of an

objective diagnostic assessment for personality disor¬
der in these patients. Surveys of bipolar disorder
patients often detect high levels of personality disor¬
der comorbidity—one recent study of a bipolar cohort
identified a rate of comorbid personality disorder in
almost 30% (George et al., 2003). However, these
surveys tend to have been carried out on much older
samples of patients with long histories of recurrent
mood episodes, relatively high levels of socioeco¬
nomic deprivation and significant concurrent drug
and alcohol misuse. None of these factors apply to
our cohort of patients.

It should be noted that we have used borderline

questions from the screening questionnaire of the
IPDE as indicators of borderline pathology during
episodes of depression. In general, the IPDE should
be used to measure long-term inter-episode personal¬
ity characteristics rather than intra-episode character¬
istics. Although many of our patients exhibited
abnormal personality characteristics during episodes
of illness, they did not merit a formal DSM-IVor ICD-

10 diagnosis of personality disorder for a number of
reasons: this was a very young sample of patients
(mean age 22); all had a primary diagnosis of either
bipolar disorder or recurrent MDD; and all tended to
function at very high levels both socially and educa¬
tionally outwith periods of illness.

In conclusion, this study strongly suggests that
young adults with recurrent major depression and
prominent borderline features should be carefully
assessed for a possible bipolar illness. Furthermore,
the three borderline screening questions identified
above, which might be considered to reflect
cyclothymic characteristics or intra-episode hypoma¬
nic symptoms, arc potentially useful to clinicians in
the diagnostic assessment of this important patient
group.

Acknowledgements

Funded by the Kate Hodgson Memorial Fellow¬
ship from the University of Edinburgh to DJS and by
a grant from The Health Foundation (UK). Thanks
also to Franco Benazzi, MD from the University of
California at San Diego Collaborating Psychiatry
Center in Ravenna (Italy) for his helpful suggestions
on an earlier version of this manuscript.

References

Akiskal. U.S., 1981. Subaffective disorders: dysthymic, cyclothy¬
mic and bipolar II disorders in the 'borderline' realm. Psychiatr.
Clin. North Am. 4, 25-46.

Akiskal, H.S., 1994. Temperaments on the border of affective
disorder. Acta Psychiatr. Scand. 89 (Suppl. 379), 32-37.

Akiskal, U.S., 1996. The prevalent clinical spectrum of bipolar
disorders: beyond DSM-IV. J. Clin. Psychopharmacol. 16
(Suppl. I), 4S-I4S.

Akiskal. M.S.. 2004. Demystifying borderline personality: critique
of the concept and unorthodox reflections on its natural kin¬
ship with the bipolar spectrum. Acta Psychiatr. Scand. 110,
401 407.

Akiskal, M.S., Benazzi, F., 2003. Family history validation of the
bipolar nature of depressive mixed states. J. Affect. Disord. 73,
113-122.

Akiskal, H.S., Walker, P., Puzantian, V.R., King, D., Rosenthal,
T.L.. Dranon, M., 1983. Bipolar outcome in the course of
depressive illness: phcnomenologic, familial and pharmacologic
predictors. J. Affect. Disord. 5. 115 128.

Alliiairc, J., Hantouchc, E.G.. Scchtcr, D., Bourgeois, M.L., Azorin,
J.M., Lancrenon, S., Chatcnet-Duchenc, I„, Akiskal, M.S., 2001.



D.J. Smith ct al. / Journal ofAffective Disorders 87 (2005) 17-23 23

Frequency and clinical aspects of bipolar II: data from the
French multi-site study EDIPEP. Enccphale 27. 149 158.

American Psychiatric Association, 1994. DSM-IV: Diagnostic and
Statistical Manual of Mental Disorders, 4th edition. American
Psychiatric Association, Washington, DC.

Angst, J., 1998. The emerging epidemiology of hypomania and
bipolar II disorder. J. Affect. Disord. 50, 143 151.

Benazzi, F.M.. 2004. Intra-episode hypomanic symptoms during
major depression and their correlates. Psychiatry Clin. Ncurosei.
58, 289-294.

Benazzi, F., Akiskal. H.S., 2003. Refining the evaluation of bipolar
II: beyond the strict SCID-CV guidelines for hypomania. J.
Affect. Disord. 73. 33-38.

Chiaroni. P., Hantouchc, E.. Gouvcmct, J.. Azorin. J.M., Akiskal.
H.S., 2005. The cyclothymic temperament in healthy controls
and familially at risk individuals for mood disorder: cndophco-
typc for genetic studies? J. Affect. Disord. 85, 135 145.

Dcltito, J., Martin, L„ Riefkohl, J., Austria. B., Kissilcnko. A.,
Corlcss, P., Morse, C., 2001. Does borderline personality dis¬
order belong to the bipolar spectrum? J. Affect. Disord. 67,
221- 228.

Fava, M., Alpert, J.E., Borus, J.S., Nierenbcrg, A.A., Pava, J.A.,
Rosenbaum, J.F., 1996. Patterns of personality disorder comor¬

bidity in early-onset versus late-onset major depression. Am. J.
Psychiatry 153, 1308-1312.

First, M„ Gibbon. M., Spitzer, R.L., Williams, J.B.W., 1996. User's
Guide for the Structured Clinical Interview for DSM-IV Axis I
Disorders Research Version (SCID-l. Version 2.0, February
1996 FINAL Version). Biomctrie Research, New York.

George, E.L., Miklowitz, D.J., Richards, J.A., Simoneau, T.L.,
Taylor, D.O., 2003. The comorbidity of bipolar disorder and
axis II personality disorders: prevalence and clinical correlates.
Bipolar Disord. 5, 115 - 122.

Ghacmi, S.N., Ko. J.Y., Goodwin, F.K., 2002. Cade's Disease and
beyond: misdiagnosis, antidepressant use and a proposed defi¬
nition for bipolar spectrum disorder. Can. J. Psychiatry 47,
125-134.

Goldberg, J.F., Harrow, M., Whiteside, J.F... 2001. Risk for bipolar
illness in patients initially hospitalized for unipolar depression.
Am. J. Psychiatry 158, 1265 1270.

Guy, W., 1976. ECDEU assessment manual for psychopharmacol-
ogy. IJS Department of Health, Education and Welfare, Rock-
ville, MD, pp. 217 222.

Henry, C., Mitropoulou, V., New, A.S., ICocningsbeig, H.W., Silver¬
man. L.J., 2001. Affective instability and impulsivity in border¬
line personality and bipolar II disorders: similarities and
differences. J. Psychiatr. Res. 35, 307-312.

Judd, L.J., Akiskal, H.S., 2003. The prevalence and disability of
bipolar spectrum disorders in the US population: re-analysis of

the ECA database taking into account subthreshold cases. J.
Affect. Disord. 73, 123 131.

Klein, D.N., Dcpuc, R.A.. Slater, J.F., 1986. Inventory identification
of cyclothymia: IX. Validation in offspring of parents with
bipolar I patients. Arch. Gen. Psychiatry 43, 441 -445.

Levitt, A.J., Joffc, R.T., F.nnis, J., MacDonald, C., Kutchcr, S.P.,
1990. The prevalence of cyclothymia in borderline personality
disorder. J. Clin. Psychiatry 51, 335 339.

Lorangcr, A.W., Sartorius, N.. Andrcoli, A.. Bcrgcr, P., Buchhcim.
P., Channabasavanna, S.M., Coid, B., Dahl, A., Diekstra, F.W.,
Ferguson, B., Jacobsberg, L.B., Mombour, W., Pull, C., Ono. Y.,
Rcgicr, D.A., 1994. The international personality disorder exam¬
ination. Arch. Gen. Psychiatry 51, 215 224.

Perugi, G., Toni, C., Travierso, M.C.. Aksikal, U.S., 2003. The role
of cyclothymia in atypical depression: toward a data-based
rcconecptualisation of the borderline-bipolar II connection. J.
Affect. Disord. 73, 87 98.

Ramklint, M., Eksclius. L., 2003. Personality traits and personally
disorders in early onset versus late onset major depression. J.
Affect. Disord. 75, 35 42.

Rao, U.M., Ryan, N.D., Birmahcr, B., Dahl, R.E., Williamson, D.F..,
Kaufman, J., Rao, R.M., Nelson. B., 1995. Unipolar depression
in adolescents: clinical outcome in adulthood. J. Am. Acad.
Child Adolcsc. Psych. 34, 566-578.

Sato, T.. Bottlender, R., Schrotcr, A., Moller, H.-J., 2003. Frequency
of manic symptoms during a depressive episode and unipolar
'depressive mixed state' as bipolar spectrum. Acta Psychiatr.
Scand. 107, 268 274.

Skodol, A., Gunderson, J.G., Pfohl, B., Widiger, T.A., Livesley.
W.J., Sievcr, L.J., 2002. The borderline diagnosis I: psycho-
phathology, comorbidity, and personality structure. Biol. Psy¬
chiatry 51, 936 950.

Smith, D.J., Blackwood, D.H.R., 2004. Depression in young adults.
Adv. Psychiatr. Treat. 10, 4 12.

Smith, D.J., Muir, W.J.. Blackwood, D.H.R., 2004. Is borderline
personality disorder part of the bipolar spectrum? Harv. Rev.
Psychiatry 12, 133-139.

Smith, D.J., Harrison, N., Muir, W., Blackwood, D.H.R., 2005.
High prevalence of bipolar spectrum disorders in young adults
with recurrent depression: toward a novel diagnostic framework.
J. Affect. Disord. 84, 167-178.

Snailh, R.P., Harrop, F.M., Ncwby, D.A., 1986. Grade scores of the
Montgomery Asberg depression and the clinical anxiety scales.
Br. J. Psychiatry 148, 599 601.

Spitzer, R.L., Gibbon, M., Williams, J.B.W., 1996. Global Assess¬
ment of Functioning (GAF) Scale. Outcome Assessment in
Clinical Practice. Williams and Wilkins, Baltimore.

World Health Organisation, 1992. The ICD-10 Classification of
Mental and Behavioural Disorders. WHO, Geneva.



American Journal of Medical Genetics Part B (Neuropsychiatry Genetics) 133B:18-24 (2005)

Joint Multi-Population Analysis for Genetic Linkage of
Bipolar Disorder or "Wellness" to Chromosome 4p
P.M. Visscher,1* C.S. Haley,2 H. Ewald,3 O. Mors,3 J. Egeland,4 B. Thiel,5 E. Ginns,6 W. Muir,7 and D.H. Blackwood7
1Institute of Cell, Animal and Population Biology, University ofEdinburgh, United Kingdom
2Roslin Institute, Edinburgh, United Kingdom
3.Institute for Basic Psychiatric Research, Aarhus University Hospital, Aarhus, Denmark
4University of Miami School ofMedicine, Miami, Florida
5Department of Epidemiology and Biostatistics, Case Western Reserve University, Cleveland, Ohio
bBrudnick Neuropsychiatry Research Institute, University ofMassachusetts Medical School, Massachusetts
7Department ofPsychiatry, University ofEdinburgh, Edinburgh, United Kingdom

To test the hypothesis that the same genetic loci
confer susceptibility to, or protection from, dis¬
ease in different populations, and that a combined
analysis would improve the map resolution of a
common susceptibility locus, we analyzed data
from three studies that had reported linkage to
bipolar disorder in a small region on chromosome
4p. Data sets comprised phenotypic information
and genetic marker data on Scottish, Danish, and
USA extended pedigrees. Across the three data
sets, 913 individuals appeared in the pedigrees,
462 were classified, either as unaffected (323) or
affected (139) with unipolar or bipolar disorder.
A consensus linkage map was created from 14
microsatellite markers in a 33 cM region. Pheno¬
typic and genetic data were analyzed using a var¬
iance component (VC) and allele sharing method.
All previously reported elevated test statistics in
the region were confirmed with one or both anal¬
ysis methods, indicating the presence of one or
more susceptibility genes to bipolar disorder in
the three populations in the studied chromosome
segment. When the results from both the VC and
allele sharing method were considered, there was
strong evidence for a susceptibility locus in the
data from Scotland, some evidence in the data
from Denmark and relatively less evidence in the
data from the USA. The test statistics from the
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Scottish data set dominated the test statistics
from the other studies, and no improved map
resolution for a putative genetic locus underlying
susceptibility in all three studies was obtained.
Studies reporting linkage to the same region re¬
quire careful scrutiny and preferably joint or
meta analysis on the same basis in order to ensure
that the results are truly comparable.
© 2005 Wiley-Liss, Inc.

KEY WORDS: allele sharing; variance compo¬
nent; QTL; LOD score

INTRODUCTION

Many genome scans to detect linkage ofchromosome regions
to common complex diseases have been performed world-wide.
Typically, these studies differ in their sample design and
method of statistical analysis. For example, study designs
using affected relative pairs [Foroud et al., 2000; Bennett et al.,
2002] nuclear or multiplex families [Berrettini et al., 1997;
Detera-Wadleigh et al., 1999; Friddle et al., 2000; Badenhop
et al., 2002; Liu et al., 2003; Zandi et al., 2003] and large
extended pedigrees [Blackwood et al., 1996; Ginns et al., 1996;
Ginns et al., 1998; Morissette et al., 1999; Ewald et al., 2002]
have all been used to detect linkage for bipolar affective
disorder (BPAD) [Prathikanti and McMahon, 2001; Segurado
et al., 2003]. Depending on the sample design and trait mea¬
sured, statistical methods such as parametric linkage analysis
[Blackwood et al., 1996; Berrettini et al., 1997; Badenhop et al.,
2002], non-parametric allele sharing methods [Ginns et al.,
1998; Detera-Wadleigh et al., 1999; Foroud et al., 2000;
Bennett et al., 2002; Mclnnis et al., 2003] and variance com¬

ponent (VC) methods [Visscher et al., 1999] have been used.
Generally, genome scans are performed on families ascer¬

tained for the disorder under investigation, rather than from a
random sample of the population, and data across studies are
not pooled for joint analysis. The latter is partly because of
practical problems, for example, the problem ofcombining data
or results from different studies which used different designs
and different genetic markers, but also of perceived methodo¬
logical issues. For example, the phenotypes can be defined
differently across populations and genetic susceptibility in
different populations may be associated with different genetic
loci. Nevertheless, multiple reported linkages in the same
region across studies or populations are usually taken as sup¬
portive evidence of'true' linkage (rather than a false positive),
and this evidence is subsequently used to pursue fine-mapping
studies using population-wide association.

© 2005 Wiley-Liss, Inc.
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Recently, several examples of meta-analysis have been re¬
ported for psychiatric disorders [Badner and Gershon, 2002;
Levinson et al., 2003; Segurado et al., 2003]. These studies
typically use the published P values or test statistics to draw
inference about linkage or association from the combined set of
studies. These meta-analyses are extremely useful, and are
often the only option if it is impossible to do a joint analysis on
the original data. However, the number of hypotheses that can
be tested are restricted in a meta-analysis and some precision
of fine-mapping may be lost if no common markers are used
across studies. Therefore, theoretically it is better to use the
original data and perform novel analyses on these.

Several reports have shown that the chromosome 4p region
shows linkage to bipolar disorder [Blackwood et al., 1996;
Detera-Wadleigh et al., 1999; Ginns et al., 1998; Ewald et al.,
1998; Als et al., 2004]. The aim of this study was to investigate
whether the same underlying loci (quantitative trait loci, QTL)
could be responsible, using the original data from studies in
Scotland, Denmark, and the USA. These studies reported
highly significant test statistics for either linkage with bipolar
disorder [Blackwood et al., 1996; Ewald et al., 1998] or
"wellness" [Ginns et al., 1998] in a small region of chromosome
4p, with the location of the linkage peak being remarkably
consistent.

MATERIALS AND METHODS

Data

Phenotypic and genetic data were available from three
populations: (i) data from a large Scottish pedigree [Blackwood
et al., 1996], (ii) data from four large Amish pedigrees [Ginns
et al., 1998], and (iii) data from two extended Danish pedigrees
[Ewald et al., 1998]. Linkage to chromosome 4p has been re¬
ported in all three populations. The phenotype of interest in the
Scottish and Danish studies was disease, whereas the USA
study concentrated on wellness. The exact definitions of the
phenotypes were given in the original publications. "Wellness"
has been defined the same way by all groups. In all three
studies, patients have been interviewed by a psychiatrist using
standard schedules with additional diagnostic information
gathered from other sources including case note review. All
studies used DSM or ICD criteria for psychiatric diseases so a
label of "wellness" or "no illnesses detected" should be the same

across studies. A summary of the data is given in Table I.
Phenotypes were available as binary traits, i.e., presence or
absence ofunipolar or bipolar disorder. For all analyses, a score
of zero was defined as unaffected (well), and a score of one was
defined as affected with either unipolar or bipolar disorder.

Marker data from the USA were selected to include markers
in common with the Visscher et al. [1999] that used a VC
analysis to detect QTL for bipolar disorder. In total, nine
'framework' markers were found which were in common with
the 11 markers used by Visscher et al. [1999]. The two

TABLE I. Summary of Data

Population

Scotland USA Denmark

Families 1 7 2
Individuals 168 637 108

Phenotypic records 143 233 86
Affected 28 93 18

Phenotypic SD" 0.40 0.49 0.41
Individuals with marker data 73 165 47
Markers 9 9 16

"From the binomial distribution, <Tp = ^/(PG - P)).

additional markers from the Scottish pedigree were not used
in subsequent analyses. Although additional markers could
have been used, little information is lost because of the small
region investigated, ~30 cM. The Danish marker data con¬
tained 16 markers, four of which were in common with the
Scottish and USA data sets.

Consensus Map Construction
A consensus map was created using all the available marker

information. Firstly, the order of the nine markers was
determined from separate linkage analysis on the Scottish
and USA data sets, and subsequently, these data sets were
jointly analyzed, constraining the marker order to that of a
known physical map [Evans et al., 2001] if those orders were
not significantly worse than the best order. Finally, the Danish
data was added to create an overall consensus map. Crimap
[Green et al., 1990] was used for these analyses. The consensus
map was checked against a published linkage map [Broman
et al., 1998].

Identity-by-Descent Coefficients
Given all the marker information, within population pairwise

multipoint identity-by-descent (IBD) coefficients were calcu¬
lated on a chromosome segment of 33 cM using the Markov
Chain Monte Carlo (MCMC) software package Loki [Heath,
1997]. The program was run for 10,000 iterations, and the multi¬
point IBD coefficients were calculated at 1 cM intervals.

Data Analysis
Two methods were used to analyze the data, a VC and an

allele sharing method. The VC method was applied before to
the Scottish data (see [Visscher et al., 1999] for details). A
mixed linear model was fitted to the binary observations,
fitting sex and family as a fixed effect, and QTL and polygenes
as a random effect. Sex was fitted as a fixed effect to adjust for
any possible mean difference in incidence between males or
females, which could arise due to real differences in population
prevalence or as a result ofascertainment. For each of the three
populations, three models were fitted: a residual model, fitting
the residual effect as the only random component, a polygenic
model, fitting both a polygenic and a residual component, and
the full (QTL) model, fitting a residual, polygenic and QTL
random effect. The evidence for a QTL was quantified by
calculating a likelihood ratio test statistic. The test statistic
was calculated as twice the difference in log-likelihood between
the full (QTL) model and the reduced (polygenic) model. In the
first test, the full model contained a QTL and a residual VC,
and the reduced model contained residual variance only, while
in the second test both the full and reduced model contained a

polygenic VC. Asymptotically, the test statistics are distrib¬
uted as l/2xa) and l/2x(o> [Almasy and Blangero, 1998]. At each
genomic location, the sum of the test statistics from each
population was calculated. This sum is distributed propor¬
tional to a x2 with either 3 or 6 degrees of freedom (three studies
and 1 or 2 degrees of freedom per test) under the hypothesis of
no linkage. Finally, a joint analysis was performed for all data.
Sex and a family-by-population effect were fitted as fixed
effects, and the random effects were as in the individual
population analyses. To test the hypothesis that variances
were equal in the three populations, likelihood-ratio tests were
performed. Twice the difference between the sum of the three
population specific maximum log-likelihood values and the
maximum log-likelihood from the joint analysis is asymptoti¬
cally distributed as a x2 distribution with 2, 4, or 6 degrees of
freedom for the residual, polygenic and full model, respec¬
tively. For each of the VCs, three components were estimated
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from single population analyses, and one component was
estimated from the joint analysis. These tests were performed
under the assumption of a normal distribution of random
effects.

Following the Affected Pedigree Member test presented by
Weeks and Lange [1988], and its adaptation to use IBD rather
than IBS sharing [Whittemore and Halpern, 1994; Sham,
1998], we implemented a multi-point allele sharing method to
test for excess allele sharing among groups of individuals in
large pedigrees. The method was performed to compare a non-
parametric test for linkage to the VC method. The relevant
statistics (observed and expected pairwise IBD coefficients)
required to perform the allele sharing test are a natural by¬
product of the first method, because multi-point IBD coeffi¬
cients and average relationships are both needed in our
implementation of the VC method. Using the IBD coefficients
calculated by Loki, an allele sharing test (Z) was calculated
per population for each location, as, Z = ]T](ibdij - ay)/
[var £(ibdij)]1//2, with ibdy the proportion of alleles IBD for
individuals i and j and ay the average (expected) proportion of
alleles IBD. Coefficients ay were calculated from the numera¬
tor relationship matrix [Lynch and Walsh, 1998] and elements
ibdy were calculated from Loki. The summation was taken over
all pairs of either affected or unaffected individuals. In
addition, an allele sharing statistic was calculated for all dis¬
cordant pairs in the pedigree. Hence, per population and per
location, three allele sharing tests were carried out, one for the
affecteds, one for the unaffecteds, and one for discordant pairs.
Parent-progeny pairwise comparisons were omitted from the
analysis because there is no variation in the proportion of
alleles shared IBD between parents and progeny.

The allele sharing test employed assumes that the marker
loci are fully informative. The variance of the proportion of
alleles shared IBD for a given pair is easy to calculate for fully
informative markers in a non-inbred population: E(ibdy) =
ay = lxP(2 alleles IBD) + l/2xP(l allele IBD) + 0xP(0
alleles IBD) = P2 + l/2Px, and, var(ibdy) = P2(l - P2) + l/4Pi
(l-P^-PxP^ Except for fullsibs, where P2=l/4 and
var(ibdy) = 1/8, and double first cousin pairs, the probabilities
of sharing two alleles IBD between relatives in a non-inbred
population are zero. For those relatives, Pi = 2ay and,
var(ibdy) = l/2ay(l - 2ay). Although the variance is relatively
easy to derive for such relatives, the covariance of the sharing
proportion between two pairs of affected individuals is not
[Weeks and Lange, 1988]. With large pedigrees, the contribu¬
tion of these (positive) covariances can dominate the variance
of the overall test statistic, and should not be ignored. For large
and complex, possibly inbred, pedigrees, the exact (co)variance
of IBD sharing for pairs of relatives is difficult to calculate
because it relies on the joint identity of alleles in up to four
individuals [Weeks and Lange, 1988; Ward, 1993]. Therefore, a
simulation gene-drop approach was used to estimate the
variance of the test statistic under the assumption of a fully
informative marker. In each simulation, alleles were 'dropped
down' the pedigree, and the proportion of alleles IBD (0, 1/2, or
1) between all pairs of affected individuals was recorded. For
each population, 100,000 simulations were performed.

The Z-test statistic is approximately distributed as a stand¬
ard normal distribution, and -log10(P value) is distributed as
0.22x (2) under the null hypothesis of no excess allele sharing
(since —21n(P) ~x2(2)). At each genomic location, the sum of
the test statistics (—log10(P value)) from each population was
calculated. This sum is approximately distributed proportional
to a x2 6 degrees of freedom (three populations and
2 degrees of freedom per population) under the hypothesis of no
linkage.

Ifa disease allele is segregating in the pedigree, then affected
pairs will on average share more of their alleles IBD than ex¬
pected at and around the disease locus. Unaffected pairs are

also expected to show excess sharing, but usually to a lesser
extent because of incomplete penetrance. Finally, discordant
pairs are expected to show a deficit in allele sharing. These
expectations allow for a test of homogeneity of allele sharing
statistics. Under the null hypothesis of no linkage, the test
statistic x2 — - Z)2 with Z, (i = 1, 3) the three Z statistics,
follows a x2 distribution with 2 degrees of freedom. This test
statistic was calculated for each of the three samples. The use of
discordant pairs in an allele sharing framework to utilize all
available information on linkage was suggested previously
[Ward, 1993].

To investigate which kinds of relatives contribute to evidence
for excess allele sharing, separate tests were performed for
individuals with ay =(l/2)k, for k=l,.. .,10.

RESULTS

Consensus Map
The consensus map which retains the order of the nine

markers which were in common between the USA and Scottish
datasets is given in the supplementary pages (see the online
Supplementary Table at http://www.interscience.wiley.com/
jpages/0148-7299:l/suppmat/index.html). Five markers from
the Danish data set were ignored in further studies because
they were only loosely linked to the region of interest. There
is strong statistical support for this map. Individual and joint
marker linkage analysis of the Scottish and USA data
revealed that the constrained order of the nine markers was

not significantly worse than any other order, with a log-
likelihood (base 10) difference of 2.0 for the constrained order
and the best order for the combined analysis. Adding the
markers from the Danish study while constraining the order
of the framework markers resulted in a sex-averaged map of
33 cM, from markers D4S2936 to D4S419. Two markers
(D4S1551 and D4S391) were closely linked to D4S419 but
outside the interval and only scored in the Danish sample.
These markers were used for the multi-point IBD calculation
in the Danish sample, but test statistics were only estimated in
the 33 cM region.

VC Method

Figure 1 shows the result for the relevant statistical tests for
QTL variance, from comparing the likelihoods of a model
fitting a QTL plus polygenic variance and a model fitting only a
polygenic variance. The test indicates that there is strong
evidence for linkage in the Scottish families, moderate to
strong evidence for linkage in the Danish families, and no
evidence for linkage in the USA families. Interestingly, the
Scottish data shows a small peak in the LOD curve at marker
D4sl582 (22 cM), whereas the Danish families show a small dip
at this location. However, this could be due to chance. The sum
of the test statistics for each study is not more informative,
because it follows the curve for the Scottish data; the curve for
the USA data is close to zero, and the curve for the Danish data
is fairly fiat.

The joint analysis shows a peak at position 15 cM, with a
LOD score of 2.7. The maximum likelihood estimator of the

polygenic and QTL heritability was 0.10 and 0.24, respectively
for this location. The likelihood-ratio test statistic to test for
homogeneity of all variances is 29.0 at this position, indicating
very strong evidence (P = 0.0001, 6 degrees of freedom) for
heterogeneous variances. Likelihood-ratio tests for models
containing either a residual random effect only or a polygenic
and residual effect to test the hypothesis of homogeneous
residual variances and homogeneous residual and polygenic
variances also indicated strong evidence (P < 0.0004, 2 degrees
of freedom and P < 0.00003, 4 degrees of freedom, respectively)
for heterogeneity of variance.
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Fig. 1. Test statistics (LOD scores) from variance component (VC) analysis for individuals data sets, the sum of the test statistics and the test statistic
from joint analysis.

Allele Sharing Method

Affected individuals. The allele sharing test for affected
individuals shows a very strong signal for the Scottish data,
with a peak of the Z statistic reaching 4.7 at marker D4sl582
(22 cM), a weaker signal for the USA data (Z statistic of 1.3 at
marker D4s394; 13 cM), and no signal for the Danish data. The
evidence for the large amount of excess allele sharing in the
Scottish data is consistent for different kinds of relatives. For

example, the average proportion of excess allele sharing (i.e.,
{ibdy — a^} for groups of relatives with ajj = 0.50, 0.25, 0.125,
and 0.0625 was 0.21, 0.21, 0.22, and 0.24, respectively (results
not shown in tables). Hence, for affected relatives that are

expected to share only 0.0625 of their alleles IBD (e.g., cousins
once removed), the averaged observed proportion ofalleles IBD
was 0.0625 + 0.24 = 0.3025. The evidence for allele sharing
in the USA data was mainly from two groups with ajj = 0.25
(71 pairwise comparisons) and ajj = 0.015625 (99 pairwise
comparisons). There was no evidence for excess allele sharing
among fullsibs (50 comparisons).

Summing up the logarithms of the P values (giving a test
which is distributed proportional to a x2 with 6 degrees of
freedom) again gave no clearer picture for the affecteds because
the test statistic is dominated by the Scottish data, and the
results are not shown.

Unaffected individuals. When the unaffected indivi¬
duals were tested for excess allele sharing [Ginns et al., 1998],
the USA data showed consistent evidence for allele sharing
across the region, with a maximum Z statistic of 2.22, corres¬
ponding to a one-sided P value of 0.013 (at marker D4sl605;
20 cM). Excess allele sharing was observed for fullsibs (a^ = 0.5,
114 pairwise comparisons) and for individuals and grand¬
parents (ajj = 0.25, 73 pairwise comparisons). Both the Scottish

and Danish data sets showed random fluctuation around zero,
consistent with no excess or deficit allele sharing among
unaffected individuals.

Summing up the logarithms of the P values provided no
additional information for the unaffecteds because the test
statistic is dominated by the USA data, and the results are not
shown.

Discordant pairs. The results from the discordant pair
analysis are shown in Figure 2c. The USA sample shows a
consistent excess sharing among discordant pairs, suggesting
(Fig. 2a-c) that there is evidence for excess allele sharing in the
entire pedigree. It is not clear why there is apparent excess
allele sharing throughout the USA pedigrees. This could point
to an unknown problem with one or more of the genetic
markers, and we are investigating this issue further. Inter¬
estingly, the Danish data shows a consistent deficit of allele
sharing among discordant pairs throughout the region, with a
largest absolute Z statistic of -1.87, which corresponds to a
one-sided test statistic of 0.031.

The P values for the test of homogeneity of the allele sharing
statistics is shown in Figure 3. Clearly there is strong evidence
for the Scottish data that the three Z statistics are from
distributions with different means. The Danish data shows no

significant difference between the three Z statistics, presum¬
ably because of the sample size. The USA data also shows no
significant difference because of the similarity of all three Z
statistics.

DISCUSSION

We have applied two statistical analyses to three indepen¬
dent samples which individually had shown strong evidence
for linkage to either bipolar disorder or wellness in the same
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(c) discordant pairs.

chromosomal region. For each of the three samples studied, the
originally published elevated test statistic was confirmed with
either one or both analysis methods. For the Scottish data,
elevated test statistics were found with both the VC and allele
sharing method. For the Danish data, the originally reported
significant parametric LOD score was confirmed using the VC
method. For the USA data set, evidence for excess allele
sharing among the unaffected individuals was confirmed. Once
a common subset of markers had been identified between
the studies, the data collection and analyses was relatively
straightforward. Note that a common set of markers is not
strictly needed as long as all markers can be placed on a
consensus map. It would be feasible to expand this kind ofjoint
analysis to genome scans of multiple studies. In our opinion, in
principle much is to be gained from combining data from
multiple studies, because the limiting factor in most linkage
studies is the sample size, in particular the number of meioses
represented in the samples. Recent meta-analyses [Badner
and Gershon, 2002; Levinson et al., 2003; Segurado et al., 2003]
have captured on the power of analyses based upon large
numbers of observations.

We chose the same subset of nine markers for the USA and
Scottish data sets, whereas a larger number of markers were
used in the original USA study [Ginns et al., 1998]. For
example, we have not used the marker (D4S2949) that pre¬
viously showed the largest test statistic [Ginns et al., 1998].
However, we still have a relatively dense marker map, nine
polymorphic markers across ~30 cM or one marker every
~3-4 cM, which is at least two to three times denser than most
genome scans. Both the allele sharing and VC approach that
we have taken are multipoint. Hence, we do not analyze the
test statistic at a marker location based only on linkage
information for that marker, but also use linkage (IBD)
information from all linked markers. This means that even

though D4S2949 was not used, there is high information
content at the same location as the marker so that the test
statistics are likely to be very similar as if the marker had been
genotyped. The multipoint aspect of our approach can be seen
by the relatively smooth test statistic curves.

From our combined study, there is little evidence that the
same genetic locus on chromosome 4p is responsible for genetic
variation in susceptibility to bipolar disorder in the different
data sets. Combining the test statistics across studies did not
improve the mapping resolution. This is partially explained by
the fact that the signal from the Scottish data is much larger
than from the other studies, and that the test statistic for the
Danish data is relatively constant across the interval because
of the smaller sample size. However, we had hoped that
the USA data, which is by far the largest of the three data sets,
would have contributed in narrowing down the confidence
interval for the putative QTL. Our finding has implications for
candidate gene and/or positional cloning studies, because
evidence from other studies 'confirming' linkage of loci to
bipolar disorder may not be confirmed when analyzing the
original data sets using the same statistical method.

The VC method and allele sharing method are consistent for
the Scottish data only, i.e., showing evidence for a QTL in the
12-24 cM region. There is no evidence for a QTL in the USA
data, but some evidence for excess allele sharing among
unaffecteds. The reason that no QTL activity is detected by
the VC method in the USA sample is puzzling, and suggests
that the evidence from excess allele sharing between unaf¬
fected individuals is not consistent with a correlation between
the phenotypic scores and IBD status. In the VC method,
evidence for variance explained by a QTL partially comes
from the difference in IBD coefficients between and within
concordant and discordant pairs, and in the USA data this
difference is apparently not large enough.

The allele sharing method combines the difference between
expected and observed allele sharing for all pairs of relatives.
Hence, fullsibs, uncle(aunt)-nephew(niece), cousins, indivi¬
duals and grandparents and other more distant relatives all
contribute to the test statistic. In deep pedigrees, this can be
powerful, because for a number of disease models distant
relatives provide more information than close relatives. For
example, for a fully penetrant dominant disease allele, affected
sibpairs will on average share 3/4 of their alleles IBD, and
their expected contribution to the test statistic is (3/4 - 1/2)/
y/(l/8) = 0.71. Similarly, for individual-grandparent pairs, the
expected contribution is (1/2 - 1/4)^/(1/16) = 1.0, i.e., larger
contribution because of the smaller variance in allele sharing.
The VC analysis also uses all comparisons in the pedigree but
implicitly includes the difference in allele sharing of affecteds
and unaffecteds analogous to fitting regressions of pairwise
affected status on the proportion of alleles shared. Therefore,
the VC analysis should be robust to deviations from expected
segregation. The heterogeneity of the allele sharing test also
combines all available information, but is conservative because
it includes a comparison between the sharing statistic for
concordant affecteds and concordant unaffecteds. Under a
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Fig. 3. Test statistics (x<2) statistics) from the homogeneity of allele sharing analysis for individual data sets.

number of disease models, these sharing statistics should
besimilar. In addition, the heterogeneity test is robust to
segregation distortion in the whole pedigree (Fig. 3). We
illustrate these properties of the tests by plotting the -log(P
values) for the Scottish data for the VC test, the allele
sharing test for concordant affecteds and the heterogeneity of
allele sharing test statistic (see the online Supplementary
Figure at http://www.interscience.wiley.com/jpages/0148-
7299:l/suppmat/index.html). The test statistics are similar
in shape and all point to a ~10 cM region with elevated test
statistics. The VC analysis appears almost as powerful as the
allele sharing analysis. The heterogeneity test appears less
powerful because of the small difference in Z statistic
between the unaffecteds and the discordant pairs.

For the statistical analyses, we have made a number of
assumptions that are strictly speaking not correct. For the VC
analyses, we have assumed that the binary trait was normally
distributed. However, previous work on QTL mapping in
animal populations [e.g., Visscher et al., 1996] and the close
correspondence between the LOD curve from multi-point
linkage analysis and the VC method [Visscher et al., 1999]
suggests that the VC method is robust to violations of assump¬
tions regarding the distribution of the trait [see also Allison
et al., 1999]. For the allele sharing method, we have assumed
that markers are fully informative in the estimation of the
variance of the test statistic. It was shown [Kong and Cox,
1997] that the variance of the test statistic can be severely
overestimated (and therefore power decreased) if IBD prob¬
abilities are imprecisely estimated. In our study, the relatively
dense marker map of approximately one polymorphic micro-
satellite marker every 3 cM appears to be a reasonable
approximation to having fully informative markers, because
many of the estimated IBD coefficients had values around 0,
0.50, and 1.0, i.e., the values expected in the case ofsharing 0,1,
and 2 alleles identical by descent. Note that in the estimation of
the IBD coefficients we do take account of all available pedigree
information and hence take account of inbreeding when

calculating the numerator of the test statistic. By performing
gene-drop simulations to estimate the variance of the test
statistic we also take account of inbreeding because simula¬
tions are conditional on the observed pedigrees. From the
available pedigree information, we calculate that only 12 in¬
dividuals (in the USA pedigrees) were inbred, with a mean
inbreeding coefficient of 0.01.

In the published USA study [Ginns et al., 1998], common
allele sharing was tested among people that were well. In this
study, these have been termed 'unaffected.' For the VC
approach, we have phenotypes that are either 0 ('unaffected')
or 1 ('affected'). For the analysis, there is no distinction
between an analysis of 'illness' and one of 'wellness,' because
the objective of the analysis is to explain variation in the
occurrence of illness, which is the same as explaining variation
in the occurrence of wellness. In other words, if we had ex¬
changed the codes (0 for affected and 1 for unaffected) we would
have obtained the same answer. For the allele sharing
approach, we have looked for excess allele sharing among
affecteds (the usual approach) but also for excess allele sharing
among unaffecteds (as was done in the original study [Ginns
et al., 1998]). Depending on the incidence of a complex disease,
the gene action underlying the phenotype and the population/
pedigrees sampled, an allele sharing analysis of affecteds may
or may not be more powerful than an allele sharing analysis of
unaffecteds. A protective allele in a population with a high
incidence of BPAD may be allelic to a susceptibility allele in a
population with a lower incidence.

In conclusion, we have shown that it is feasible to perform
joint analyses of independent data sets using different
statistical methods based on the original marker and pheno-
typic data and a consensus linkage map. That the overall
results are not as clear-cut as we had hoped is a clear reminder
that studies reporting linkage to the same region require
careful scrutiny and preferably joint or meta analysis on the
same basis in order to ensure that the results are truly
comparable.
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Lack of genetic association between the phospholipase A2
gene and bipolar mood disorder in a European multicentre
case-control study
Dimitris G. Dikeosa,b, George N. Papadimitrioua,b, Daniel Soueryc,
Jurgen Del-Faverod, Isabelle Massatc, Douglas Blackwood®, Sven Cichonf,
Eugenia Daskalopouloua,b Sladjana lvezich, Radka Kaneva1,
Georgia Karadimab, Cristina Lorenzik, Vihra Milanova', Walter Muir®,
Markus Nothenf, Lilijana Oruc', Marcella Rietschel9, Alessandro Serrettik,
Christine Van Broeckhovend, Constantin R. Soldatos3, Costas N. Stefanisb and
Julien Mendlewicz®

The possible association between phospholipase A2 gene
and bipolar mood disorder was examined in 557 bipolar
patients and 725 controls (all personally interviewed),
recruited from seven countries (Belgium, Bulgaria, Croatia,
Germany, Greece, Italy, and UK). The frequencies of the
eight alleles that were identified did not differ between
patients and control individuals in the whole population,
while the power to detect an association based on our

sample was relatively high. Some differences were noted
among the various ethnic groups, but no significant trends
existed, suggesting that population stratification by country
may not be responsible for a type II error. On the basis of
these results, mutations of the phospholipase A2 gene, at
least in the region close to the polymorphism examined
between exons 1 and 2, are not involved in the
pathogenesis of bipolar mood disorder. Psychiatr Genet
16:169-171 © 2006 Lippincott Williams & Wilkins.

Psychiatric Genetics 2006, 16:169-171

Keywords: bipolar mood disorder, chromosome 12, genetic association,
phospholipase A2 gene, PLA2

Introduction

Bipolar disorder was found to co-segregate with Darier's
disease, whose gene is neighbouring that of phospholi¬
pase A2 (PLA2) on chromosome 12q23-q24.1 (Seilhamer
etal., 1989; Bashiretal, 1993; Craddocketa/., 1993, 1994).
Linkage and association studies have provided some
further evidence for the possible implication of the PLA2
gene and the chromosomal region around it in the
aetiopathogenesis of bipolar disorder (Dawson et al,
1995a, b; Ewald et ill., 2002; Jones et al., 2002; Curtis et
al., 2003; Glaser et al., 2005; Green et al., 2005; Maziade et
cil, 2005; McGuffin et al., 2005; Shink <?/«/., 2005). On the
contrary, in other studies no genetic association was found
(Jacobsen et al., 1996, 1999; Meira-Lima et al, 2003),
while we have observed an association of PLA2 gene and
unipolar disorder (Papadimitriou et al, 2003).
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The aim of the present study was to search for association
of PLA2 gene with bipolar disorder on the European
population on which the association of this gene with
unipolar disorder was already observed.

Methods
Patients with bipolar disorder (N = 557; 523 bipolar
disorder-i, 34 bipolar disorder-11) were recruited in seven
centres taking part in two collaborative projects sup¬
ported by the European Union (BIOMED 1 and 2,
project leader: J. Mendlewicz): Belgium (n = 67), Bulgar¬
ia (« = 82), Groatia (zz = 87), Germany (n = 40), Greece
(n = 76), Italy (// = 109), and UK (« = 96). A total of 725
controls (no personal history of major psychiatric dis¬
order) were also recruited at the same centres (» = 73,
102, 97, 201, 48, 83 and 121, respectively). After informed
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consent, all study participants were personally inter¬
viewed using semi-structured interviews; diagnosis was
based on Diagnostic and Statistical Manual of Mental
Disorders-Fourth edition criteria.

The PLA2 marker was blindly genotyped at the
participating laboratories according to standard procedure
(Polymeropoulos et al., 1990) using primers forward: 5'-
CTACGTTGTAAGCTGCATCA-3', and reverse: 5'-
TTGAGCACTTACTCTGTGGC-3'; the DNA region
marked by these primers lies between exons 1 and 2 of
the gene. In each centre, three individuals from the
reference genotype database of the 'Centre d'Etude du
Polymorphisme Humain' (CEPH) were genotyped and
five randomly chosen samples from each centre were
analysed in the reference laboratory in Antwerp; no
genotyping discrepancies were detected. Detailed in¬
formation on recruitment and genotyping can be found
elsewhere (Souery et al., 1998; Papadimitriou et al., 2003).

I lardy-Weinberg equilibrium was assessed by the GEN-
EPOP computer programme (Raymond and Rousset,
1995). Power analyses were performed through the
programme GPOWER-Version 2.0 (Faul and Erdfelder,
1992) based on an a level of 0.05. To assess the possible
genetic association, Statistical Package for Social Sciences
(SPSS for Windows, Release 10.1.0, September 2000) was
used. The analysis was based on '/} tests of individual
alleles and of short (5-8) vs. long (1-4) alleles. Genotypes
were also analysed to avoid the assumption of co-
dominance of the allele-only analysis. The Mantel-
Haenszel method was applied to control for sex and
population variability; Breslow-Day tests were used to
assure homogeneity of the sample.

Results
The total sample of controls was in Hardy-Weinberg
equilibrium (P=0.53, non-significant deviation, taking
into account population variability); Breslow-Day tests
showed no centre and sex effects.

The frequencies of the identified eight alleles are

presented in Table 1. Allele percentages did not differ
substantially between controls and the CEPH genotype
database. They, also, were similar between patients and
controls (xZ = 10.685, df = 7, P = 0.15); visual inspection
of the allele distribution per population did not reveal any
recognizable pattern of differences between patients and
controls, although there have been certain populations in
which there was a slight deviance. No association was
observed for short vs. long alleles (x = 1.507, df = 1,
P = 0.22, Mantel-Haenszel test controlling for ethnicity).
Genotypic association was not observed for genotypes
with frequencies greater than 3% (/2 = 8.337, df = 8,
P= 0.40).

Table 1 Distribution of allele frequencies at the phospholipase A2
locus in patients (bipolar disorder I and II) and controls

Allele frequencies in the study
population

Allele number Length in
base-pairs

Allele frequen¬
cies in the

CEPH data¬
base (%)

Controls

[n (%)]
Patients

[n (%)]

1 143 0.4 4 (0.3) 6 (0.5)
2 140 7.4 113 (7.8) 88 (7.9)
3 137 18.4 226 (15.6) 141 (12.7)
4 134 11.0 202 (13.9) 158 (14.2)
5 131 1.8 48 (3.3) 45 (4.0)
6 128 17.6 220 (15.2) 167 (15.0)
7 125 42.3 625 (43.1) 489 (43.9)
8 122 1.1 12 (0.8) 20 (1.8)
Total 100.0 1450a (100.0) 1114b (100.0)

•/2= 10.685; df = 7; P=0.15 (NS). After pooling rare alleles (alleles 1, 5, and 8):
£2 = 8.513; df = 5; P=0.13 (NS). CEPH, Centre d'Etude du Polymorphisme
Humain (http://www.cephb.fr/).
aAllele observations of 725 control individuals.
bAllele observations of 557 bipolar patients.

The power to detect an allelic association was 0.80 for an
effect size of w = 0.078, corresponding to a difference of
approximately 8% between two main genotypes (odds
ratio =1.38) (Cohen, 1988).

Discussion
In the present study involving seven European popula¬
tions, no genetic association was observed between the
gene for the pancreatic PLA2 on chromosome 12q23—
q24.1 and bipolar disorder.

Genetic association studies are more suitable than linkage
ones to identify minor loci, even in the case of substantial
heterogeneity, but lack of power is often a major
drawback (Stefanis et al., 1995; Schulze and McMahon,
2003). Our population, being the largest to date for
association of PLA2 and bipolar disorder (557 patients
and 725 controls vs. 181 patients and 312 controls of the
Meira-Lima et al., 2003 study), gives a power of 80% for an
effect size of (Cohen's w) 0.078, which is approximately
the lowest estimate for a single candidate gene effect
(Kendler, 2005). Thus, we may rule out the possibility of
a false-negative finding due to lack of power; in addition,
the distribution of allele frequencies between patients
and control individuals is strikingly similar. The observed
lack of association, also, does not seem to be due to the
fact that populations from various ethnic backgrounds are
included, as the variability of allele frequencies among
centres was not statistically significant and as it is
believed that genetic markers that vary in frequency
across populations usually do not have a biological impact
on the variation of the risk of common diseases (Ioannidis
et al., 2004). Finally, the fact that there were no

genotyping discrepancies detected among laboratories
makes it improbable that the negative result was due to
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statistical noise produced by differences in laboratory
practices.

The initial association observed by Dawson etat. (1995b)
on 54 bipolar patients and 56 control individuals may,
thus, be considered as a false-positive result. Of previous
linkage studies that provided evidence for a bipolar
susceptibility gene in the region, only in one the PLA2
gene seemed to be directly linked to the disorder,
particularly when affected status was based on the broad
diagnostic definition (unipolar or bipolar), rather than on
the narrow (only bipolar) (Dawson et til, 1995a). In all
other linkage studies of the 12q23-q24 region, different
nearby genes (e.g. ATP2A2, ATP2B1, NOS1, PAH, DAO,
CUX2) were suggested as more probable candidates to
account better for the highest of LOD scores (Olson eta/.,
1991; Xu et a/., 1993; Hoglund et al., 1995; Sakuntabhai et
a/., 1999; Glaser etal., 2005; McGuffin et al., 2005; S h i n k et
al, 2005). Reported linkage, thus, may be the result of
one of the other nearby genes conferring susceptibility or
may be due to the association with bipolar disorder of
another remote polymorphism on PLA2 gene itself, being
in linkage disequilibrium with the polymorphism we
examined. Another possibility is that the linkage results
might be influenced by the association of the PLA2 gene
with unipolar disorder (Papadimitriou et al., 2003).

In conclusion, the negative results of this study, based on
a sample with enough power to provide a rather definitive
statement, replicate the similar findings of three other
association studies (Jacobsen et al., 1996, 1999; Meira-
Lima et al, 2003) and suggest that mutations and/or
polymorphisms of the PLA2 gene, at least in the region
close to the examined locus between exons 1 and 2, are
not involved in the pathogenesis of bipolar mood disorder.
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Genome-wide scan for genes involved in bipolar affective
disorder in 70 European families ascertained through a
bipolar type I early-onset proband: supportive evidence
for linkage at 3p14
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Preliminary studies suggested that age at onset (AAO) may help to define homogeneous
bipolar affective disorder (BPAD) subtypes. This candidate symptom approach might be useful
to identify vulnerability genes. Thus, the probability of detecting major disease-causing genes
might be increased by focusing on families with early-onset BPAD type I probands. This study
was conducted as part of the European Collaborative Study of Early Onset BPAD (France,
Germany, Ireland, Scotland, Switzerland, England, Slovenia). We performed a genome-wide
search with 384 microsatellite markers using non-parametric linkage analysis in 87 sib-pairs
ascertained through an early-onset BPAD type I proband (AAO of 21 years or below). Non-
parametric multipoint analysis suggested eight regions of linkage with P-values<0.01 (2p21,
2q14.3, 3p14, 5q33, 7q36, 10q23, 16q23 and 20p12). The 3p14 region showed the most
significant linkage (genome-wide P-value estimated over 10 000 simulated replicates of 0.015
[0.01-0.02]). After genome-wide search analysis, we performed additional linkage analyses
with increased marker density using markers in four regions suggestive for linkage and having
an information contents lower than 75% (3p14,10q23,16q23 and 20p12). For these regions, the
information content improved by about 10%. In chromosome 3, the non-parametric linkage
score increased from 3.51 to 3.83. This study is the first to use early-onset bipolar type I
probands in an attempt to increase sample homogeneity. These preliminary findings require
confirmation in independent panels of families.
Molecular Psychiatry (2006) 11, 685-694. doi:10.1038/sj.mp.4001815; published online 14 March 2006
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Introduction

Bipolar affective disorder (BPAD) is a chronic psy¬
chiatric disorder with a lifetime cumulative risk of
around one percent, affecting males and females
equally.1 Family, twin and to a less extent adoption
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686
studies strongly support a genetic component of
BPAD, buts its mode of inheritance remains
unclear.1-3 Genome-wide searches have detected
numerous chromosomal regions possibly linked to
BPAD, leading to conflicting results. A recent meta¬
analysis of 18 BPAD genome scan data sets4 suggested
that no chromosomal region achieved genome-wide
statistical significance according to several simula¬
tion-based criteria. However, the most significant P-
values (< 0.01) were observed for chromosomes
9p22.3-21.1, lOqll.21-22.1 and 14q24.1-32.12. The
discrepancies between studies may be explained by
differences in study design (including sample size,
type of family structure, mode of ascertainment,
phenotypic definitions and statistical methods used)
and potential false-positive results. These conflicting
results may also be due to the lack of a consensus
definition for the affected phenotype and the possible
clinical heterogeneity of BPAD.5

Several studies have suggested that early-onset
BPAD is a clinically and genetically homogeneous
subtype of BPAD with greater heritability than late-
onset BPAD. Clinical studies have demonstrated that
early-onset BPAD is a more severe form of the disease,
characterized by frequent psychotic features, more
mixed episodes, greater psychiatric co-morbidity
(with panic disorder and alcohol/drug abuse or
dependence) and poorer response to prophylactic
lithium."-" Familial aggregation is stronger in relatives
of early-onset (15-30%) than of late-onset (3%) BPAD
probands."-1" Finally, several studies have suggested
the existence of an intra-familial correlation for age at
onset (AAO) among bipolar siblings.11,13 A recent
segregation analysis showed that BPAD is transmitted
differently in early- and late-onset BPAD families.10
Several association studies investigating early-onset
BPAD subgroups suggested the implication of candi¬
date genes such as those encoding glycogen synthase
kinase 3-beta (OMIM number 605004)13 and the
dopamine receptor D3 (OMIM number 126451).14
Finally, polymorphisms in the serotonin transporter
(SLC6A4 - OMIM number 182138) and apolipopro-
tein E (OMIM number 107741) genes seem to
influence BPAD AAO.15-17

Thus, we hypothesized that focusing on families
ascertained through an early-onset type I BPAD
proband might reduce the heterogeneity of the BPAD
phenotype, thus increasing the probability of detect¬
ing risk loci by linkage analysis. Such a 'symptom
candidate approach'5 using AAO has been already
used in other complex diseases such as breast cancer
or Alzheimer's disease and has been useful in

identifying susceptibility genes.,",1° We recruited a
large sample of sib-pairs including one proband with
early-onset type I BPAD as part of the European
Collaborative Study of Early Onset BPAD (France,
Germany, Ireland, Scotland, Switzerland, England
and Slovenia). The aim of the study is to find genetic
factors involved in BPAD in an homogeneous sample
ascertained through an early-onset type I BPAD
proband. This is the first genome-wide search

performed using both bipolar I disorder and AAO as
inclusion criteria for ascertainment.

Materials and methods

Subjects
Families were recruited within the European Colla¬
borative Study of Early-Onset BPAD and were eligible
for inclusion only if the proband met the DSM-IV
criteria20 for BPAD type I with an AAO of 21 years or
below. Bipolar affective disorder type I is defined by
the presence of manic episodes with or without
depressive episodes. Bipolar affective disorder type II
is defined by the presence of hypomanic episodes with
depressive episodes.2" The AAO threshold was chosen
according to a previous admixture analysis21 that has
been replicated22 in two large independent samples of
BPAD I patients. These studies identified three AAO
subgroups: early (AAO <21 years old), intermediate
and late onset (AAO >37 years old). Here, AAO was
defined for all centers as the age of the first thymic
episode (depressive, manic or hypomanic) determined
by reviewing medical case notes and information from
semistructured interviews. Affected sibling was diag¬
nosed with BPAD (type I or II) or schizo-affective
disorder with no specific requirements regarding AAO,
or with major depressive episode (MDE, single or
recurrent) with an AAO of 21 years or below. In this
study, patients suffering from recurrent major depres¬
sive episodes with AAO below 21 years old were
considered as affected, because it was postulated that
they belong to the bipolar spectrum disorder as defined
by Ghaemi et al.2* In addition, siblings of BPAD I early-
onset probands suffering from only one major depres¬
sive episode beginning before the age of 21 years old
are known to be at high risk of progression to bipolar
disorder.24,25

Each participant (proband, sibling and parents) was
interviewed by a trained psychiatrist using one of the
following instruments: Diagnostic Interview for Ge¬
netic Studies (DIGS),2" Composite International Diag¬
nostic Interview (CIDI),27 Structured Clinical
Interview for DSM-IV (SCID)2" or Schedule for
Affective Disorders and Schizophrenia (SADS).20
These diagnostic questionnaires produce DSM-IV
diagnoses. If parents were not evaluated, their
phenotype was defined as unknown. Dizygotic and
monozygotic twins were excluded. All subjects were
of Caucasian origin. Seventy families were recruited
as part of the European Collaborative Study of Early-
Onset BPAD. Among these 70 families, 27 came from
Germany (10 of these German families were included
in a previous genome scan30), 16 from Ireland, 11 from
France, six from Scotland, six from Switzerland and
four from England. The protocol was approved by an
ethics committee in each participating country and all
subjects signed informed consent forms.

Disease classification
All probands were diagnosed with early-onset
type I BPAD and were thus considered to be affected.
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For the sib-pair analysis, we defined two pheno-
types. For the 'broad phenotype,' siblings were
considered as affected if they had BPAD type I or 11
or bipolar-type schizo-affective disorder, regardless of
AAO, or if they had a major depressive episode
(single or recurrent) with an AAO of 21 years or
below. For the 'narrow phenotype,' siblings were
considered as affected if they suffered from BPAD
type 1 with an AAO of 21 years or less, as for
probands. The sample consisted of 87 sib-pairs
according to the broad phenotype. Among them, 29
sib-pairs met the criteria for the narrow phenotype
definition.

Genotyping
Genomic DNA was isolated from peripheral blood
leukocytes by the phenol/chloroform method. The
genome screen included 384 highly polymorphic
microsatellite markers (Linkage Marker Set MD 10
(Applied Biosystems, Foster City, CA, USA)) and was
performed at the Centre National de Genotypage
(CNG - France). The average spacing between
markers was 9.2 cM, with the largest gaps between
D6S1610-D6S257 (23.8cM) and D21S1911-
D21S1914 (22.5 cM). The average heterozygosity
was 75%. Automatic genotyping was performed
by applying the following processes implemented in
the Genetic Profiler software (version 1.1) to the
raw MegaBACE data: trace processing, fragment
sizing, allele calling and assigning genotype
quality scores (QSs). A quality score (QS) was
assigned to each genotype. This QS is based on the
quality of the amplification, the morphology of the
marker, the presence or the absence of spurious peaks
and the allele favoritism (case of the heterozygous
samples only) but also on the deviation of the
observed value from the median value for the allele,
weighted by the s.d. of the distribution over all
observations. Before statistical analysis, rigorous
genotype quality assurance was performed to ensure
accurate binning of alleles. The consistency of the
data with Mendelian inheritance and the lack of
recombination between loci were evaluated using
Pedcheck31 and other purpose-written programs.
Potentially incorrect genotypes were re-examined
and retested if necessary. The mean success rate
of genotyping is 95%. Allele frequencies were
determined using the FBAT software32 and were
compared to those available in databases (http://
www.cephb.fr;http://www.genethon.fr; http://
www.chg.duke.edu). We checked that the marker
maps used in our analysis were consistent with
published maps (http://research.marshfieldclinic.
org). Marker locations (distance from p-ter) were
extracted from the Marshfield database (http://re-
search.marshfieldclinic.org). Cytogenetic location
was extracted from the Human Genome Browser
on the Sanger Institute website (http://www.
ensembl.org/Homo_sapiens). DNA was available for
all sib-pairs and for 76.9% of parents.

Additional linkage analyses with increased marker
density
After genome-wide search analysis, we performed
additional linkage analyses with increased marker
density using 28 additional markers. Eleven of them
were located in regions suggestive for linkage at
P= 0.01 and having an average information content
lower than 75% (3pl4, 10q23, 16q23 and 20pl2). This
led to an average spacing between markers around
4 cM for these regions. Seventeen markers were
spread in other regions with low informativity.

Non-parametric linkage analysis
The traditional LOD-score method is not directly
applicable when the disease model is unknown, as is
the case for many common heritable disorders. We
thus performed linkage analyses using model-free
methods that do not require specification of the
underlying genetic model for the trait being investi¬
gated. Non-parametric bipoint and multipoint linkage
analyses were performed using the Non-Parametric
Lodscore (NPL) statistic of the GENEHUNTER 2.1
program.33 The strength of the linkage was expressed
as NPL score and P-value. The NPL score was defined
as the sum of NPL over the n pedigrees. For the ith
pedigree, the NPL score was defined as
NPL(i) = [S(v) — m]/s, where S(v) is the number of pairs
of alleles identical by descent for the two sibs given
the inheritance vector v, and m and s are, respectively,
the mean and the s.d. of S under the uniform
distribution over the possible inheritance vectors. If
allele sharing identical by descent in sib-pairs could
not be directly determined (e.g. when DNA from one
or both parents was missing), parental haplotypes
were estimated based on the haplotypes of their
offsprings. Under the hypothesis of no linkage, when
there is complete parental information, the P-value
can be calculated from the distribution of all the

possible inheritance vectors. When parental haplo¬
types are estimated, we can either use an estimation
of the complete information case or use the property
that the NPL score tends towards a standard normal
variable with a mean of 0 and a variance of 1. As few
families in our sample included three affected sibs, all
possible pairs were considered without using any
weighting procedure. Indeed, when the number of
sib-ships of size 3 or more is moderate, forming all
possible pairs only slightly increases type I errors,
whereas frequently used weighting procedures de¬
crease the efficiency of the tests.34

Test for parent-of-origin effect
Paternal and maternal inheritances were investigated
using the ASPEX program.35 This method reports
identity-by-descent information for all affected sib-
pairs in nuclear families. At a given locus, for each
parent, the program compares the corresponding
alleles for each member of an affected sib-pair. If
both alleles can uniquely be identified, the pair is
scored as either identical or non-identical by descent
from that parent, at that position. If the match is
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ambiguous, the position is scored as being unin-
formative. If data from additional siblings are avail¬
able, they are used to reconstruct missing parents. To
test for a parent-of-origin effect, we used a classical yf
test to compare maternal and paternal allele sharing.
To correct for multitesting, we applied the classical
Bonferroni's correction.

Simulation study
As we conducted multiple analyses for multiple
markers, we carried out a simulation study to estimate
the genome-wide empirical P-values. Given the small
number of families, it is preferential to use simula¬
tions, rather than asymptotic theory (Holmans, 2001).
Marker allele frequencies and map distances were
kept as in the original sample and genotypes were
dropped through the 70 families, with the SIMULATE
program.3" This program was modified to keep the
original founder's genotypes, under the hypothesis of
no linkage between the disease and the markers. Our
aim was to obtain the same information for replicates
and the original set: the same parental genotypes, the
same map distances, missing individuals for each
marker and phenotypes for each individual. To
estimate the genome-wide P-values, we simulated
10 000 replicates for the 22 autosomes. The pheno¬
types were not simulated, and each individual was
attributed his or her real set of phenotypes. These
replicates were analyzed by genome-wide multipoint
analyses. For each replicate i, the maximum NPL
score (NPLM,) was recorded. For example, the
genome-wide P-value for an NPL of 3.51 was
determined by the number of times NPLM, exceeded
3.51 divided by the number of replicates. This gave us
the genome-wide P-value accounting for multiple
testing at all positions of the genome. We were also
able to calculate the number of occurrences of a given
NPL in each replicate NbT. This process was
implemented in the FDB linkage and association
management system.37

Results

Description of the sample
We recruited 70 nuclear families ascertained through
an early-onset BPAD, including 87 sib-pairs according
to the broad phenotype definition. Among them, 29
sib-pairs were considered as affected using the
narrow phenotype definition. For the broad pheno¬
type, mean AAO was 17.2 + 2.4 years (range 11-21
years) for probands and 22.0 + 6.8 years (range 9-46
years) for siblings. The sex ratio (male/female) was
0.66 for probands and 0.76 for siblings. The siblings
were diagnosed with: BPAD type I (69.6%; 1V=55),
BPAD type II (13.9%; 1V=11), bipolar-type schizo¬
affective disorder (10.1%; N= 8) and major depressive
episode (single or recurrent) (6.3%; N= 5). For the
narrow phenotype, mean AAO was 17.4 + 2.5 years
(range 12-21 years) for probands and 17.5 + 2.9 years
(range 9-21) for siblings. The sex ratio was 0.80 for
probands and 0.87 for siblings.

Non-parametric linkage analysis
The results of the non-parametric bipoint linkage
analysis are presented in Table 1. When all P-values
were nonsignificant over a region of more than 20 cM
between two markers in favor of linkage (i.e. with a
P<0.05), markers were assumed to detect different
regions of linkage. Four regions had a P-value<0.01:
the 3pl4.1-14.3 region linked to the broad (P =0.002)
and narrow (P=0.01) phenotypes, respectively; the
10q23.33-q24.31 and 20pl2.2 regions linked to the
broad phenotype only (P=0.01 and 0.002, respec¬
tively) and the 16q23.1 region linked to the narrow
phenotype only (P= 0.004). The 2p21-p23.2 and the
17qll.2-q22 regions had a P-value<0.05 for adjacent
markers (P=0.02 for the broad phenotype in 2p and
P = 0.03 for the narrow phenotype in 17q). None of the
13 chromosome X markers was suggestive for linkage.

Non-parametric multipoint linkage analysis plots
are described in Figure 1 for both phenotypes.
Multipoint NPL value are reported in Table 2 for
each chromosomal regions identified in bipoint
analysis. Most of the 13 regions reached NPL values
at the maximum multipoint test statistic that were
higher than those obtained by single point analysis.
The only exceptions were found at chromosomes
7q21.3, 10pl3 and 16q23.1, for which a lower or equal
significance level in multipoint analysis was obtained
comparing to single-point analysis. Non-parametric
multipoint linkage analysis of these regions revealed
significant linkage (P^O.Ol) for at least one pheno¬
type in the following regions: 2p21 (NPL = 2.8,
P = 0.003), 2ql4.3 (NPL = 2.24; P=0.01), 7q36
(NPL = 2.43; P= 0.007), 10q23 (NPL = 2.45; P= 0.007)
and 20pl2 (NPL = 2.25; P=0.01) only for the broad
phenotype, 3pl4 for both the narrow (NPL = 1.65;
P = 0.004) and broad phenotypes (NPL = 3.51
P = 0.0002) and 5q33 (NPL = 1,4; P = 0.01) and 16q23
(NPL = 1.64; P = 0.005) only for the narrow phenotype.

Additional linkage analyses with increased marker
density
Among the most significant regions (P<0.01 in
multipoint analyses) and when information content
was lower than 75%, 11 additional markers were

genotyped (in regions 3pl4, 10q23, 16q23 and 20pl2).
For these regions, the location of the peak of linkage
remained unchanged and the information content
improved by about 10% in each region. In chromo¬
some 3 region, the NPL score increased from 3.51 to
3.83 (broad phenotype, P = 0.00005) and from 1.65 to
1.70 (narrow phenotype, P = 0.003). In chromosome
10, the NPL score decreased from 2.45 to 2.25 (broad
phenotype, P=0.01). In chromosome 16, the NPL
score decreased from 1.64 to 1.33 (narrow phenotype,
P = 0.02). In chromosome 20, the NPL score increased
from 2.25 to 2.5 (broad phenotype, P = 0.006). We have
also genotyped 17 markers spread in other regions
with low informativity. Analyses of additional mar¬
kers in these regions did not change the results of the
multipoint linkage analysis (data not shown).
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Table 1 Non-parametric bipoint linkage analysis - Regions detected with a P-value ^0.05

Cytogenetic location Marker name Dist. from p-ter (cM) IC Narrow phenotype Broad phenotype

NPL P-value NPL P-value

2p23.2
2p22.3
2p21
2p21
#

2ql4.3
U

D2S165
D2S367
D2S2259
D2S391

47.43
54.96
64.29
70.31

0.70
0.74
0.64

0.58

0.59
0.9
0.69

0.42

0.17
0.08
0.14
0.25

1.67

1.7

1.61

1.94

0.05
0.04

0.05

0.02

D2S347 131.51 0.56 0.57 0.18 1.65 0.05
ff

3pl4.2
3pl4.1
u

D3S1300
D3S1285

80.32
91.18

0.68
0.56

1.47

0.46

0.01

0.23

2.88

1.96
0.002
0.02

ff

4ql3.3
#

5q32
a

D4S392 78.97 0.64 0.70 0.14 1.68 0.04

D5S436 147.49 0.68 1.10 0.04 0.84 0.20
ft

7 q21.3 D7S657 104.86 0.65 0.62 0.16 1.64 0.05

7 q36
u

D7S798 168.98 0.67 0.12 0.43 1.83 0.03
ff

10pl3
#

10q23.33
10q24.31
#

16pl3.2
#

16q23.1
a

D10S1653 40.36 0.7 1.07 0.04 0.51 0.30

D10S185
D10S192

116.34
124.27

0.66
0.66

0.50
-0.06

0.22
0.54

2.25

1.88

0.01

0.03

D16S404 18.07 0.69 1.26 0.02 1.14 0.12

D16S516 100.39 0.6 1.64 0.004 1.36 0.08
ff

17qll.2
17q21.32
17q22
#

20pl2.2

D17S798
D17S1868
D17S787

53.41
64.16
74.99

0.58

0.63
0.63

1.17
0.97
1.01

0.03

0.06
0.05

0.33
0.87

0.9

0.37
0.19
0.18

D20S186 32.3 0.65 0.3 0.32 2.93 0.002

Abbreviation: IC: information content.
# Indicates two different regions (markers were assumed to detect different regions of linkage if all P-values were
nonsignificant over a region of >20cM between two markers with significant linkage).
For region of linkage, NPL and P-values are indicated in bold.

Simulation study
For the broad phenotype, a NPL of 3.51 corresponded
to a genome-wide P-value of 0.015 [0.01-0.02] on the
basis of simulations. According to simulations, a NPL
score equal and higher than 3.23 would be needed to
achieve empirical genome-wide significance at the
0.05 level in our data. Therefore, only the 3pl4 region
was still significant according to the genome-wide
P-value.

Paternal and maternal contributions to linkage
detection

Parent-of-origin effect was investigated in the eight
regions linked to at least one phenotype with a P-
value lower than 0.01 (see Table 3). An excess of
maternal sharing compared to paternal sharing was
suggested for 3pl4 for the narrow phenotype (ORma.
lama)= 9.3 [1.6-54.8]; P= 0.008) and an excess of
paternal sharing was suggested for 10q23 with both

phenotypes (ORpa,= 5.0 [1.0-24.9]; P=0.03 for the
narrow phenotype and ORpalornil| = 2.3 [1.0-5.5];
P=0.05 for the broad one). When Bonferroni's
correction for multitesting was applied, no parent-
of-origin effect remained significant.

Discussion

The aim of our study was to search for genes
implicated in BPAD. We hypothesized that ascertain¬
ing families through an early-onset bipolar I patient
led to select an homogeneous sample of patients. As
the traditional LOD score method cannot be applied
directly when the disease model is unknown, we used
model-free methods to search for chromosome regions
linked with BPAD in a sample of 70 European
families ascertained through an early-onset BPAD
type I proband. Non-parametric multipoint
analysis identified eight regions of linkage with
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Figure 1 Non-parametric multipoint linkage analysis plots.
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Table 2 Non-parametric multipoint linkage analysis

Marker name Distance of peak from p-ter IC at peak Narrow phenotype Broad phenotype

NPL P-value NPL P-value

D2S2259-D2S391 64.29 0.83 1.03 0.05 2.78 0.003
D2S347 131.51 0.74 0.48 NS 2.24 0.01

D3S1300 80.32 0.83 1.65 0.004 3.51 0.0002

D4S392 78.97 0.78 0.81 NS 1.73 0.04

D5S410 156.47 0.80 1.37 0.01 1.51 0.06
D7S657 104.86 0.81 0.48 NS 1.49 0.07
D7S798 168.98 0.82 0.19 NS 2.43 0.007

D10S1653 40.36 0.85 1.07 0.04 0.43 NS
D10S185 116.34 0.80 0.20 NS 2.45 0.007
D16S404 18.07 0.86 0.99 NS 1.70 0.04

D16S516 100.39 0.76 1.64 0.005 1.07 0.14
D17S944 82.56 0.79 1.28 0.02 0.39 NS
D20S186 32.30 0.81 0.05 NS 2.25 0.01

Abbreviation: NS: nonsignificant.
IC: information content.
For region of linkage, NPL and P-values are indicated in bold.

Table 3 Test for parent-of-origin effect

Locus

Maternal
meiosis

%ibd y-

Narrow phenotype

Paternal
meiosis

Test for parental
contribution yf

CP-value)
%ibd

Maternal
meiosis

%ibd y'

11road phenotype

Paternal
meiosis

%ibd T

Test for parental
contribution yf

(P-value)

D2S2259 53.3 0.07 57.9 0.47 0.07 (NS) 65.1 3.93 57.1 1.00 0.6 (NS)
D2S391 57.1 0.29 53.3 0.07 0.04 (NS) 71.8 7.41 57.1 0.86 1.9 (NS)
D2S347 77.8 2.78 55.6 0.11 1.0 (NS) 69.7 5.12 60.6 1.48 0.6 (NS)
D3S1300 41.2 0.53 86.7 8.07 7.0 (0.008) 52.1 0.08 70.2 7.68 3.3 (0.07)
D5S410 56.2 0.25 72.2 3.56 0.9 (NS) 50.0 0.00 53.1 0.18 0.01 (NS)
D7S798 44.4 0.22 47.8 0.04 0.05 (NS) 59.6 1.72 52.6 0.16 0.5 (NS)
D10S185 81.2 6.25 46.7 0.07 4.0 (0.04) 70.8 8.33 51.1 0.02 3.8 (0.05)
D16S516 73.3 3.27 80.0 5.40 0.2 (NS) 61.8 1.88 60.0 1.40 0.02 (NS)
D20S186 61.5 0.69 50.0 0.00 0.4 (NS) 69.6 7.04 71.1 8.02 0.03 (NS)

NS: nonsignificant.
ibd: identical by descent.
P-values <0.05 are indicated in bold.

P-values <0.01 (2p21, 2ql4.3, 3pl4, 5q33, 7q36,
10q23, 16q23 and 20pl2). The genome-wide P-value
at 3pl4 was 0.01, estimated by our simulation study
of 10 000 replicates. Interestingly, an excess of
maternal sharing for the 3pl4 region and an excess
of paternal sharing for 10q23 were suggested but these
results did not remain significant after Bonferroni's
correction for multitesting.

In this multicentric study, diagnoses for affective
disorders were generated using the following instru¬
ments: DIGS, CIDI, SCID or SADS. All these ques¬
tionnaires generated DSM-IV criteria-based
diagnoses. Differences in sensitivity and specificity
of these instruments may have introduced some
clinical heterogeneity. However, inclusion criteria

were strictly based on DSM-IV affective disorders
definitions and all centers used the same stringent
definition for AAO. Using these strict inclusion
criteria may have restricted the heterogeneity inher¬
ent in our multicentric study design.

As expected, there is a high concordance between
probands and siblings diagnoses as 70% of siblings
(JV=55) were diagnosed with BPAD type I, 14% with
BPAD type II (N=ll), 10% with schizo-affective
disorder bipolar type (N= 8) and 6% of major
depressive episode (single or recurrent; Al=5). We
determined a strict threshold to define AAO for

proband inclusion criteria (equal or lower than 21
years). Using such a criteria led us to analyse a small
sample of sib-pairs for the narrow phenotype. With a
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Table 4 Regions detected in published genome searches and replicated in the European families for BPAD phenotypes
(PcO.Ol)

Region Distance from p-ter
Marschfield (cM)

Early onset BPAD
Peak of linkage

Previous genome wide
searches of BPAD

Phenotype (P-value) Authors (Year)

2p22—p25
2p21
2pl4
#

2ql4
2q21
#

3pl4
3pl4

3pl3-pl4

#

5q33
5q33
5q35
#

7q34-q36

7q36

28-55
64

87
Broad (P= 0.003)

Detera-Wadleigh (1999)3", Cichon (2001 )30

Liu (2003):fi>

131

142-147

Broad [P= 0.01)
Cichon (2001)30; Ewald (2003)47

62-79

80

90-103

Narrow [P= 0.004)
Broad (P = 0.0002)

Fallin (2004)4", Kelsoe (2001)41

Mc Innes (1996)4Z, Kelsoe (2001)41,
Cichon (2 0 01)30, Radhakrishna (2001 )4"

156
160

184

Narrow (P = 0.01)
Edenberg (1997)4"
Detera-Wadleigh (1999)3"

147-161

168 Broad (P= 0.007)

Cichon (2001):io, Detera-Wadleigh (1997)43,
Curtis (2003)44

10q23
10q24—q25

116

124-134

Broad (P= 0.007)
Cichon (2001)30, Kelsoe (2001)41

16q24
16q24

100
129

Narrow (P= 0.005)
Mc Innes (1996)42

20pl2
20pl2
20pl2

25
32

33-39
Broad (P= 0.01)

Morissette (1999)45

Radhakrishna (2001)40, Morissette (19 99)45,
Cichon (2001)3"

# Markers were assumed to detect different regions of linkage if all P-values were nonsignificant over a region of >20cM
between two markers with significant linkage.
Regions of linkage identified in this study (and corresponding location from p-ter) are indicated in bold.

less stringent AAO criteria (equal or lower than 25
years), 74 of 87 sib-pairs (85%) would have been
concordant for AAO, whatever there primary affective
diagnoses were.

Regions 2p21, 3pl4, 5q33 and 20pl2 appeared to be
linked to both phenotypes, whereas 2pl4.3, 7q36 and
10q23 showed linkage only to the broad one. These
results might be interpreted as a gain of power due to
sample size (29 sib-pairs for the narrow phenotype
versus 87 for the broad one).

Examination of (i) the number of studies revealing
positive linkage, (ii) the degree of overlap between
the detected regions and (iii) similarities in
phenotypic definition may shed some light on these
results. Seven of these regions have previously
been reported to be linked to BPAD. Regions
3pl4, 7q36, 10q23 and 20pl2 are particularly
interesting as they were detected in our sample
and in at least two of the previously published scans

in BPAD using a significance threshold of P<0.01
(see Table 4). Chromosomal regions 2p21,38,39
3pl4,411-42 7q3643,44 and 20pl245,4B were previously
identified in three independent studies, reinforcing
the hypothesis of linkage. Some of these regions
(2p21, 7q36 and 20pl2) were also detected in a
previous genome scan.30 However, since some
families were analyzed in this paper and in our
study, our results cannot be considered to be an
independent replication. The 16q24 region, which
was significant only with our narrow definition,
has not been described in any BPAD genome
scan. This result could be a false positive due to
multitesting. Our approach, using both BPAD type I
and AAO as inclusion criteria for probands, allowed
us to select only seven regions among numerous
regions suggested by published genome-wide
searches of BPAD and to suggest the implication of
the 3pl4 region.
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We investigated if any candidate genes reported as
associated with early-onset BPAD could be located
near regions of linkage. Our study showed a bipoint
NPL of 1.2 (P=0.03) for the narrow phenotype at
marker D17S798, which is about 3 cM from the
serotonin transporter gene (SLC6A4). We did not find
any significant linkage in regions containing other
candidate genes (i.e. glycogen synthase kinase 3-beta
and dopamine receptor D3 located in 3ql3 and
apoliproprotein E located in 19ql3). These genes
might have only a weak effect on BPAD or this
result may be due to the peculiarities of our sample,
such as mode of ascertainment or false-positive
results.™'14,1"

As there is large confidence interval for linkage in
these regions (i.e. 38 cM for 2p21, 25 cM for 2ql4.3,
18 cM for 3pl4, 33 cM for 5q33, 18 cM for 7q36, 17 cM
for 10q23 and 12cM for the 20pl2 regions), we are
currently undergoing the fine mapping of the regions
of interest. Our preliminary findings require con¬
firmation in independent panels of families.
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Context: There is evidence of linkage to a schizophre¬
nia susceptibility locus on chromosome 8p21-22 found
by several family linkage studies.

Objectives: To fine map and identify a susceptibility
gene for schizophrenia on chromosome 8p22 and to in¬
vestigate the effect of this genetic susceptibility on an en-
dophenotype of abnormal brain structure using mag¬
netic resonance imaging.

Design: Fine mapping and identification of a chromo¬
some 8p22 susceptibility gene was carried out by find¬
ing linkage disequilibrium between genetic markers and
schizophrenia in multiply affected families, a case-
control sample, and a trio sample. Variation in brain mor¬
phology associated with pericentriolar material 1 (PC.M1)
alleles was examined using voxel-based morphometry and
statistical parametric mapping with magnetic resonance
imaging.

Setting and Patients: A family sample of 13 large fami¬
lies multiply affected with schizophrenia, 2 schizophre¬
nia case-control samples from the United Kingdom and
Scotland, and a sample of schizophrenic trios from the
United Slates containing parents and 1 affected child with
schizoph renia.

Main Outcome Measures: Tests of transmission dis¬

equilibrium between PCM I locus polymorphisms and
schizophrenia using a family sample and tests of allelic as¬
sociation in case-control and trio samples. Voxel-based
morphometry using statistical parametric mapping.

Results: The family and trio samples both showed sig¬
nificant transmission disequilibrium between marker
D83261 in the PCM1 gene locus and schizophrenia.
The case-control sample from the United Kingdom also
found significant allelic association between PCM1
gene markers and schizophrenia. Voxel-based mor¬
phometry of cases who had inherited a PCM.1 genetic
susceptibility showed a significant relative reduction in
the volume of orbitofrontal cortex gray matter in com¬
parison with patients with non-PCMl-associated
schizophrenia, who, by contrast, showed gray matter
volume reduction in the temporal pole, hippocampus,
and inferior temporal cortex.

Conclusions: The PCM I gene is implicated in suscep¬
tibility to schizophrenia and is associated with orbito¬
frontal gray matter volumetric deficits.

Arch Gen Psychiatry. 2006;63:844-854

Author Affiliations are listed at

the end of this article.

The evidence of a majorrole for genetic susceptibil¬
ity in the etiology of schizo¬
phrenia has been shown by
family, twin, adoption, and

genetic linkage studies. Rather than the
family environment, specific, unique en¬
vironmental factors, which include bio¬
logical environment and stochastic ef¬
fects that are not shared by siblings, have
been implicated.' Two types of investiga¬
tion have dominated research into schizo¬

phrenia. The first, type, using structural
brain imaging studies, has consistently

shown volumetric abnormalities in the
brains of patients with schizophrenia. The.
other involves the systematic mapping of
chromosomal regions in which genes that
increase, susceptibility to schizophrenia are
present. A key finding has been the pres¬
ence of locus heterogeneity with differ¬
ent genetic susceptibilities being in¬
volved in the etiology of schizophrenia in
different multiply affected families.

Genetic linkage analyses to a chromo¬
some 8p21-22 schizophrenia susceptibil¬
ity locus (SCZD6, Online Mendelian In¬
heritance in Man [OMIM] 603013), under
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the assumption of locus heterogeneity or admixture, con¬
firm that this region of chromosome 8 harbors a suscep¬
tibility gene for schizophrenia. Three independent in¬
vestigators2'4 report lod scores above 3.00 and a fourth5
confirms a lod score above 2.00. Once linkage has gen¬
erally implicated a region of a chromosome, it is neces¬
sary to fine map exactly which gene is involved by tests
of transmission disequilibrium and allelic association with
schizophrenia to detect underlying linkage disequilib¬
rium between marker alleles and disease alleles.

In an earlier attempt to fine map a specific susceptibil¬
ity gene on 8p22, we carried out tests of allelic associa¬
tion in a smaller case-control sample with 15 markers that
flanked the PCM1 gene without finding any evidence of
association.0 We then carried out tests of transmission dis¬
equilibrium of markers genotyped in our family study and
followed up these results in 2 case-control samples and
then in a collection of trios consisting of both parents and
1 affected offspring. Once allelic association due to link¬
age disequilibrium between markers and schizophrenia is
detected, it is possible to differentiate genetic subgroups
of schizophrenia and to examine clinical or endopheno-
typic characteristics of genotypically defined groups. We
chose the endophenotype of abnormal brain morphology
to study in relation to genotype because it seemed a priori
the most likely variable to be associated with underlying
heterogeneous genetic effects.

The evidence that there are volumetric deficits in the
brains of subjects with schizophrenia has been repli¬
cated many times both in first-onset illness and in chroni¬
cally affected subjects.7 11 Consistency is generally re¬
ported in the regional pattern of cortical and subcortical
morphometric abnormalities affecting gray matter den¬
sity and volume.9,10 The diagnosis of schizophrenia en¬
compasses symptom clusters putatively associated with
dysfunction of distinct neuroanatomical substrates.12
Methodological advances now enable unbiased auto¬
mated analysis of structural magnetic resonance imag¬
ing (MRI) brain scans on a voxel-wide basis to quantify
differences in brain morphometry and tissue composi¬
tion at a level of detail that cannot be achieved by mac¬
roscopic examination.1319 In this study, we describe an
application of voxel-based morphometry (VBM) to test
for differences in regional brain volume in patients with
8p22 PCMJ-associated schizophrenia. A chromosome 8
subgroup was selected on the basis of having inherited
specific marker alleles at the PCM1 gene locus and com¬
pared with patients with schizophrenia without these al¬
leles and with healthy matched control subjects.

METHODS

PATIENT AND CONTROL SAMPLES

The clinical sampling, diagnosis, and genotyping of the family
sample for the testing of transmission disequilibrium between
alleles at the D8S261 locus and schizophrenia has been de¬
scribed previously.4 Briefly, it consisted of 13 large, affected pedi¬
grees containing cases diagnosed using Research Diagnostic Cri¬
teria (RDC). Pedigrees were selected on the basis of appearing
to demonstrate a single source of schizophrenia or DSM-III-R
schizotypal illness with unilineal transmission and no cases of

bipolar affective disorder. A pedigree was considered unilin¬
eal not just on the basis of the interview diagnoses with the
Schedule for Affective Disorders and Schizophrenia-Lifetime
Version (SADS-L) but also with all the information available
from past records. Two affection classes were used for the ex¬
tended transmission disequilibrium test (ETDT) and linkage
analyses: core schizophrenia consists of schizophrenia, un¬
specified functional psychosis, and schizoaffective psychosis;
schizophrenia spectrum consists additionally of schizoid and
schizotypal personality disorder according to DSM-III-R crite¬
ria. Of the 182 interviewed individuals, 56 fell into the core

schizophrenia category and an additional 12 fell into the spec¬
trum category.

The sampling of the UI< case-control sample has recently been
described in a study showing a genetic effect on schizophrenia
from the region of the epsin 4 gene on chromosome 5.20 We re¬
cruited a sample of unrelated volunteers with schizophrenia and
unrelated "supernormal" controls from London and South En¬
gland. This type of control, in which mental illness in the con¬
trol subjects and their first-degree relatives is grounds for ex¬
clusion, will maximize the chance of finding a genetic difference
between a schizophrenic group and a control group. All sub¬
jects in the case-control samples and the subsamples used for
M RI scanning were included only if both parents were of white
English, Irish, Welsh, or Scottish descent and if 3 out of4 grand¬
parents were of the same descent. One grandparent was al¬
lowed to be of Caucasian European origin but not ofJewish or
non-European Union ancestiy based on the European Union
countries before the recent enlargement. Approval was ob¬
tained from the UK National Health Service multicenter and lo¬
cal research ethics boards, and all subjects signed an approved
consent form after reading an information sheet.

All 450 schizophrenic cases were first selected for having a
clinical diagnosis of schizophrenia made by a psychiatrist re¬
corded in National Health Service medical case notes accord¬

ing to the International Classification of Diseases, 10th Revision
(lCD-10), which is the same as the DSM-IV diagnosis of schizo¬
phrenia. Subjects with clear organic or symptomatic schizo¬
phreniform psychoses were excluded. All subjects were inter¬
viewed and data were collected with the SADS-L interview
schedule.21 Accuracy of data entries into the SADS-L was en¬
sured by using medical case note information and all other avail¬
able records. All cases were diagnosed as having schizophre¬
nia according to the probable level of the RDC. The supernormal
control subjects were also interviewed with the initial clinical
screening questions of the SADS-L and selected on the basis of
not having a family history of schizophrenia, alcoholism, or bi¬
polar disorder and for having no past or present personal his¬
tory of any RDC-defined mental disorder.

The US trio sample consisted of 100 unrelated patients meet¬
ing DSM-III-R criteria for schizophrenia or schizoaffective dis¬
order as determined by structured diagnostic interview (Struc¬
tured Clinical Interview for DSM-III-R (SClDj) conducted by-
trained raters with demonstrated interrater reliability. The re¬
search subjects were recruited from the Experimental Thera¬
peutics branch of the National Institute of Mental Health and
the Maryland Psychiatric Research Center of the University of
Maryland School of Medicine, Baltimore. All subjects gave writ
ten informed consent to participate in the study under a pro¬
tocol approved by the institutional review boards of the Na¬
tional Institute of Mental Health and the University of Maryland
School of Medicine. After we obtained informed consent, the
parents of each subject were also recruited for genetic testing.

The Scottish sample consisted of 200 unrelated cases of
schizophrenia and 200 unrelated controls. Ethical approval was
granted by the University of Edinburgh and the Royal Edin¬
burgh Hospital, and all subjects gave informed written con¬
sent. These cases were diagnosed using the same clinical as-
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sessment (SADS-L) and diagnostic system (RDC) as those of
the London sample. Accuracy of data entries into the SADS-L
was ensured by using medical case note information and all other
available records. The information on all cases was reviewed
by a second psychiatrist who confirmed the RDC diagnoses.
All cases were diagnosed as having schizophrenia according to
the probable level of the RDC. The Scottish normal control sub¬
jects were also interviewed with the SADS-L and selected on
the basis of not having a family history of schizophrenia, alco ¬

holism, or bipolar disorder and for having no past or present
personal history of any RDC-defined mental disorder. Ances¬
try was checked and all subjects were of white English, Irish,
Scottish, or Welsh origin. The subgroups of research subjects
with schizophrenia and controls employed for the MRI study
were all selected only from London-based schizophrenic or con¬
trol samples, and the imaging research was carried out with ap¬
proval from the National Health Service multicenter research
ethics committee, the National Hospital for Neurology and Neu¬
rosurgery and Institute of NeurologyJoint Research Ethics Com¬
mittee (University College London Hospitals National Health
Service Trust), and the University College London Hospitals
ethics committee.

GENETIC METHODS

Novel CA dinucleotide repeat polymorphisms were identified
by screening genomic DNA close to the marker D8S261. Prim¬
ers to amplify these repeats were designed using the Primer!
software program.22 The 3 (CA)„ repeat markers were D8S261,
D8S2615, and D8S2616. Their repeat fragment sizes, respec¬
tive allele numbers, and heterozygosities are listed at http:
//www.gdb.org (the Genome Database). Genotyping methods
for the single nucleotide polymorphism markers rs916550,
rs412750, rs454755, rs208753, rs3780103, rs6991775,
rs445422, rs412750, rsl 3276297, rs3214087, and rs370429 are
at Ensembl, http://www.ensembl.org; the University of Cali¬
fornia, Santa Cruz, genome browser, http://www.genome.ucsc
.edu/; and the Single Nucleotide Polymorphism database at the
National Center for Biotechnology Information, http://www
.ncbi.nlm.nih.gov/projects/SNP/. Polymerase chain reaction con¬
ditions for amplification were as previously described.6 The fa¬
milial test of association was computed with the ETDT.23 The
CLUMP test of allelic association24 was used for the case-

control samples. All Rvalues reported (including the ETDT test
of the 100 US trios) are empirically derived using a Monte Carlo
simulation approach. Subtests of the CLUMP program were the
following: Tl, Pearson x' statistic of the raw contingency table;
T2, the x2 statistic of a table with rare alleles grouped together
to prevent small expected cell counts; T3, the largest of the x~
statistics of 2 X 2 tables each of which compares 1 allele against
the rest grouped together; T4, the largest of the x2 statistics
of all possible 2X2 tables comparing any combination of al¬
leles against the rest. Tests of haplotype association were car¬
ried out with GENECOUNTING/LDPAIRS and confirmed
using an empirical permutation test of significance.25,26 The
extent ol linkage disequilibrium between markers was calcu¬
lated with estimated haplotypes as incorporated into
GENECOUNTING/LDPAIRS23 27 (Figure 1).

VOXEL-BASED MORPHOMETRY

There were 2 patient groups. One group with schizophrenia
(SZ8) was selected on the basis that they had inherited marker
alleles from any 2 markers that were associated with schizo¬
phrenia. This group comprised 14 subjects (mean±SD age,
40.9±8.4 years; 6 male and 8 female patients). A second pa¬
tient group also had schizophrenia (SZO) but had not inher¬

ited any of the alleles associated with chromosome 8 schizo¬
phrenia (n = 13; mean±SD age, 42.5±8.4 years; 10 male and 2
female patients). All SZ8 and SZO schizophrenic research sub¬
jects had diagnoses of chronic or subchronic schizophrenia and
at the time of scanning were all being treated with antipsy¬
chotic drugs. One of 14 SZ8 cases was recorded as being un¬
responsive to treatment. Two of 13 SZO cases were recorded
as being unresponsive to treatment. All other SZ8 and SZO cases
were partially responsive to treatment. None had good prog¬
nosis schizophrenia, and all were unemployed.

The mean ±SD age at onset for the SZ8 PCM 1 -associated group
was 19.1 ±5.7 years; the mean±SD age at onset for the SZO group
with non-PCMl-associated schizophrenia was 18.8±3.1 years.
Healthy control subjects, who were screened to exclude medi¬
cation use and psychological, neurological, or systemic illness,
were individually matched with patients with schizophrenia by
age, sex, social class, and ethnicity. These research subjects were
not genotyped and were not part of the normal control groups
used in the case-control sample. These included 14 normal con¬
trols matched to patients with chromosome 8-associated schizo¬
phrenia (CON8) (mean±SD age, 39.8± 10.0 years; 6 men and 8
women) and 13 normal controls matched to the patients with
tion-chromosome 8 schizophrenia (CONO) (mean±SD age,
42.7± 11.7 years; 10 men and 3 women).

All subjects were scanned using an optimized 3D-MPRAGE
sequence for enhanced Tl tissue contrast on a 2 Tesla Mag-
netom scanner (Siemens AG, Munich, Germany).16 Data were
analyzed using statistical parametric mapping and optimized VBM
(Statistical Parametric Mapping program version 2a [SPM2a], http:
//www.fil.ion.ucl.ac.uk/spm/software) employing the frame¬
work of the general linear model!319 Data preprocessing was car¬
ried out as follows. Eirst, customized gray and white matter
templates were created from the subject structural MRIs. This
involved normalizing each structural MRI to the standard sta¬
tistical parametric map Tl template, segmenting into gray and
white matter and cerebrospinal fluid (CSF), and then smooth¬
ing each gray and white matter segment with an 8-mm, full width
at hall maximum, isotropic Gaussian kernel. Subsequently, the
images were averaged to create gray and white matter templates
in stereotactic space. A fully automated brain extraction proce¬
dure was then used to remove nonbrain tissue from the original
structural MRIs!7,19 which incorporates a segmentation step. The
resulting extracted gray and white matter images were then nor¬
malized to the gray and white matter templates, respectively, thus
removing any potential contribution of nonbrain voxels. Note
that these templates were specific to the present study, created
from the participants' own structural scans. The spatial normal¬
ization used the residual sum of squared differences as the match¬
ing criterion and included both af fine transformations and a lin¬
ear combination of smooth basis functions that modeled global
nonlinear shape differences. We then applied the normaliza¬
tion parameters to the original structural images. The rationale
for this iterative step was to facilitate optimal segmentation of
fully normalized images.

The original segmentation, implicit in the brain extraction
step, was performed on alfine coregistercd images (not in ste¬
reotactic space) whereas the Bayesian priors for segmentation
were fully normalized (using affine and nonlinear spatial trans¬
formations) and were in stereotactic space. Segmentation ol fully
normalized images (in stereotactic space) is thus optimal. The
spatially normalized structural images were resliced to a final voxel
size of approximately 1.5 X 1.5 X 1.5 mm3 and optimally seg¬
mented into gray and white matter and C.SE and non-CSF par¬
titions. Segmentation with SPM2a employs a mixture model clus¬
ter analysis (after correcting for nonuniformity in image intensity)
to identify voxel intensities matching particular tissue types com¬
bined with an a priori knowledge of the spatial distribution of
these tissues in normal subjects, derived from probability.
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We incorporated an additional step to correct for volume
changes introduced during nonlinear spatial transformations.
This involved modulating the image partitions (eg, the gray and
white matter segments) by thejacobian determinants derived
from the spatial normalization step. In effect, an analysis of
modulated data tests for regional differences in the absolute
amount (volume) of gray/white matter whereas an analysis of
unmodulated data tests for regional differences in concentra¬
tion of gray/white matter in the voxel.18 Finally, all the nor¬
malized, segmented, modulated, and unmodulated images were
smoothed with a 12-mm, full width at half maximum, isotro¬
pic Gaussian kernel. This conditions the residuals to conform
more closely to the Gaussian random field model underlying
the statistical process used for adjusting P values.1819

Global measures of gray matter, white matter, and CSF
volumes were calculated from modulated segmented images
to test for group differences in overall tissue compartment
volumes. Second, separate analytic design matrices were con¬
structed to test for regional differences in gray and white mat¬
ter tissue compartments between patients with schizophrenia
and control subjects. In these analyses, subject data were en¬
tered as 4 groups (SZ8, SZO, CON8, CONO). Age, sex, and
total intracranial tissue volume (derived from the sum of the
global measures of compartmental volumes) were entered
into these analyses as confounding covariates. Thus, we tested
for between-group differences that were independent of age,
sex, and overall head size.

Statistical parametric maps were constructed to test for
morphological differences between subjects with schizophre¬
nia and controls. Data are reported at a significance of P<.05,
corrected for multiple comparisons using the false discovery
rate correction.14 Note that all these regional effects survived a
voxel-wise threshold significance of P<.001, uncorrected for
multiple comparisons. We tested first for global differences in
tissue compartment volumes. We then tested for regional dif¬
ferences in gray and white matter volumes between all pa¬
tients with schizophrenia and controls to study the main
effect of schizophrenia. Subsequently, we tested for group dif¬
ferences between SZ8 and SZO patients and controls in gray
matter tissue volume, constraining the analysis to voxels
identified as showing a significant main effect of schizophre¬
nia. Where plotted (Figures 2.3. and 4), the effect size pa¬
rameter estimates are given in arbitrary units proportional to
the percentage difference in volume-adjusted signal. It is the
relative differences rather than the scaling of these values that
is the key metric.

RESULTS

GENETIC ASSOCIATION

We reanalyzed the data from our previously published
whole genome scan in schizophrenia families using mark¬
ers on chromosome 8 that were approximately 10 cen-
timorgans apart. The test of association (ETDT) in this
family sample between alleles of the marker D8S261 and
schizophrenia, but not the other chromosome 8 mark¬
ers, was found to be significant after taking multiple al¬
leles into account (P=.006, data not shown). We fol¬
lowed this up in the case-control sample and found that
D8S261 was also significantly associated with schizo¬
phrenia (Table 1, empirical P=.009). The linkage dis¬
equilibrium relationships between these markers com¬
puted with GENECOUNT1NG/LDPAIRS as in Figure 1
showed that all markers associated with schizophrenia
were in significant linkage disequilibrium (P<.001) with

Intermarker
Distance

D8S2615 0 1

rs916550 138387 2

rs445422 10 3
rs412750 3289 4

rs454755 1 r2 5
D8S2616 8090 6

rs13276297 61 7

rs208753 10393 8

rs3780103 15386 9

rs6991775 1142 10

D8S261 5523 11

rs3214087 1037 12
rs370429 21853 13

Absolute Value of D'

123456789 10 11 12 13

D' r2
■ 0.9-1.0 ■ 0 8-1.0
□ 0.75-0.9 □ 0.6-0.8
I I 0.6-0.75 □ 0.3-0.6
□ <0.6 □ <0.3

Figure 1. Tests ot pairwise linkage disequilibrium between markers within
the PCM1 gene.

1 or more of the other associated markers (Figure 1). We
then genotyped 12 other closely linked markers within
the PCM) gene (Figure 5). Three of these markers also
demonstrated significant allelic association. The associ¬
ated markers were rs445422, rsl3276297, and rs370429.
The markers D8S261.6 and rs3214087 both showed a

trend toward association with P values of .07. Markers
D8S2615, rs916550, rs412750, rs454755, rs208753,
rs3780103, and rs6991775 did not show evidence for as¬
sociation with schizophrenia. The markers showing posi¬
tive tests of single marker allelic association with schizo¬
phrenia are in Table 1. These markers were combined
into haplotypes and these showed significant associa¬
tion with schizophrenia as in Table 2. All the associ¬
ated markers were within or very close to the PC.M1 gene
and no other genes in the region could be implicated
(Figure 5). Empirically derived significance values for
these tests of allelic and haplotypic association are in
Table 1 and Table 2.

Two nonoverlapping sets of 3 markers were com¬
bined into separate haplotypes (PCM1A1/2 and
PCM1B1/2) and all 4 haplotypes showed significant as¬
sociation with schizophrenia (Table 2). Replication of evi¬
dence for association with the 3 positive markers was at¬
tempted in 2 independent samples. The US replication
sample of 100 parent offspring trios including 100 cases
of schizophrenia showed that the same dinucleotide al¬
lele (142 base pairs [bp]) at the D8S261 locus was also
associated with schizophrenia (empirical, P = .03) as in
Table 3. A Scottish sample of 200 cases and 200 con¬
trols failed to show any significant association between
schizophrenia and 3 microsatellite markers (D8S2615,
D8S261, D8S2616) near or within the PCM I locus. Other
markers flanking the PCM1 locus, including D8S2615,
rs916550, rs412750, rs454755, rs208753, rs3780103, and
rs6991 775, showed no individual allelic association with
schizophrenia in the London sample. However, mark¬
ers rs454755, rs3780103, rs6991775, and rs6991775 all
showed association with schizophrenia when combined
into the haplotypes PCM 1A1/2 and PCM IB 1/2.
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Figure 2. Gray matter differences associated with main effect of schizophrenia. The figure depicts the anatomical locations in red-yellow of significantly (P<.05,
corrected) less gray matter volume in groups of patients with schizophrenia (S28 and SZO) relative to matched controls (CON8 and CONO). Data representing
group differences are plotted on sagittal (A) and axial (B) sections of a normalized template brain. Distance in millimeters lateral (x coordinate) to the anterior
commissure and vertical (z coordinate) to the anterior commissure/posterior commissure line are given at the bottom left corners of these sections. Marked
regional foci of gray matter differences are marked ac follows: ac indicates anterior cingulate; dmpfc, dorcal medial prefrontal cortex: ofc, orbitofrontal cortex;
th, thalamus; oc, occipital cortex; he, hippocampus; ins. insula; and itc, inferior temporal lobe.

The research subjects with schizophrenia were se¬
lected for the MR1 study on the basis that they had in¬
herited alleles associated with schizophrenia at any 2 of
the marker loci previously shown to be associated with
schizophrenia. These were allele length 142 bp at marker
D8S261, allele length 205 bp at marker D8S2616, allele
T at rs445422, allele T at rsl3276297, and allele A at
rs370429. In analyses of structural MRI scans, patients
with schizophrenia had significantly reduced total and
relative gray matter volumes compared with controls, and
this was apparent in both PCM1 -associated cases (SZ8)
and non-PCMJ-associated (SZO) patients (mean±SD
volumes; controls, 71.5.8±69 mL; SZ8, 644±63 mL;
SZO, 677±75 mL; F2=5.2, PC.05). Mean±SD percent¬
age gray of gray + white matter volume were controls,
63.9%+0.02%;SZ8,62.8%±0.01%;andSZ0,63.3±0.02%;
F2=5.2, P<.05. Patients with schizophrenia and con¬
trols did not differ in total white matter volume (F2= 1.1,
P=,25) or CSF volume (F2=3.0, P = .097). Within the
schizophrenic group, we observed no significant differ¬
ence between SZ8 and SZO patient groups in these mea¬
sures of global tissue volumes.

BRAIN MORPHOLOGY

We examined for group differences in regional brain mor¬
phology in separate analyses of gray matter controlling
for total intracranial volume, age, and sex. Compared with
controls, patients with schizophrenia (combined SZ8 and
SZO groups) showed a distributed pattern of gray mat¬
ter volume deficit, encompassing right dorsolateral pre¬
frontal cortex, bilateral dorsomedial and orbitomedial pre¬
frontal cortices, insulae, temporal poles, medial thalamus,
posterior hippocampi, inferior temporal (fusiform) cor¬
tices, occipital (striate) cortex, and lateral cerebellar hemi¬

spheres (Figure 2). Descriptive analysis of trends iden¬
tified only 1 region in patients with schizophrenia showing
a trend in regional gray matter volume augmentation rela¬
tive to controls. This cluster was located within the pri¬
mary visual cortex (-3, -59, 3; P<.001, uncorrected,
Z = 3.69).

We identified differences between SZ8 and SZO pa¬
tients in the relative distribution of gray matter within
those brain areas showing a main effect of diagnosis. Pa¬
tients in the SZ8 group compared with matched con¬
trols had relatively lower gray matter volume, shown in
red in Figure 3, located maximally in the bilateral orbi¬
tofrontal cortices (P<.05, corrected). In contrast, SZO pa¬
tients had significantly less gray matter, shown in blue,
in Figure 4, compared with matched controls in tempo¬
ral poles, particularly on the left, medial temporal lobe
(anterior hippocampus), right inferior temporal lobe, me¬
dial thalamus, right cerebellum, and dorsomedial pre¬
frontal cortex (PC.05, corrected for main effect of schizo¬
phrenia) (Figure. 3).

We formally tested for morphometric differences be¬
tween SZ8 and SZO in the pattern of regional gray mat¬
ter decreases in an interaction analysis in which differ¬
ences between SZ8 and matched controls were compared
with differences between SZO and matched controls. The
search volume for this analysis, as shown in Figure 4, was
constrained using a mask derived from the main effect
of diagnosis. Grey matter volume was significantly lower
in SZ8 compared with SZO patients within medial orbi¬
tofrontal cortex bilaterally (x, y, z coordinates [millime¬
ters 1 from anterior commissure; -7.5, 34.5, -22.5 and 6,
34, -28; P<.05, corrected). Patients in the SZO group
showed a significant paucity of gray matter compared with
SZ8 patients in the left hippocampus (-27, -12, -1), the
bilateral temporal poles (-37,21,-42 and 39,19.5, -34.5),
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Figure 3. Group differences in regional gray matter. Regional gray matter differences between the group of patients with alleles associated with chromosome 8
schizophrenia (S28) and their matched controls (CON8) and between the group of patients with schizophrenia but none of the alleles associated with chromosome
8 schizophrenia (SZO) and their matched controls (CONO). Separate T contrasts were used to test for differences between SZ8 and CON8 and between SZO and
GflNfl These analyses were constrained using masking to regions showing a significant main effect of schizophrenia. Group data are plotted on axial sections of a
normalized template brain scan. Regions showing significant differences (P<.05, ccrrected) between SZ8 and CON8 subjects are depicted in red, and those
between SZO and CONO subjects are shown in blue. The axial sections highlight the different patterns of regional gray matter volume deficit associated with these
2 schizophrenic groups; the orbitofrontal deficits in SZ8 patients and the temporal polar and hippocampal deficit in the SZO patients are labeled. The distance
anterior in millimeters (y coordinate) from the anterior commissure is given in the bottom left corner of each section, ofc indicates orbitofrontal cortex,
tp, temporal pole; and he, hippocampus.

and the right dorsolateral prefrontal cortex (30,46.5,19.5)
(PC.05, corrected) (Figure 1).

COMMENT

The interpretation of the level of statistical significance in
the allelic association studies should consider both mul¬
tiple, alleles and multiple markers. In the study ofbrain mor¬
phology, the number of statistical tests carried out should
be considered, in the single marker tests of allelic associa¬
tion, we used empirical tests of significance, which do not
need further correction for multiple alleles. For the global
tests of haplotypic association with schizophrenia, fur¬
ther correction for both multiple alleles and multiple mark¬
ers are not required because the permutation test signifi¬
cance takes both into account. The finding of extended
transmission disequilibrium between D8S261 with
schizophrenia in the family linkage sample was the rea¬
son to select this and other markers within the PCM1

gene for genotyping in the case-control sample. In addi¬

tion, the marker D8S261 had been independently stud¬
ied and implicated in schizophrenia in the National
Institute of Mental Health trio sample and not as a
result of the positive ETDT in the UK family sample or
positive association in the UK case-control sample. The
other markers showing association in the UK case-
control sample were selected for being in linkage dis¬
equilibrium with each other. Taking into account that
D8S261 had already been implicated in schizophrenia
in prior studies and the fact that the additional markers
genotyped were not independent tests of association, it
can be argued that further corrections of significance
values for testing association with multiple markers in
the UK case-control sample are not needed.

Our results demonstrate that a chromosomal locus show¬
ing replicated evidence of linkage with schizophrenia in
several family studies can be identified by observing link¬
age disequilibrium between markers and schizophrenia in
a case-control association sample in which the cases have
not been selected forapositive family history ofschizophre-
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Figuie 4. Betweemyiuup gray matter differences in orbitofrontal cortex and temporal pole. A, Orbitofrontal gray matter volume doficit in tho group of patients with
PCM1 alleles associated with chromosome 8 schizophrenia (SZ8), showing involvement of the olfactory gyrus. Adjacent and to the right are plotted the effect sizes
uf the diffeienl parameter estimates. This is given in arbitrary units proportional to the percentage difference in volumo adjusted signal. It is the relative differences
rather than the scaling of these values that is the key metric. A. There was relative reduction in orbitofrontal gray matter (at location x, y. z; -7.5, 34.5, -22.5) in
both the SZ8 group and the group of patients with schizophrenia with none of the chromosome 8 PCM1 alleles (SZO). However, the difference was marked for the
SZO patients, reaching significance for an interaction, (CON8-SZ8)-(CONO SZO). B, Temporal pole gray matter volume deficit in SZO patients. Locations of gray
matter differences between SZO patients and other subjects are illustrated on sagittal and axial sections of a template brain. Adjacent is a plot of parameter
estimates for the peak of these differences at the left temporal pole. The greater difference in temporal lobe gray matter volume existed between SZO and CONO
subjects. The interaction, (CONO-SZ8)-(CON8-SZ8), was significant. CON8 indicates research subjects who are normal controls matched to the SZ8 cases;
CONO, research subjects who are normal controls matched to the SZO cases.
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Table 1. Single Marker Allelic Associations With Schizophrenia in the London-Based Case-Control Sample

Marker

Distance
to Next

Marker, bp Variant •ker Fragment Sizes With Allele Frei is Below

CLUMP

Empirical
X! P Value

rs445422
Controls
Cases

D8S2616
Controls
Cases

rsl3276297
Controls
Cases

D8S261
Controls
Cases

rs3214087
Controls
Cases

rs370429
Controls
Cases

11380

32 534

1037

21 853

758
213

1
0
C

840
710
128
39
38

Ins
202
180

A
12
25

T
12
24

211

5
12

T

16
28

130
266
206
Del
656
720

G
856
753

5.76

3.24

6.38

.02

209 207 205 203 201 199 197 195 193 191 189 10.09 .07*
28 57 95 539 42 101 4 5 0 1 0
26 46 120 457 49 101 5 5 0 0 1

5.50 .02

132 134 136 138 140 142 144 146 148 10.47 .009f
8 51 308 108 78 10 4 1 13
9 54 297 107 55 28 3 1 12

.07

Abbreviation: bp, base pair.
"Denotes most likely alleles to be associated with schizophrenia in each haplotype.
tPermutation test empirical P value.

nia. The fact that we were able to detect linkage disequilib¬
rium in a sample of450 cases ofschizophrenia and find evi¬
dence in support of this in an independent sample of 100
US trio cases suggests that the chromosome 8p22 schizo¬
phrenia susceptibility alleles may be present in most Euro¬
pean populations. As with other reported genetic associa¬
tions with schizophrenia, it is clear that only a small
fraction of research subjects with schizophrenia have a ge¬
netic susceptibility from the PCM / gene locus. This confirms
the general lindingsof linkage studies, which are explicable
only by assuming the presence ofextensive locus heteroge¬
neity for genes involved in schizophrenia. We attribute the
failure to find association in the Scottish sample as being due
to a different admixture of genetic subtypes in Scotland or
possibly because only a limited set of3 markers could begeno-
lyped in this sample. The UK case-control sample employed
for this study has previously been shown to exhibit allelic
association to the epsin 4 gene on chromosome 5, which en¬
codes enthoprotin, a clathrin-associated protein involved
in vesicle endocytosis in the brain and elsewhere.20

The gene PC-MI is involved in the maintenance of cen-
trosome integrity and the regulation of the microtubule cy-
toskeleton. Its protein structure bears similarities to the
structural myosin proteins, which are microtubule-
associated proteins involved in axon guidance, synapto-
genesis, functioning of the synapse, and intracellular trans¬
port along axons and dendrites.28 It is of note that a different
gene disrupted in schizophrenia (DISC I), known to straddle
a translocation breakpoint on chromosome 1 that coseg-
regates with schizophrenia and other types of psychiatric
disorder in a single large Scottish pedigree,® also has simi¬
larities to structural proteins such as myosins. It seems likely
that PCM I has a role in the development of the nervous
system and neuronal activity. For example, it is known that
PCM I interacts with the brain-specific protein huntingtin-
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rs6991775

rs208753

Figure 5. Map of putative chromosome 8p21 -22 schizophrenia susceptibility
loci on 8p and diagram of the genomic structure of PCM1 showing the
relative positions of exons, introns, and genetic markers. Distances are
shown in megabases of DNA. PCM1 indicates pericentriolar material 1;
PPP3CC, calcineurin; DRP2, dihydropyrimidinase-related protein 2;
FZD3, frizzled; and NRG1, neuregulin.

associated protein 1 (HAP1) that binds variably to hun-
tingtin in relation to the number ofglutamine repeat lengths
present. PCMl also interacts with cytoskeletal, vesicular,
and motor proteins to mediate interactions among these
different molecules.28

Our neuroimaging findings further validate the ge¬
netic data in so far as we demonstrate distinct differ¬
ences in regional gray matter abnormalities in patients
with chromosome 8p22 PCM2-associated schizophre¬
nia (SZ8) compared with non-chromosome 8 PCMl—
associated cases (SZ0). The significance levels reported
were corrected for multiple tests and are therefore con-



Table 2. Haplotypic Associations With Schizophrenia

Haplotype No. of Alleles Increased in Haplotypes Showing Frequency Frequency in Global Log Permutation
Label Marker Loci Association With Schizophrenia in Cases, % Controls, % Likelihood Ratio xz Significance

PCM1A1 3 Marker rs445422 allele C. 87366.66 allele T. rs370429 29 17 14.66 .003
allele G*

PCM1A2 rs445422 allele T. 87366 66 allele C. rs370429 23 12
allele A*

PCM1B1 3 Marker rs454755 allele A, rs3780103 allele G. 40 21 18.28 .002
rs6991775 allele A*

PCM1B2 rs454755 allele G. rs3780103 allele A, 7 0
rs6991775 allele A*

PCM1C1 4 Marker rs454755 allele A. 87366.66 allele C. rs3780103 1 0 28.72 .002
allele G. rs6991775 allele A*

PCM1C2 rs454755 allele G. 87366 66 allele C. 5 2
rs3780103 allele A. rs6991775 allele A*

Table 3. Transmission ol Individual Alleles at Marker D8S261 and TDT Analysis in the US Trio Sample*

Transmission Dinucleotide Repeat Lengths and Allele Counts
Allele size, bp 130 132 134 136 138 140 142 144 146 148

Allele counts transmitted 6 3 27 0 8 33 25 12 6 1

Allele counts not transmitted 4 11 38 3 3 34 10 11 6 1

Abbreviations: bp, base pairs: TDT, transmission disequilibrium test.
"ySfor allele-wise TDT = 18.88, P= .03. y is tor genotype-wise TDT = 43,21, P- .01.

^Denotes most likely alleles to be associated with schizophrenia in each haplotype.

servative. A larger sample size, which would reduce the
standard error and increase confidence in the results,
would require another 450 cases of schizophrenia to be
sampled and genotyped at the PCM I locus to test for as¬
sociation. Therefore, replication in an independent sample
is desirable.

Our evidence suggests that brain regions showing the
greatest differences between the schizophrenic groups are
subsumed within a wider matrix of regional brain abnor¬
malities that span other genetic susceptibilities to schizo¬
phrenia. Nevertheless, the peak locations of reduced gray
matter volume in SZ8 and SZO groups predict important
patterns ofneuropsychological deficits or vulnerability that
can perhaps inform etiopathological mechanisms. Selec¬
tive. gray matter deficit, in orbitofrontal cortex, observed in
the SZ8 group, is likely to preferentially compromise neu¬
ral mechanisms supporting reward-related processing and
motivational behaviors. In such cases, symptomatology of
the patient may be biased toward affective and behavioral
features. In contrast, patients with non-chromosome 8
PCM 1-associated schizophrenia may exhibit more mne¬
monic and perceptual features.12 Relevant to this is the re¬
cent research showing that families with evidence for link¬
age to 8p21-22 had significantly more affective deterioration,
poorer outcome, more thought disorder, and fewer de¬
pressive symptoms than affected individuals from non-
8p21 -22-linked families,50

There is evidence of a second schizophrenia suscep¬
tibility locus called neuregulin 1 (NRCi) on chromo¬
some 8p21.-22" and 2 replications were successful.32"34
This locus is about 20 million bases toward the centro¬

mere from the PC.MI 8p22 locus (Figure 5). Gerber et

alJj also found evidence of allelic association with schizo¬

phrenia on chromosome 8p21 at or near the calcineurin
(PPP3CC) gene locus. Two Japanese research groups now
report36,37 association with schizophrenia at the frizzled
(FZD3) gene locus suggesting that there may be 4 loci
increasing susceptibility on the short arm of chromo¬
some 8. This is compatible with the multiple lod score
peaks along the short arm of chromosome 8 in our pre¬
vious genome linkage scan of schizophrenia.4 in the case-
control sample in which we have implicated the PCM1
gene, we have also found weak but significant, evidence
for association between schizophrenia and the NRG1 gene.
(Susmitta Datta, PhD, unpublished data, January 2006)
but no evidence for association between markers at the
PPP3CC or FZD3 genes and schizophrenia (Susmitta
Datta, PhD, unpublished data, January 2006). In addi¬
tion to the epsin 4 gene association, 2 further allelic as¬
sociations with markers at the FXYD6 (phosphohippo-
lin) gene on chromosome 1 lq23.3 (Khalid Choudhury,
BSc, unpublished data, January 2006) and the K1ST ser¬
ine threonine kinase (UHMK1) gene on chromosome
lq23.338 have been found in the same sample. All of these
associations have been found by following up localiza¬
tions originally made in our family linkage analyses.

Further collections of genotyped patients are now
needed to confirm the PCM1 8p22 allelic association
with schizophrenia and to replicate the finding of brain
morphology changes associated with PCM 1 -associated
marker alleles. Modest but statistically significant levels
for PCM1 marker association with schizophrenia have,
been found in this study. This is compatible with the
fact that linkage studies have already proven heterogene-
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ity of linkage in schizophrenia. The linkage studies can
only be explicable if one assumes that no single schizo¬
phrenia susceptibility gene has an effect in more than
5% to 10% of families. By inference, this would also
apply to case-control samples as well. High levels of sig¬
nificance really would not be expected from a case-
control sample if only 5% to 10% of cases shared a com¬
mon genetic susceptibility.

Because some of the single nucleotide polymor¬
phism marker alleles associated with schizophrenia are
at both low and high frequencies, sufficient numbers of
cases and controls are needed to obtain a good chance
of replication. Assuming complete linkage disequilib¬
rium between markers and disease alleles for a signifi¬
cance ofP<.05 and a power of 80% of replicating the re¬
sult (ie, 1 in 4) with a low-frequency allele present in 5%
of controls and 10% of cases, then 600 cases and 600 con¬
trols should be enough. For a high-frequency disease-
associated allele present in 50% of cases and in 45% of
controls, then 1300 cases and 1.300 controls are needed.
We can now sequence DNA from cases who have inher¬
ited PCM1 gene marker alleles associated with schizo¬
phrenia to define the precise etiological base pair changes
or mutations increasing susceptibility to schizophrenia.
If these can be found, then exactly how PCM1 shapes re¬
gional brain structure and function can be understood.
The alternative splicing of PCM1 messenger RNA, inter¬
action of PCMI with other proteins, posttranslational
modification, phosphorylation, and glycosylation may all
play a role in mediating genetic effects on the disease.
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Linkage analyses suggest that chromosome 22ql2-
13 may harbor a shared susceptibility locus for
bipolar affective disorder (BPD) and schizophre¬
nia (SZ). In a study of a sample from the Faeroe
Islands we have previously reported association
between both disorders and microsatellite mar¬

kers in a 3.6 cM segment on 22ql3. The present
study investigated three candidate genes located
in this segment: GPR24, ADSL, and ST13. Nine
SNPs located in these genes and one microsatel¬
lite marker (D22S279) were applied in an associa¬
tion analysis of two samples: an extension of the
previously analyzed Faeroese sample comprising
28 distantly related cases (17 BPD, 11 SZ subjects)
and 44 controls, and a Scottish sample including
162 patients with BPD, 103 with SZ, and 200 con¬
trols. In both samples significant associations
were observed in both disorders with predomi¬
nantly GPR24 SNPs and haplotypes. In the Faero¬
ese sample overall P-values of 0.0009, 0.0054, and
0.0023 were found for haplotypes in BPD, SZ, and
combined cases, respectively, and in the Scottish
sample overall P-values of 0.0003,0.0005, and 0.016
were observed for similar groupings. Specific
haplotypes showed associations with lowest P-
valuesof7 x 10 5 and 0.0006 in the combined group
of cases from the Faeroe Islands and Scotland,
respectively. The G protein-coupled receptor 24
encoded by GPR24 binds melanin-concentrating
hormone (MCH) and has been implicated with
feeding behavior, energy metabolism, and regula¬
tion of stress and mood. To our knowledge this is
the first study reporting association between
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GPR24 and BPD and SZ, suggesting that GPR24
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INTRODUCTION

The importance of genetics in the etiology of bipolar affective
disorder (BPD) and schizophrenia (SZ) has been documented
by family, twin, and adoption studies [McGuffin et al., 1995;
Potash and DePaulo, 2000]. Overlap in symptomatology
between the two disorders has long been noted clinically and
shared genetic susceptibility is probable according to epide¬
miologic and linkage studies [Berrettini, 2000]. Linkage
studies have provided evidence suggesting several shared
susceptibility loci, including 4pl6, 8p22, 10pl4, 13q32, 18pll,
and 22qll-13 [Blackwood et al., 1996; Asherson et al., 1998;
Wildenauer et al., 1999; Als et al., 2004].

A number of regions on chromosome 22 have been implicated
with SZ and BPD [Schwab and Wildenauer, 1999]. In SZ
evidence of linkage to 22ql2-13 has been reported by several
studies [Coon et al., 1994; Polymeropoulos et al., 1994; Pulver
et al., 1994; Vallada et al., 1995; Gill et al., 1996]. In a sib pair
analysis of 115 affected Polymeropoulos et al. [1994] reported
that more than half of the alleles at D22S279 were shared
identically by descent (P = 0.042), and Coon et al. [1994]
obtained a LOD score of 2.07 at marker D22S276 in a genome
scan ofnine families assuming a recessive mode of inheritance.
A recent meta-analysis including 20 SZ genome scans sug¬
gested 22q as a susceptibility locus without being able to
discriminate between specific regions [Lewis et al., 2003]. In
BPD significant linkage to 22ql2-13 was obtained in a genome
scan of 20 families with a maximum LOD score of 3.8 at
D22S278 (4.6 Mb centromeric to D22S279) [Kelsoe et al., 2001].
In agreement with this a meta-analysis including 11 BPD and
18 SZ genome scans found 22qll-13 to be one of two regions
showing the most significant evidence for linkage in both
disorders [Badner and Gershon, 2002].

© 2006 Wiley-Liss, Inc.
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Using a sample of distantly related cases and controls from
the Faeroe Islands our group has previously reported that
chromosome 22ql3 may harbor two shared susceptibility loci
for BPD and SZ in a 3.6 cM segment between marker D22S272
and D22S1140 and a region telomeric to D22S1170, respec¬
tively [Jorgensen et al., 2002a]. In the proximal region a
segment of most interest was identified between D22S279 and
D22S276.

The gene encoding G protein-coupled receptor 24 (GPR24)
is located between D22S279 and D22S276 on 22ql3.2.
GPR24 is an integral plasma membrane protein, which binds
melanin-concentrating hormone (MCH) and is expressed in
many parts of the mammalian brain (e.g., frontal cortex, basal
ganglia, hippocampus, amygdala) [Kolakowski et al., 1996;
Chambers et al., 1999; Saito et al., 1999; Takahashi et al.,
2001]. MCH is a neuropeptide expressed in the central and
peripheral nervous system (predominant expression in lateral
hypothalamus and zona incerta) which is involved in feeding
behavior and energy metabolism [Bittencourt et al., 1992,
1998; Qu et al., 1996]. The distribution of GPR24 in the CNS is
suggestive of an additional function of the gene in the
regulation of stress and mood and when tested in animal
models ofdepression and anxiety GPR24 antagonists produce a
profile similar to clinically used antidepressants and anxioly¬
tics [Borowsky et al., 2002; Chaki et al., 2005].

The gene for adenylosuccinate lyase (ADSL) is located 300 kb
centromeric to GPR24 and is involved in both de novo synthesis
of purines and formation of adenosine monophosphate from
inosine monophosphate. Deficiency of adenylosuccinase,
which can be caused by point mutations, results among other
things in succinylpurinemic autism and psychomotor retarda¬
tion [Marie et al., 1999; Kmoch et al., 2000]. Suppression of
tumorigenicity 13 (ST13) is a gene located 140 kb telomeric to
GPR24 and centromeric to D22S276. The protein encoded by
ST13 is an adaptor protein that mediates the association of the
heat-shock proteins HSP70 and HSP90. It also has a role as
chaperone in the assembly process of the glucocorticoid
receptor [Prapapanich et al., 1996; Chen and Smith, 1998].
Both ADSL and ST13 are widely expressed, including in the
brain.

The present study investigated the possible role of GPR24,
ADSL, and ST13 in susceptibility to SZ and BPD by association
analysis in two samples: a Faeroese sample of 28 distantly
related cases and 44 controls, including the subjects previously
analyzed using chromosome 22 microsatellite markers [Jor¬
gensen et al., 2002a] and 4 newly ascertained cases, and a case-
control sample from Scotland comprising 103 individuals
with SZ, 162 with BPD, and 200 controls. Evidence from both
samples suggested GPR24 as a susceptibility gene for both
BPD and SZ.

MATERIALS AND METHODS

Subjects
Two samples were analyzed, one from the Faeroe Islands and

one from Scotland. Informed consent was obtained from all
patients prior to inclusion, and the study was approved by the
local research ethical committees where the patients were
recruited.

The patients from the Faeroe Islands are well-documented
cases of severe SZ or BPD treated at the Department of
Psychiatry, National Hospital, Torshavn and thoroughly inter¬
viewed and diagnosed by experienced psychiatrists according
to ICD10 diagnostic criteria for research and DSMIV [Jorgen¬
sen et al., 2002a]. The genealogy of the distantly related 17
individuals with BPD and the 11 individuals with SZ was

deduced from information on birth, marriages, and deaths in
church and civic records of the Faeroese, and could be tracked
back to a common ancestor born around 1600 (Fig. 1). The
average number of generations relating two patients in
the genealogically shortest possibly way through one of the
parents were six for patients with SZ and seven for patients
with BPD. The sample included the cases previously analyzed
for shared chromosome 22 segments using microsatellite
markers [Jorgensen et al., 2002a] and four additional cases,
one patient with SZ and three with BPD. The control group
consisted of 44 unrelated persons (22 couples each with a single
offspring) from the Faeroe Islands without a history of
psychiatric disease. Haplotypes for chromosomal segments
consisting of two to four neighboring markers were determined
for cases on the basis of either available parental genotypes or
genotypes of spouse and a child when available. All controls
had their haplotype reconstructed from the genotypes of
their offspring. This method will reconstruct the majority of
relatively short haplotypes correctly.

The case-control sample from Scotland consisted of 103
patients with SZ, 162 patients with BPD, and 200 ethnically
matched controls. The cases were diagnosed using SADS-L
interview and RDC and DSM-IV criteria [Borglum et al., 2001,
2003]. The controls were from the Blood Transfusion Service,
Edinburgh, and were screened to exclude people with serious
chronic illness. Genomic DNA was isolated from blood samples
according to standard procedures.

Sequencing and Genotyping

Sequencing was carried out using 100 ng of DNA to perform
PCR amplification, JETquick PCR Purification kit (Genomed
GmbH, www.genomed-dna.com) for purification of the PCR
product, and ABI BigDye kit for direct sequencing on an
ABI310 Genetic Analyzer (Applied Biosystems, Foster City,

B
About 1600

Fig. 1. Genealogy of cases. One way to connect 17 individuals with BPD (A) and 11 individuals with SZ (B) from the Faeroe Islands to a common ancestor
around year 1600. The sex of the cases in the pedigree is not distinguished.
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CA). Sequences were analyzed in both directions. Genotyping
of the selected SNPs was performed using 40 ng of DNA per
multiplex PCR, Exonucleasel and Shrimp Alkaline Phospha¬
tase were used for purification steps and the SNPs were
genotyped by multiplex single base extension technology using
the ABI SNaP-shot kit and an ABI 310 Genetic Analyzer or a
3100 Avant Genetic Analyzer (Applied Biosystems) according
to the manufacturer's recommendations. The data were

analyzed using ABI 310 GeneScan 3.1.2 (Applied Biosystems).
Standard PCR conditions were used for both sequencing and
genotyping. Scoring of genotypes was performed by two
investigators independently and in case of disagreement the
sample was re-analyzed.

In order to further control for genotyping errors all SNPs
were analyzed twice in at least 50 individuals, the GPR24
SNPs were analyzed twice in 100 individuals. No discordant
genotypes were observed, indicating that the error rate was
very low (for allele calls less than 0.01).

The microsatellite marker D22S279 was analyzed in the four
newly ascertained Faeroese cases and the Scottish sample
using fluorescent primers, standard conditions for PCR ampli¬
fication, and separation of allelic fragments on an ABI310
Genetic Analyzer (Applied Biosystems).

Statistical Analysis
The Faroese population. The data from the six poly¬

morphic SNPs genotyped in the Faeroese sample and the new
D22S279 genotypes were merged with the D22S279 genotypes
produced by Jorgensen et al. [2002a], and a test of association
was performed as implemented in CLUMP [Sham and Curtis,
1995]. The test is a modification of a Chi-squared test simulat¬
ing the distribution of the test statistic using a Monte Carlo
approach. The program evaluates all alleles or haplotypes in
one test and is therefore sensitive to situations where more

than one allele or haplotype are more frequent in either of
the groups analyzed. In addition the Monte Carlo approach
counteracts the invalidation of the asymptotic sampling
distribution of the Chi-squared statistics potentially intro¬
duced by polymorphic markers. The P-values, derived from
CLUMP presented in this article, are from the subtests T1 and
T4, which are the most reliable parameters when analyzing
extended haplotypes. T1 is the standard Pearson x2 statistics of
the 2 x N contingency table and T4 is obtained by reshuffling
alleles or haplotypes of a 2 x 2 table until x2 has reached a
maximum, thereby comparing any combination of alleles or
haplotypes with the rest. In the analysis of specific haplotypes,
test of associations were performed using Fisher's Exact test.

Classical case-control analysis might detect differences
between cases and controls owing to ignored population sub¬
structure or improperly accounted relatedness among indivi¬
duals not necessarily owing to true association between a
marker and a trait.

In the present dataset genealogical information is available
for cases only (one of several genealogical routes is shown in
Fig. 1), while the genealogy for controls remains unknown. In
order to get an idea of how related controls are and whether
they fall into the same genealogy as cases, we calculated pair-
wise estimates of genetic relatedness (r) for all pairs and
average relatedness estimates (r*) for pairs within the two
groups (cases and controls), but also for case-control pairs.
Relatedness or relationship coefficients are defined as the
proportion of genes/loci in one individual with alleles identical
to those of a reference individual. Estimates of genetic
relatedness were calculated using the algorithms developed
by Queller and Goodnight [1989] as implemented in SPAGeDi
1.2 [Hardy and Vekemans, 2002]. Average within- and
between-group relatedness estimates were obtained using 60
randomly selected unlinked markers, standard errors were

obtained by jack-knifing over loci. Parametric £-tests were used
to test whether there were significant differences in average
relatedness. Pair-wise relatedness coefficients for each pair of
individuals were estimated using 660 markers more of less
randomly distributed through out the genome (made available
from an unpublished study). Using 660 markers, of which,
some would be linked non-independent markers would over¬
estimate the effective number of loci, resulting in under¬
estimation of the variance (standard error). The actual value of
relatedness coefficient based on all 660 markers should,
however, be very accurate. Estimates of pair-wise genetic
distances between individuals were obtained using the algo¬
rithm developed by Rousset [2000] as implemented in
SPAGeDil.2 [Hardy and Vekemans, 2002]. Pair-wise genetic
distances were used in a multidimensional scaling algorithm
(Alscal procedure—as implemented in SPSS 11.5) to map
similarity between individuals relative to each other. The
population structure including the genetic differentiation
within the case-control sample was evaluated by Wright's
F-statistics. The 60 unlinked markers were used to calculate
the genetic distance between the case and control group using
Wright's FSt- Under the hypothesis of no differentiation
between the individuals and populations a null distribution
of Fjt, Fis, and FST values was obtained by performing 3,000
permutations of individual genotypes among all individuals
(FIT), among individuals within populations (FIS), and among
populations (FSt) as implemented in SPAGEDi 1.2 [Hardy and
Vekemans, 2002].

The Scottish population. For each of the seven poly¬
morphic SNPs genotyped in the Scottish sample Chi-square
and Fisher's Exact test were used to assess allele and genotype
distribution and the program Haplotype Trend Regression
(HTR) was used to estimate the frequency and analyze the
distribution of haplotypes [Zaykin et al., 2002]. When compar¬
ing two groups HTR produces an overall P-value for the
observed distribution of all the haplotypes of a given segment
and in addition a haplotype-specific P-value describing the
likelihood of the observed distribution of each of the specific
haplotypes. The P-values from HTR presented in this study are
empirical values based on 100,000 permutations. In both
samples analyzed the controls were compared to individuals
with BPD, to individuals with SZ and to the two groups
combined. P-values less than 0.05 are referred to as significant.
No correction for multiple testing was performed.

Pair-wise linkage disequilibrium (LD) was tested using the
Slatkin and Excoffier expectation-maximization algorithm
[Excoffier and Slatkin, 1995] as implemented in Ldmax from
the GOLD software package (http://www.sph.umich.edu/csg/
abecasis/GOLD/index.html).

In Silico Analyses
The impact of a promoter SNP on potential binding sites

for transcription factors was analyzed using the program
Matinspector (www.genomatix.de) [Quandt et al., 1995;
Werner, 2000]. This program utilizes a library of matrix
descriptions for transcription factor binding sites to identify
potential sites in a sequence analyzed and assign a quality
rating of matches (core and matrix similarity) estimating the
influence of a SNP on the binding of transcription factors. The
possible effect of an intragenic SNP on splicing was investi¬
gated using the programs ESEfinder release 2.0 (http://
rulai.cshl.edu/tools/ESE) [Quandt et al., 1995; Werner, 2000;
Cartegni et al., 2003], RESCUE-ESE Web Server (http://
genes.mit.edu/burgelab/rescue-ese) [Fairbrother et al., 2002],
and NNSPLICE (http://www.fruitfly.org/seq_tools/splice)
[Reese et al., 1997]. ESEfinder identifies putative exon splicing
enhancers (ESE) responsive to the human SR proteins SF2/
ASF, SC35, SRp40, and SRp55. RESCUE-ESE Web Server
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predicts which sequences have ESE activity by statistical
analysis of exon-intron and splice site compositions.
NNSPLICE analyze the structure of the donor and the acceptor
sites using a neural network recognizer.

RESULTS

SNPs

In search for potential susceptibility variants the coding
region (1,269 bp in two exons), intron-exon boundaries, and the
promoter region (500 bp upstream to the transcription
initiation site) of GPR24 were sequenced in five individuals
with SZ, four with BPD and one control person from the
Faeroese sample. Two SNPs (rsl33070 and rsl33073) were
identified. In addition the dbSNP database (http://www.
ncbi.nlm.nih.gov/SNP) and the genome browser of University
of California Santa Cruz (http://www.genome.ucsc.edu/) were
used for selection of two additional SNPs in GPR24, two SNPs
in ADSL, and two SNPs in ST13 (Table I). Eight markers
(including D22S279) were genotyped in the sample from the
Faeroe Islands and all 10 markers in the Scottish sample.
Rs5757921 and rsl33071 turned out to be monomorphic and
were excluded from further analysis. All SNPs were found to be
in Hardy-Weinberg equilibrium in both samples (results not
shown).

Association Analysis of the Faeroese Sample
The Faeroese sample was analyzed using CLUMP compar¬

ing the controls to individuals with BPD, to individuals with SZ
and to the two groups combined, and significant associations in
all three groups were observed (Table II).

Several single markers showed significant association. The
three GPR24 SNPs rsl33068, rsl33069, and rsl33073 showed
association with SZ yielding P-values of 0.008-0.02. In BPD
and BPD/SZ combined, single marker association was observ¬
ed for rs909669 (ADSL) and rsl33070 (GPR24) with P-values
between 0.0036 and 0.037.

Significantly skewed overall distribution of 2-, 3-, and 4-
marker haplotypes involving all four GPR24 SNPs were found
when comparing controls to BPD with T1 P-values as low as
0.0009. The strongest signal was centered on 2-marker
haplotypes from rsl33069 to rsl33073 in GPR24. When
comparing controls to SZ unequal haplotype distribution was
observed for 2-, 3-, 4-, and 5-marker haplotypes spanning all
four SNPs in GPR24 in addition to rs909669 in ADSL with a 5-
marker haplotype showing a T4 P-value of 0.0054. Similarly,
comparing controls to the combined group of cases revealed
significant associations with 2-, 3-, 4-, and 5-marker haplo¬

types spanning the SNPs in GPR24 as well as rs909669 in
ADSL. The strongest signal was observed for the same 2-
marker haplotypes as in BPD (minimal P-value of 0.004) and
the 4-/5-marker haplotypes yielding maximum signals in SZ
(P-values as low as 0.002).

The distribution of the individual haplotypes contributing to
the overall signal is summarized in Table III. The overall signal
in BPD was strongest for 2- and 3-marker haplotypes involving
rsl33069 to rsl33073. The specific 2-marker haplotype con¬
taining the G and C alleles of the GPR24 SNPs rsl33070 and
rsl33073, respectively, was present in 9% of the chromosomes
in bipolar cases and 39% in controls yielding a P-value of
0.0165. Another 2-marker haplotype A-C involving the same
SNPs had a frequency of 23% in BPD and 0% in controls
(P-value of 0.0048).

In SZ the overall signal appeared strongest for 5-marker
haplotypes spanning the segment from rs909669 to rsl33070.
This signal was mainly due to the 5-marker haplotype C7CCA,
which was over-represented in cases. It was present in 90% of
the chromosomes in SZ against only 9% in the controls giving a
P-value of 5 x 10 6. A more modest overall signal appearing in
2-marker haplotypes covering rs909669 to rsl33069 was due to
part of the same specific 5-marker haplotype described above.

The overall signal in the combined group reflected the
strongest of the signals in BPD and SZ and correlated to the
same specific haplotypes. The specific 5-marker haplotype
straddling rs909660 to rsl33070 as seen in SZ (C7CCA) showed
a P-value of0.0006 in the combined sample, and together with a
variant of this haplotype (C6CCA) the haplotypes C-6/7-CCA
were over-represented in cases with a frequency of 75% against
only 22% in controls (P-value of 7 x 10 ). Finally, the same
specific 2- and 3-marker haplotypes covering rsl33069 to
rsl33073 as seen in BPD showed P-values as low as 0.0183 in
the combined sample (Table III).

The within-group estimates of relatedness among cases with
BPD did not differ significantly from the between-group re¬
latedness estimates (rbp = -0.0272 ± 0.0107 vs. rbp<>sz + con =
-0.0203 ±0.0040, t17>72 = 0.7102, P = 0.4795), nor did the
average relatedness among cases with SZ differ significantly
from the between-group relatedness estimate (rsz = -0.0223 ±
0.0126 vs. rsz<>bp + con =-0.0152 ±0.0045, tn>72 = 0.5675,
P — 0.5719). Considering the combined dataset of cases; the
within-group relatedness estimate of cases for both disorder
did not differ significantly from the estimated relatedness
between the case and control group (rbp _sz — -0.0208 ± 0.0063
vs. rbp+8z<>con = -0.0189 ± 0.0023, t28,72 = 0.3536, P = 0.7244).
Individuals within the two case groups (considered separately
and together) are therefore not significantly more related to
each other than they are to individuals outside the group.

TABLE I. Genotyped Polymorphisms and Allele frequencies in Samples From the Faeroe Islands and Scotland

MAF, Faeroe Islands MAF, Scotland
Location Type of

Gone Marker (Mb)" marker Allelesb Controls BPD SZ Controls BPD SZ

ADSL rs909669 39.066917 Promoter C/T 0.15 0.00 0.00 0.10 0.11 0.15
ADSL rs5757921 39.067154 Nonsyn G/A NG NG NG 0.00 0.00 0.00

D22S279 39.347314 Microsattelite — — — — — —

GPR24 rsl33068 39.398907 Promoter C/G 0.45 0.42 0.15 0.48 0.47 0.49
GPR24 rsl33069 39.398962 Promoter C/A 0.48 0.59 0.15 0.49 0.47 0.48
GPR24 rsl33070 39.399273 Promoter A/G 0.44 0.16 0.22 0.42 0.42 0.39
GPR24 rsl33071 39.399732 Promoter C/T 0.00 0.00 0.00 0.00 0.00 0.00
GPR24 r$133073 39.400195 Synonymous T/C 0.50 0.41 0.19 0.41 0.45 0.41
ST13 rs710193 39.547690 Nonsyn C/T 0.20 0.16 0.22 0.10 0.12 0.13
ST13 rsl573745 39.565335 Intron G/A NG NG NG 0.07 0.05 0.10

Nonsyn, non-synonymous SNP; MAF, minor allele frequency; NG, not genotyped.
"According to the UCSC Genome Browser, May 2004 assembly (http://www.genome.ucsc.edu).
''Major allele/minor allele on the +strand (http://www.genome.ucsc.edu).
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TABLE II. T1 and T4 P-Values From CLUMP Association Analysis of the Faeroese Sample

Single marker 2-marker 3-marker 4-marker 5-marker

Gene Marker T1 T4 T1 T4 T1 T4 T1 T4 T1 T4

BPD + SZ
ADSL rs909669 0 0036 0.0036

D22S279 0.0705 0.0268 0.0805 0.0501
GPR24 rsl33068 0.1461 0.1461 0.1818 0.1270 0.4823 0.3996
GPR24 rsl33069 0.0740 0.0740 0.0716 0.1107 0.2017 0.2023 0.2672 0.2064
GPR24 rsl33070 0 0116 0.0116 0.0145 0.0828 0.0525 0.1831 0 0064 0.0023 0.0059 0.0031
GPR24 rsl33073 0.0546 0.0546 0.0040 0.0188 0.0268 0.0626 0.0479 0.1278 0.0063 0.0023
ST13 rs710193 0.7631 0.7631 0.4522 0.4361 0.1158 0.1697 0.1755 0.2417 0.1722 0.239

oZi

ADSL rs909669 0.1178 0.1178
D22S279 0.0322 0.0174 0.0447 0 0080

GPR24 rsl33068 0.0197 0.0197 0.0542 0.0476 0.0990 0.0353
GPR24 rsl33069 0.0100 0.0100 0.0469 0.0353 0.1870 0.1727 0.1481 0.0495
GPR24 rsl33070 0.2107 0.2107 0.3299 0.3299 0.4456 0.4456 0.0426 0.0367 0.0156 0.0054
GPR24 rsl33073 0.0083 0.0083 0.5104 0.5104 0.3269 0.3269 0.4486 0.4486 0.0432 0 0375
ST13 rs710193 0.7065 0.7065 0.3844 0.3368 0.3917 0.5842 0.3957 0.5862 0.3932 0.5852

BPD
ADSL rs909669 0.0373 0 0373

D22S279 0.3548 0.2390 0.4799 0.3873
GPR24 rsl33068 0.8365 0.8365 0.4893 0.5473 0.8745 0.7353
GPR24 rsl33069 0.6815 0.6815 0.6484 0.5936 0.5063 0.4663 0.7976 0.5424
GPR24 rsl33070 0.0195 0.0195 0.0030 0.0159 0.0316 0.0972 0.1531 0.1076 0.2957 0.1557
GPR24 rsl33073 0.4217 0.4217 0.0009 0.0093 0.0042 0.0303 0.0433 0.0997 0.1521 0.1056
ST13 rs710193 1.0000 1.0000 0.8264 0.8600 0.0850 0.1940 0.1753 0.2821 0.1745 0.2831

P-values <0.05 in bold.

However, the within-group estimate did differ significantly
from the between-group estimate for controls (rcon =
-0.0059 ±0.0041 vs. rcon<>bp + 8i4 =-0.0189 ± 0.0023, t44>72 =
2.9902, P = 0.0034), indicating that controls are in fact on
average more related to each other than they are to individuals
outside the group.

Overall within-group estimated relatedness did not differ
significantly from the average between-group relatedness
estimate (rwji_bjn group 0.0143 ± 0.0005 vs. rbe^ween groups —
-0.0185 ± 0.0024, t72,72 = 1.7132, P — 0.0889).

Multidimensional scaling of pair-wise genetic distances
[Rousset, 2000] between individuals did not reveal an overall
clustering of cases in relation to controls (results not shown).
Based on the pair-wise estimates of relatedness or genetic
distance between each pair of individuals, some individuals

appeared to be more related than the population average, thus
sharing more alleles than expected based on the population
allele frequencies. This was, however, not consistently within
groups.

The amount of genetic differentiation (Fst) between cases
and controls was not statistically significant (Fst = 0.0014,
Piwo-iaiied = 0.4595, 3,000 permutations). Likewise there was
no evidence for inbreeding within individuals neither relative
to the total sample nor relative to subgroups (FIT= -0.0008,
J\wo-taiied = 0.9180; Fis= -0.0022; PtWo-iaiied = 0.8121, 3,000
permutations, when cases and controls are considered as two
subpopulations). Combining the two case groups did, however,
reveal genetic differentiation among the case groups and the
control group (FST= 0.0034, PtWo-taiied = 0.0330; FIT = 0.0004,
Ptwo-taiied = 0.9540; FIS = -0.0030, Ptwo-taiied = 0.7414, 3,000

TABLE III. Distribution of Selected Individual Haplotypes From CLUMP Analysis of the Sample From the Faeroe Islands

Haplotype Haplotype frequency P-values

SI M S2 S3 S4 S5 Controls BPD SZ BPD + SZ BPD SZ BPD + SZ

"Risk" haplotypes
5x 10 "C 7 C C A 0.09 0.28 0.90 0.50 0.1179 0.0006

C 6 C C A 0.13 0.39 0.00 0.25 0.0406 0.5569 0.3176
C 6/7 C C A 0.22 0.67 0.90 0.75 0.0026 0 0002 7 x 10~5

7 C C A T 0.15 0.39 0.64 0.44 0.2868 0.0013 0.0139
6 C C A T 0.12 0.28 0.14 0.28 0.0340 1.0000 0.2166

6/7 C C A T 0.26 0.67 0.78 0.72 0.0076 0 0013 0.0005
A C 0.00 0.23 0.00 0.14 0.0048 1.0000 0.0234

"Protective" haplotypes
A G 0.38 0.08 0.22 0.16 0.0393 0.3279 0.0364
A G C 0.38 0.10 0.21 0.15 0 0307 0.3279 0.0526

G C 0.39 0.09 0.21 0.14 0.0165 0.3286 0 0183

P-values <0.05 in bold.
S1-S5 correpond to SNP: rs909669, rsl33068, rsl33069, rsl33070, rsl33073.
M = D22S279.
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permutations), increasing the risk for false-positive findings
when combining the two disorders.

Association Analysis of the Scottish
Case-Control Sample

In the Scottish sample only D22S279 showed significant
single marker association with SZ, while haplotype analysis
revealed significant associations in both disorders (Table IV).
In BPD a minimal overall P-value of 0.0003 was observed for
haplotypes including all four GPR24 SNPs. In SZ the maximal
signal was slightly more proximal, including two GPR24 SNPs
and D22S279 (P = 0.0005). In the combined group of cases
similar but less significant associations were observed.

Some of the "risk" haplotypes identified in the Faeroese
sample were also found over-represented among the Scottish
patients (Table V). These (C)7CCA(T) haplotypes were pre¬
dominantly over-represented in Faeroese SZ and in the
Scottish BPD, while the related (C)2CCA haplotypes, which
were not present in the Faeroese population, were over-
represented among Scottish SZ patients. The rest of the
individual haplotypes found associated in the Scottish sample
differed from those identified in the Faeroese sample. For
example, the 2-marker haplotypes containing either the 2,4, or
8 allele ofD22S279 in conjunction with the GPR24 rsl33068 G-
allele, which had a combined frequency of 9.3% in SZ versus
1.5% in controls (P = 9.8 x 10~5).

Linkage Disequilibrium
A high degree of intermarker LD was observed especially

between the closely located SNPs in GPR24, extending to some
degree to the more distal ST13 SNP rs710193 in the Scottish

sample, and in the Faeroese sample centromeric to ADSL
(Table VI).

In Silico Analysis
Using Matinspector (www.genomatix.de) the different

alleles of the four promoter SNPs (Table I) were analyzed for
potential effects on binding sites for transcription factors. The
C allele of the GPR24 SNP rsl33068 introduced a binding site
for the transcription factor ZBP-89 whereas the G allele
introduced a binding site for X-box binding protein RFX1. In
both cases a high core and matrix similarity were seen. The C
allele of rsl33069 introduced binding sites for SP1, TGFbeta,
RREB1, ZBP-89, and ZIC2 of which especially ZBP-89 and
ZIC2 showed high core and matrix similarity. Particularly the
transcription factor ZIC2 is interesting since the ZIC genes
play an important role in neural development [Aruga, 2004].
For rsl33070 and rs909669 alternative alleles did not cause

any changes.
The synonymous GPR24 SNP rsl33073 was analyzed for

effects on ESE and donor and acceptor sites. ESEfinder
identified a single potential ESE that only appeared when
the T allele was present, creating a binding site for the splicing
factor SRp40 with the score 3.3, which is just above the
threshold of 2.67 indicating a significant score.

DISCUSSION

The present study investigated genes located in a potential
SZ and BPD susceptibility locus on 22ql3 and found significant
associations between SNPs and haplotypes located predomi¬
nantly in the GPR24 gene and both SZ and BPD in an extended

TABLE IV. Single Marker and Haplotype Association Analysis in the Case-Control Sample From
Scotland

Empirical overall P-values"

Gene SNP Single marker 2-marker 3-marker 4-marker 5-marker

BPD + SZ
ADSL rs909660 0.2189
D22S279 0.4644 0.0490
GPR24 rsl33068 0.8538 0.1821 0.0319
GPR24 rsl33069 0.7126 0.1791 0.3066 0.0591
GPR24 rsl33070 0.6721 0.4592 0.5945 0.3363 0.3390
GPR24 rsl33073 0.5632 0.0262 0.0155 0.0184 0.1747
ST13 rs710193 0.2317 0.1247 0.0715 0.0790 0.1895
ST13

Q7
rsl573745 0.7989 0.4429 0.0632 0.1346 0.2604

OZj

ADSL rs909660 0.0655
D22S279 0.0277 0.0012
GPR24 rsl33068 0.8145 0.0054 00015
GPR24 rsl33069 0.8734 0.1238 0.0005 0 0012
GPR24 rsl33070 0.3638 0.0618 0.0691 0.0053 0.0497
GPR24 rsl33073 0.8469 0.1879 0.0148 0.0135 0.0189
ST13 rs710193 0.2758 0.3269 0.2240 0.1069 0.1460
ST13 rsl573745 0.2879 0.1394 0.2105 0.2465 0.1871

BPD
ADSL rs909660 0.6833
D22S279 0.5453 0.0580
GPR24 rsl33068 0.6757 0.6295 0.3278
GPR24 rsl33069 0.6748 0.3582 0.7233 0.5948
GPR24 rsl33070 0.9373 0.1855 0.0779 0.3612 0.4471
GPR24 rsl33073 0.3470 0.1471 00053 0.0003 0.0410
ST13 rs710193 0.3292 0.1197 0.2251 0.0252 0 0018
ST13 rsl573745 0.1588 0.5903 0.1230 0.3998 0.1587

P-values <0.05 in bold.
"Empirical overall P-values based on 100,000 permutations using the HTR program.
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TABLE V. Distribution of Selected Individual Haplotypes in the Case-Control Sample From Scotland

Haplotype Haplotype frequency Empirical P-valuesu

SI M S2 S3 S4 S5 S6 Controls BPD SZ BPD SZ BPD + S2

"Risk" haplotypes
C 7 C C A 0.1564 0.2459 0.1783 0.0520 0.8847 0.1120

7 C c A 0.1560 0.2518 0.1660 0 0221 0.8869 0.1040
7 C c A T 0.1663 0.2470 0.1659 0.0499 0.9698 0.1966

C 2 0.0115 <0.0001 0.0909 0.2349 0.0005 0.1118
2 C c A 0.0039 <0.0001 0.0604 0.4531 0.0022 0.1005
8 G 0.0037 0.0173 0.0219 0.0691 0.0229 0.0559
2 G 0.0074 <0.0001 0.0434 0.1632 6.90 x 10 4 0.1366
4 G 0.0037 0.0038 0.0287 1.0000 0.0247 0.3235

2/4/8 G 0.0148 0.0208 0.0934 0.6185 9.78 x 10 5 0 0152
2/4/8 G A 0.0147 0.0208 0.0942 0.6200 9.40 x 10 5 0.0150

T 5 <0.0001 0.0355 0.0405 0.0041 0 0025 0 0058
T 5 G <0.0001 0.0180 0.0246 0.0164 0.0134 0.0181
T 5 G A <0.0001 0.0179 0.0250 0.0191 0.0136 0.0179
T G A G 0.0169 0.0621 0.0380 0 0474 0.3964 0.0330
T G A G C 0.0129 0.0619 0.0236 0 0296 0.4308 0.0263
"Protective" haplotypes

G A G T 0.0202 <0.0001 <0.0001 0.0257 0.0675 0.0006
A G T 0.0202 <0.0001 <0.0001 0.0264 0.0683 0.0006

G T 0.0254 0.0041 <0.0001 0 0252 0.0279 0.0050
G A A T 0.0537 0.0082 0.0897 0.0021 0.0841 0.4945
G A A 0.0522 0.0162 0.0977 0 0256 0.0442 0.9692

A A T 0.0537 0.0165 0.0949 0.0247 0.0534 0.8646
C 3 0.2634 0.2675 0.1704 0.8912 0.0314 0.2608
C 5 0.1718 0.1531 0.0958 0.7527 0.0534 0.2421
C 3/5 0.4353 0.4203 0.2662 0.7444 0.0018 0.0750
C 5 G A 0.1614 0.1307 0.0719 0.5996 0.0247 0.1250
C 3/5 G 0.3199 0.3208 0.2080 0.9939 0.0204 0.2432

3/5 G 0.3339 0.3454 0.2256 0.8470 0.0351 0.3597

P-values <0.05 in bold.
M = D22S279. S1-S6 correspond to SNP: rs909669, rsl33068, rsl33069, rsl33070, rsl33073, rs710193.
"Empirical haplotype-specific P-values based on 100,000 permutations using the HTR program.

Faeroese sample and a Scottish case-control sample. In both
samples the associations were centered on GPR24 but the
signal extended to some degree proximally including a single
SNP in ADSL, most significantly in patients with SZ from
the Faeroe Islands. This extended signal in the Faeroese
sample correlates with the slightly more extended LD seen in
the Faeroese population in the present study (Table VI) and in
a previous study comparing the LD structure of the Faeroese

population with more out-bread populations from Denmark
and England [Jorgensen et al., 2002b]. The distal part of
chromosome 22q is a region with a high degree of LD, and
according to data from the HapMap project (http://www.
hapmap.org) GPR24 is located between two haplotype blocks.
The centromeric part of the gene is apparently included in the
very distal part of a haplotype block extending up to 200 kb
proximally, whereas the telomeric part of the gene is part of a

TABLE VI. Intermarker Linkage Disequilibrium Measured by D'

Gene SNP SI M S2 S3 S4 S5 S6 S7

Faeroese sample
ADSL rs909669 (SI) 0.00 0.00 0.00 0.00 0.00 0.00

D22S279 (M) 0.30 0.73 0.73 0.82 0.84 0.54
GPR24 rsl33068 (S2) 0.68 0.43 1.00 1.00 0.92 0.41
GPR24 rsl33069 (S3) 0.72 0.52 1.00 1.00 0.91 0.41
GPR24 rsl33070 (S4) 1.00 0.46 1 00 1.00 1.00 0.36
GPR24 rsl33073 (S5) 0.75 0.58 0 94 1.00 1.00 0.39
ST13 rs710193 (S6) 1.00 0.43 0.61 0.61 1.00 0.64

Scottish sample
ADSL rs909669 (SI) 0.32 0.10 0.11 0.14 0.01 0.05 0.20

D22S279 (M) 0.46 0.38 0.37 0.48 0.46 0.23 0.23
GPR24 rsl33068 (S2) 0.19 0.46 0.95 0.93 0.92 0.58 0.60
GPR24 rsl33069 (S3) 0.20 0.46 0 99 0.89 0.89 0.56 0.60
GPR24 rsl33070 (S4) 0.58 0.55 0 94 0.95 0.99 0.51 0.85
GPR24 rsl33073 (S5) 0.55 0.61 0.91 0.92 0.95 0.48 0.86
ST13 rs710193 (S6) 1.00 0.70 0.90 O 89 0 90 0.90 0.63
ST13 rsl573745 (S7) 0.28 0.55 0.42 0.43 0.49 0.61 1.00

Cases above and right of diagonal, controls below and left of diagonal.
Significant (P < 0.05) D' values >0.7 are in bold.
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block extending approximately 130 kb distally. The proximal
block does not include ADSL, the distal block does not include
ST13, and apart from GPR24 the two blocks only contain the
two genes MKL1 and SLC25A17, neither of which are con¬
spicuous functional candidate genes in psychiatric disorders.
However, we cannot completely exclude that the associations
observed with GPR24 SNPs might be due to LD to a nearby
gene. In this context, it is interesting that a CAG trinucleotide
repeat in the hypothetical gene KIAA1093, located just
proximal to ADSL, has been reported to associate with both
BPD and SZ in an Indian sample [Saleem et al., 2001].

We have identified SNPs and several specific haplotypes
straddling GPR24, which is associated with SZ and/or with
BPD. For instance in the Faeroese sample we found 2-marker
haplotypes associated with BPD but not SZ while an entirely
different 5-marker haplotype showed association with both
BPD and SZ (Table III). The SNPs showed single marker
association predominantly with one of the disorders. Likewise,
in the Scottish sample some haplotypes showed association
with either BPD or SZ while a few showed association in both
disorders. These results indicate the existence of GPR24
susceptibility variants in both samples, some which are
common to BPD and SZ and some variants, which are different
for the two disorders. A number of the "risk" haplotypes found
in the Faeroese and Scottish populations were similar or
closely related, indicating that the two populations may partly
share the same causal variants.

Some of the specific haplotypes showing association in the
Scottish sample were rare, making the estimation of their
distribution quite sensitive to genotyping errors. Although
rigorous control of genotyping errors was performed, these
results should be interpreted with some caution.

To avoid bias due to population stratification it is essential
that cases and controls are subsamples of the same panmictic
population and share similar genetic history. In the Faroese
sample the cases are distantly related (Fig. 1), but we did not
find any genetic evidence indicating that cases on average are
more related to each other than they are to controls. This is,
however, no surprise considering the history of the Faeroese
population. The 28 cases with BPD and SZ have a common
ancestor 6-12 generations back in time. Twelve generations
back in time each individual has 212 = 4,096 ancestors and the
population size of the Faeroe Islands 12 generations ago was
probably around 4,000, approximately one tenth of today's
population.

Actually, the controls appeared on average to have a slightly
higher relatedness than the remaining sample. This would
tend to result in falsely suggesting protective alleles or
haplotypes in the association analysis. However, the majority
and most significant associations observed were for risk
haplotypes over-represented in cases (Table III).

There was also some evidence for genetic structure when
combining the two disorders, as indicated by a significantly FST
between combined cases versus the controls, which would
increase the risk for false-positives for the combined Faeroese
dataset. However, this seemed not to be a problem in the
present study as no association was significant only in the
combined group of cases. Correcting for subpopulation struc¬
ture or any form of cryptic structure in the form of inbreeding
or relatedness structure, should potentially be possible by
applying methods of "genomic control" [Devlin and Roeder,
1999]. Evaluation of how these methods deal with the presence
of cryptic relatedness is lacking, and we have therefore not
performed such correction.

As indicated by the in silico analysis three of the GPR24
SNPs might be of functional importance. Two of the pro¬
moter SNPs revealed changes in potential binding sites for
several transcription factors with a possible effect on GPR24
expression.

One of these transcription factors, ZIC2, is involved in
neurogenesis and is suspected to have multiple roles in neural
development [Aruga, 2004]. It is still unclear which molecular
actions that allow the gene to control neural development but
recent studies have shown that ZIC2 can work as a transcrip¬
tion factor and that it can activate transcription from several
promoters. The putative binding site for ZIC2 in the promoter
of GPR24 is only present when the C allele of rsl33069 is
present. The effect of this and other promoter variants should
be tested in vitro to evaluate their influence on the expression
of GPR24.

Analyses of exon splice enhancers showed that the rsl33073
SNP had a potential effect on splicing of GPR24, which should
be experimentally tested in future studies. A number of
different mRNA sequences have been deposited in GenBank
(http://www.ncbi.nih.gov/Genbank/) most ofwhich differ in the
length of the untranslated regions. A single splice variant
(AY747629) translates into a substantially different GPR24
isoform, indicating that regulation of alternative splicing
might indeed be of functional importance.

The molecular effect of MCH-induced activation of GPR24 is

complex. MCH seems to inhibit induced intracellular increase
in cAMP levels but stimulate the activation of extracellular
signal-regulated kinases (ERK) mainly through the B-Raf-
dependent pathway. Moreover, MCH seems to activate ERK in
metabolic active brain slices [Pissios et al., 2003]. Knock-out of
GPR24 in mice results in cognitive deficits and alterations in
hippocampal N-methyl D-aspartate (NMDA) receptor function
[Adamantidis et al., 2005] and upregulation of mesolimbic
dopamine receptors and the norepinephrine transporter,
suggesting that GPR24 may negatively modulate mesolimbic
monoamine function [Smith et al., 2005]. The associations
found in our study indicate that GPR24 may confer suscept¬
ibility to BPD and SZ possibly through variants that change
the effect of MCH on GPR24 or variants that changes the
availability of GPR24, perhaps due to an altered effect of the
transcription factor ZIC2.

Linkage studies suggest that 22ql2-13 harbors one or more
shared susceptibility loci in BPD and SZ. Our results showing
allelic/haplotypic associations in both disorders in two differ¬
ent samples are in accordance with these linkage findings.
One explanation for this could be the existence of a shared
endophenotype within the combined group ofcases, such as, for
example, psychosis. Familial aggregation of psychotic symp¬
toms has been reported in bipolar disorder pedigrees [Potash
et al., 2001, 2003a,b]. Furthermore, suggestive linkage to two
of four putative shared susceptibility loci in BPD and SZ—one
of which was 22ql2—was found in a study of bipolar families
with clustering of psychotic symptoms [Potash et al., 2003b]. It
would be interesting in future studies to investigate associa¬
tion between GPR24 and possibly shared endophenotypes such
as psychosis.

In conclusion, we have found associations between SNPs of
putative functional significance and haplotypes of GPR24 and
both BPD and SZ in two samples from the Faeroe Islands and
Scotland, respectively, suggesting GPR24 or a nearby gene as a
shared susceptibility gene for the two disorders. Replication
analysis in additional populations and functional studies of the
GPR24 protein and the disease-associated SNPs should be
carried out to determine this possible role of GPR24. The
results presented and previous studies, especially regarding
the effects of GPR24 antagonists in animal models, suggest
GPR24 as an interesting target for pharmacological treatment
of SZ, BPD, and related disorders.
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Evidence implicating BRD1 with brain development
and susceptibility to both schizophrenia and bipolar
affective disorder
JE Severinsen1, CR Bjarkam2, S Kiasr-Larsen1, IM Olsen1,3, MM Nielsen1, J Blechingberg1, AL Nielsen1,
IE Holm4, L Foldager3, BD Young5, WJ Muir6, DHR Blackwood6, TJ Corydon1, O Mors3 and
AD Borglum1
11nstitute of Human Genetics, University of Aarhus, Aarhus, Denmark; 2Institute of Anatomy, University of Aarhus, Aarhus,
Denmark; 3Centre for Basic Psychiatric Research, Psychiatric Hospital in Aarhus, Aarhus University Hospital, Aarhus,
Denmark;4Department of Pathology, Aalborg Hospital, Aarhus University Hospital, Aalberg, Denmark; 5Cancer Research UK,
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Linkage studies suggest that chromosome 22q12-13 may contain one or more shared
susceptibility genes for schizophrenia (SZ) and bipolar affective disorder (BPD). In a Faeroese
sample, we previously reported association between microsatellite markers located at
22q13.31-qtel and both disorders. The present study reports an association analysis across
five genes (including 14 single nucleotide and two microsatellite polymorphisms) in this
interval using a case-control sample of 162 BPD, 103 SZ patients and 200 controls. The
bromodomain-containing 1 gene (BRD1), which encodes a putative regulator of transcription
showed association with both disorders with minimal P-values of 0.0046 and 0.00001 for single
marker and overall haplotype analysis, respectively. A specific BRD1 2-marker 'risk' haplotype
showed a frequency of ~10% in the combined case group versus ~1% in controls (P-value
2.8 x 10 7). Expression analysis of BRD1 mRNA revealed widespread expression in mammalian
brain tissue, which was substantiated by immunohistochemical detection of BRD1 protein in
the nucleus, perikaryal cytosol and proximal dendrites of the neurons in the adult rat, rabbit
and human CNS. Quantitative mRNA analysis in developing fetal pig brain revealed
spatiotemporal differences with high expression at early embryonic stages, with intense
nuclear and cytosolar immunohistochemical staining of the neuroepithelial layer and early
neuroblasts, whilst more mature neurons at later embryonic stages had less nuclear staining.
The results implicate BRD1 with SZ and BPD susceptibility and provide evidence that suggests
a role for BRD1 in neurodevelopment.
Molecular Psychiatry advance online publication, 22 August 2006; doi:10.1038/sj.mp.4001885

Keywords: 22q13; association; complex disorder; neurodevelopment; fetal pig brain; MLC1

Introduction

Bipolar affective disorder (BPD) and schizophrenia
(SZ) are both lifelong disabling psychiatric disorders
with a significant genetic component in their complex
etiology.1,2 Shared epidemiologic and clinical char¬
acteristics suggest overlap in susceptibility for the
two disorders.3 Estimates of their heritability are
comparable (around 70%) and family studies have
shown an increased risk for schizoaffective disorder
and depression among first-degree relatives of both
bipolar and schizophrenia probands.3 In accordance
with these observations, evidence from linkage
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studies indicates that several chromosomes may
harbor shared susceptibility loci for BPD and SZ,
e.g. 4pl6, 8p22, 10pl4,13q32, 18pll and 22qll-13.4-7

Several studies have suggested linkage of especially
SZ but also BPD to a number of regions on chromo¬
some 22." This has been supported by meta-ana¬
lyses."'1" The meta-analysis by Badner and Gershon,"
in particular, examined 11 BPD and 18 SZ genome
scans, using the Multiple Scan Probability method
that combines P-values from linkage regions with
clusters of positive results, and found 22q to be one of
two regions showing the most significant evidence
for linkage in both disorders (P<lxl0 5 for BPD,
and P< 9 x 10~5 for SZ).

At the telomeric region of 22q, Coon et al.u
originally found evidence of linkage to marker
D22S55 at 22ql3.33 (APM P-value 0.003) in a genome
scan of nine SZ families. More recently, positive
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linkage to D22S1169 at 22ql3.32 was reported for a
subset of pedigrees in a multicenter study of 779 SZ
pedigrees, and with borderline significance in the
total sample when intersample heterogeneity was
taken into account.12 Likewise, Takahashi et al."
reported suggestive linkage to D22S1169 in subsets
of highly familial SZ pedigrees, and a genome scan of
catatonic SZ pedigrees found a maximal multipoint
LOD score of 2.59 at D22S1169.14

In BPD linkage has mostly been reported (and
examined) at more centromeric regions. In the study
of Kelsoe et al." the most significant linkage was
found at D22S278 (22ql2.3), but positive LOD scores
(0.58-1.22) were also reported at the most telomeric
markers tested at 22ql3.2-ql3.31.

In a study of distantly related cases and controls
from the Faeroe Islands our group has previously
reported that chromosome 22ql3 may harbor two
shared susceptibility loci for BPD and SZ, the most
distal locus located telomeric to D22S1170 (22ql3.31-
qtel).1" In the present study, we carried out an
association analysis of five brain-expressed genes
located in this telomeric region, using a case-control
sample from Scotland. One of the genes, the bromo-
domain-containing 1 gene (BRDl), showed associa¬
tion with both disorders and the gene was further
characterized by expression analyses and immuno-
histochemical studies of adult mammalian brain

samples (including human) and fetal pig brain.

Materials and methods

Subjects
The case-control sample from Scotland consisted of
103 patients with SZ, 162 patients with BPD and 200
ethnically matched controls. Informed consent was
obtained from all patients prior to inclusion, and the
study was approved by the local research ethical
committees where patients were recruited. Subjects
were interviewed by an experienced psychiatrist and
venous blood taken for subsequent DNA extraction
using routine procedures. Diagnoses were made
according to DSM-IV criteria after case-note review
and personal interview using the Schedule for
Affective Disorders and Schizophrenia - Lifetime
version. Final diagnoses were reached by consensus
between two experienced psychiatrists (DB and WM).
Control subjects (prescreened to exclude those with
serious chronic illness) were drawn from the same

population in South East and South Central Scotland
and recruited from Scottish National Blood Transfu¬
sion Service donors. We have reported these sample
sets previously.171"

Genotyping
The genes selected were included on the basis of their
location, expression profile and existing knowledge of
their function. The selection criteria for the single
nucleotide polymorphisms (SNPs) were also based on
a functional approach evaluating the type of SNP
(prioritizing nonsynonymous SNPs) and location

(preferably promoter, UTR, intron/exon boundaries,
and conserved regions). Genotyping was performed
using 40 ng of DNA per multiplex PCR. Exonucleasel
and Shrimp Alkaline Phosphatase were used for
purification steps and the SNPs genotyped by multi¬
plex single base extension technology using the ABI
SNaP-shot kit and an ABI 310 Genetic Analyzer or a
3100 Avant Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer's
recommendations. The data was analyzed using the
GeneScan 3.1.2 program (Applied Biosystems, Foster
City, CA, USA). Standard PCR conditions were used.
The microsatellite markers were analyzed using
fluorescent primers, standard conditions for (duplex)
PCR amplification and separation of allelic fragments
on an ABI 310 Genetic Analyzer. All primer se¬
quences are available on request. To minimize
genotyping errors all polymorphisms were scored
independently by two experienced investigators. Any
discordances lead to re-analysis of the sample.
In addition a number of SNPs (including HRDl
rs4468 and rsl38880) were analyzed twice in at
least 85 individuals. No divergent genotypes were
observed, indicating a very low error rate (for allele
calls <0.006).

Statistical analysis
/2 and Fisher's Exact test were used to assess allele
and genotype distributions. Haplotype Trend Regres¬
sion (HTR) was used to estimate the frequency and
analyze the distribution of haplotypes.1" When com¬
paring two groups, HTR produces an overall P-value
for the observed distribution of all the haplotypes at
an interval defined by a set of neighboring markers
and also a haplotype-specific P-value describing
the likelihood of the observed distribution of each of
the individual haplotypes. The P-values from HTR
presented in this study are empirical values based on
upto 100 000 000 permutations. P-values <0.05 are
referred to as significant. The P-values presented
are not corrected for multiple testing. However, the
highly significant haplolype associations remained
significant even after a Bonferroni correction, which
is overly conservative as the tests performed are not
independent.

Tests of linkage disequilibrium were performed
using the program Ldmax from the GOLD software
package (http://www.sph.umich.edu/csg/abecasis/
GOLD) which uses the Slatkin and Excoffier expecta¬
tion-maximization based approach.2"

In silico analysis
The impact of a promoter SNP on potential binding
sites for transcription factors was analyzed using the
program Matlnspector (www.genomatix.de).21,22 This
program utilizes a library of matrix descriptions for
transcription factor binding sites to identify potential
sites in a sequence analyzed and assign a quality
rating of matches (core and matrix similarity) estimat¬
ing the influence of a SNP on the binding of
transcription factors.

Molecular Psychiatry
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The possible effect of an intragenic SNP on splicing
was investigated using the programs ESEfinder
release 2.0 (http://rulai.cshl.edu/tools/ESE),21"23 RES-
CUE-ESE Web Server (http://genes.mit.edu/burgelab/
rescue-ese),24 FAS-ESS web server (http://genes.mit.
edu/fas-ess/),2S ExonScan Web Server (http://genes.
mit.edu/exonscan/)24-2" and NNSPLICE (http://
www.fruitfly.org/seq_tools/splice).27

The effects of 3' UTR SNPs on microRNA binding
sites were analyzed using the miRBase Targets Pre¬
release Version 1.0 (http://microrna.sanger.ac.uk/
targets/vl/) which is a web resource provided by the
Wellcome Trust Sanger Institute containing computa¬
tionally predicted targets for microRNAs across a
number of species.

Northern blotting
Human Multiple Tissue Northern Blots II and V
(Clontech Laboratories, CA, USA) were probed with a
a-32P-CTP-labeled probe against BRDI. Full-length
BRDt was cloned from human brain cDNA (Clontech,
#639300), gel purified (Qiagen, #28704) and used as
template for the probe synthesis. The probe was
synthesized and labeled using 15 000Ci/mmol a-32P-
CTP (EasyTides) and the Prime-It RmT Random
Primer Labeling Kit (Stratagene, #300392) following
the manufacturer's protocol. The specific activity of
the probe was measured to 1.3 x 10''dpm//<g. The
blots were hybridized and rinsed as described
previously2" and exposed to X-ray film for 3 weeks.

Preparation of rat, rabbit, human and fetal
pig brain tissue
Seven male Wistar rats (250-300 g) and five male
New Zealand white rabbits (2.5-3.5 kg) were deeply
anesthetized before transcardial perfusion with 0.5 1
(rats) or 1.51 (rabbits) phosphate-buffered 4% para¬
formaldehyde (pH 7.4) at 4°C as approved by the
Danish Council for Animal Research Ethics. The
brains were immersed in the same fixative for 24 h
and divided into two to three minor coronal tissue
blocks by histOmer embedding and sectioning on a
HistOtech slicer20 before vibratome sectioning into
50 /im sections.

Human brain tissue was obtained from two donors
who had donated their remains for educational and
scientific purposes at the Institute of Anatomy,
University of Aarhus. The brains were removed
24-72 h postmortem and briefly stored in 10%
formalin before smaller tissue blocks containing the
frontal cortex were paraffin-embedded and micro¬
tome sectioned into 10/im sections.

Fetal pig brain tissue was obtained from pregnant
sows anesthetized by carbon dioxide and killed by
bleeding at embryonic day 40, 60, 80, 100 and 115,
respectively. The removed fetal brain tissue was
briefly immersed in 10% formalin before tissue blocks
containing the forebrain (cortex cerebri) and the
hindbrain (lower brainstem and cerebellum) were
embedded in paraffin and microtome sectioned into
2 jum sections.

For quantitative analysis of the mRNA expression,
the hippocampus, cortex, basal ganglia, cerebellum
and brain stem were dissected from the fetal brains
and immediately frozen in liquid nitrogen. After
thawing on ice, total RNA was extracted with Totally
RNA™ (Ambion) according to the manufacturer's
protocol.

Immunohistochemistry
The anti-BRDl monoclonal antibody used was pro¬
vided by Bryan Young and was identical to that used
in the initial BRDI cloning study.30 It was raised
against the 11 amino acid peptide RRPFSWEDVDR
corresponding to amino acids 692-702 of BRDI.

Vibratome and cryostat sections were initially
blocked for endogenous biotin before preincubation
with 1% Triton X-100 and 0.2% milk (Bidinger,
Denmark) in TBS for 30min followed by incubation
at 4°C with the primary monoclonal antibody (mouse
anti-BRDl) diluted 1:500-1:1000 in TBS containing
1% Triton X-100 and 0.2% milk for 72 h. After rinsing
with TBS and 1% Triton X-100 for 3xl5min, the
sections were incubated for 1 h at room temperature
with the secondary antibody (sheep anti-mouse
Ig biotin-labeled, Amersham, RPN 1001) diluted
1:200-1:400 in TBS containing 1% Triton X-100 and
0.2% milk. Endogenous peroxidase activity was
blocked with a solution of 80 ml TBS with 10 ml
H202 and 10 ml methanol for lOmin. Avidin-perox-
idase (Sigma: A 3151) diluted 1:200-1:400 with
TBS containing 1% Triton X-100 and 0.2% milk
was then applied for lh at room temperature.
After rinsing for 3xl5min in TBS + 1% Triton
X-100, the formed avidin-peroxidase complexes were
visualized by incubation for lOmin with diamino-
benzidine (DAB) made by dissolving a 10 mg
DAB-tablet (Kem-En-Tec Diagnostics A/S) in 10 ml
water and immediately before use adding 10 pi of
35% H202. After mounting and coverslipping with
Depex, the sections were analyzed using a light
microscope and compared with Nissl-stained sec¬
tions, securing systematic analysis of consecutive
coronal brain levels.

Paraffin-embedded sections were stained according
to the above mentioned protocol after initial target
retrieval by microwave boiling of the sections for
lOmin in a citrate buffer (pH = 6.0) and usage of
the primary monoclonal mouse anti-BRDl antibody
diluted 1:150.

Double immunofluorescence staining was per¬
formed on vibratome sections incubated for 72 h at
4°C with the primary monoclonal BRDI antibody
diluted 1:500, followed by a 1 h incubation at room
temperature with the secondary antibody (goat anti-
mouse Ig FITC-labeled, Abeam, ab6785) diluted
1:600. The sections were then treated with 500/ig
RNaseA (Roche, 109 142) for 20min, before nuclear
staining with TO-PRO-3 (Molecular Probes, T3605)
diluted 1:1000 for 5 min, followed by mounting
and coverslipping with Vecta-shield H1000 and
subsequent confocal microscopic analysis.

Molecular Psychiatry
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cDNA synthesis and real-time qPCR
cDNA was synthesized from 1 pg total RNA in
20 /(I reactions using iScript cDNA synthesis Kit
(Biorad). After synthesis the cDNA was diluted five
times with double-distilled water. The real-time
RT-PCR reactions were made with DyNAmoSYBR
Green qPCR kit (Finnzymes) in a total volume of
20 /d, using 6pmol primers specific for pig BRD1
(forward: 5'-GGGCCAAGTGCAGCGGCTAC-3', reverse:

5'-CTCCATCATCTTCAGCTTGTC). Amplification was
carried out on a Biorad iCycler using the following
conditions: 95°C 15min, (94°C 10s, 58°C 20s, 72°C
30 s) 40 repeats, 72°C lOmin, cooled to 20°C.
PGR specificity was controlled by melting curve
analysis. All reactions were also run using primers
specific for pig-GAPDH as an internal standard
(forward: 5'-GGGGAATTCGCCACCATGGTGAAGGT
CGGAGTGAAC-3', reverse: 5'-GGGGAATTCGATGA
CAAGCTTCCCATTCTC-3').

The relative standard curve for the real-time qPCR
reactions were made from RT-PCR of cDNA from the
115-day-old fetus hippocampus, amplified with the
above-mentioned conditions. The product was run on
a 1% agarose gel, cut out and purified using QIAquick
Gel Extraction Kit Protocol (Qiagen). The DNA was
diluted and used to produce a relative standard
curve showing above 90% PGR efficiency in the area.
The specificity of the PCR product was verified
by sequencing showing the position of the product
to span the last two exons of the gene. Relative
quantification of the expression was determined as
follows. Three replicates of the threshold cycle for
BRD1 (Ct.x) and GAPDH (CT,K) were measured.
Subtracting each Ct.k replicate from each CV.x nine
threshold differences (AC,) were calculated. Under

assumptions of normality and variance homogeneity
the temporal change in expression was examined by
analysis of variance contrasting to embryonic day 115
the mean threshold difference from each of the
other days. P-values are adjusted for the number of
contrasts tested using the Sidak method. Note this
analysis is a variant of the 2~AAG' method'" with AACT
equal to the contrasts and results are presented in
terms of fold changes 2~AAGr (Figure 5). Moreover, a
polynomial regression model up to third order was
determined using a forward inclusion stepwise
procedure. The significance of the highest order term
is indicated and the resulting regression curve with
95% confidence bands is shown after back-transfor¬
mation by 2_ACt (Figure 5).

Results

Association analysis
Five SNPs in BRD1, nine SNPs in four neighboring
genes and two microsatellite markers were selected
and genotyped in a Scottish case-control sample,
including 103 SZ cases, 162 BPD cases, and 200
controls (Table 1). Rs3752466 turned out to be constant
and was consequently excluded from further analysis.
No significant deviation from Hardy-Weinberg equili¬
brium was observed for any of the SNPs in the case
or control groups. Single-marker and multimarker
haplotype analysis was performed comparing controls
to SZ, BPD, and the two case groups combined.

Significant single-marker associations were ob¬
served for two BRD1 SNPs and D22S1169 (Table 2).
The promoter SNP rsl38880 showed association in
SZ, BPD and the combined case group with P-values
of 0.0061, 0.0274 and 0.0046, respectively. The 3' UTR

Table 1 Genotyped polymorphisms and allele frequencies

Gene SNP Location (Mb)" Type of SNP Alleles'' MAF

Controls BPD SZ

FAM19A5 rsl32234 47.424523 Intron C/T 0.27 0.29 0.27

FAM19A5 rs3752466 47.466709 3' UTR C/T 0.00 0.00 0.00
D22S922 47.491607 Microsatellite
D22S1169 47.722917 Microsatellite

BRD1 rs4468 48.488513 3' UTR T/C 0.35 0.37 0.49
BRD1 rsl38855 48.519343 Intron G/C 0.16 0.14 0.13
BRD1 rs2239848 48.537615 Syn G/A 0.01 0.02 0.01
BRD1 rsl38880 48.539472 Promoter A/C 0.16 0.22 0.25
BBDl rsl38881 48.541343 Promoter G/A 0.10 0.12 0.13
MLCl rs6010260 48.818300 Nonsyn G/T 0.13 0.14 0.16
MLCl rsl37931 48.826710 Promoter C/- 0.26 0.22 0.27
MLCl rsl37932 48.826857 Promoter G/A 0.25 0.22 0.27
MOV10L1 rs3810971 48.849123 Nonsyn C/T 0.24 0.26 0.20
MOV10L1 rs2272843 48.901923 Nonsyn C/A 0.15 0.13 0.12
MAPK8IP2 rs715519 49.328513 Promoter C/G 0.18 0.16 0.19
MAPK8IP2 rs916005 49.334387 Intron G/A 0.04 0.04 0.05

Abbreviatons: MAF, minor allele frequency; Nonsyn, nonsynonymous SNP; Syn, synonymous SNP.
"According to the UCSC Genome Browser, May 2004 assembly (http://www.genome.ucsc.edu).
''Major allele/minor allele on the + strand (http://www.genome.ucsc.edu).
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SNP rs4468 and D22S1169 showed significant asso¬
ciation with SZ (P = 0.0088 and 0.0214, respectively)
but not with BPD. These allelic associations were also
found in the analysis of the genotypic distribution
with similar P-values (results not shown).
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The haplotype analysis considering the overall
distribution of all haplotypes of two to four neighbor¬
ing markers in a sliding window fashion showed
comparable results in both disorders (Table 2). Highly
significant overall P-values (as low as 0.00001) were

Table 2 Single marker and overall haplotype association analysis

Gene SNP Empirical overall P-values"

Single marker 2-marker 3-marker 4-marker

BPD + SZ
FAM19A5 rsl32234 0.6116

D22S922 0.5552 0.5738

D22S1169 0.0383 0.4270 0.4635
BRDl rs4468 0.0215 0.3317 0.4030 0.1853

BRDl rsl38855 0.4186 0.3182 0.1374 0.1149

BRDl rs2239848 0.3983 0.6658 0.2092 0.2630
BRDl rsl38880 0.0046 0.0381 0.00005 0.0607

BRDl rsl38881 0.1727 0.0681 0.1550 0.0003

MLCl rs6010260 0.1631 0.4043 0.2102 0.3086
MLC1 rsl37931 0.5796 0.1604 0.1926 0.2358

MLCl rsl37932 0.6327 0.9210 0.4051 0.3061

MOV10L1 rs3810971 0.9874 0.9882 0.8355 0.2924

MOV10L1 rs2272843 0.3018 0.1966 0.4691 0.4295
MAPK8IP2 rs715519 0.7976 0.7516 0.4568 0.4123

MAPK8IP2 rs916005 1.0000 0.9552 0.9786 0.7152

BPD
FAM19A5 rsl32234 0.6271

D22S922 0.0885 0.8920

D22S1169 0.4042 0.6196 0.4032

BRDl rs4468 0.7814 0.8945 0.8753 0.7872

BRDl rsl38855 0.4377 0.0769 0.5369 0.5341

BRDl rs2239848 0.2501 0.5005 0.1742 0.5517

BRDl rsl38880 0.0274 0.0797 0.00006 0.1877

BRDl rsl38881 0.2473 0.1822 0.2096 0.0013

MLCl rs6010260 0.4011 0.6883 0.6108 0.5603

MLCl rsl37931 0.2842 0.2795 0.1011 0.4430

MLCl rsl37932 0.3229 0.8343 0.3976 0.2014

MOVl 0L1 rs3810971 0.5368 0.8155 0.8016 0.7716

MOV10L1 rs2272843 0.5064 0.1395 0.3280 0.3263

MAPK8IP2 rs715519 0.4675 0.6392 0.3063 0.4475

MAPK8IP2 rs916005 0.8427 0.8895 0.8328 0.3167

SZ
FAM19A5 rsl32234 0.7013

D22S922 0.3501 0.5950

D22S1169 0.0214 0.0194 0.0426

BRDl rs4468 0.0088 0.0184 0.0657 0.0228

BRDl rsl38855 0.5010 0.1138 0.0117 0.0839

BRDl rs2239848 1.0000 0.5944 0.0470 0.0095

BRDl rsl38880 0.0061 0.1610 0.00001 0.0203

BRDl rsl38881 0.2896 0.0521 0.1358 0.0002

MLCl rs6010260 0.0823 0.3103 0.0763 0.1593

MLCl rsl37931 0.8440 0.1836 0.3326 0.1100

MLCl rsl37932 0.7615 0.8969 0.2821 0.4183

MOV10L1 rs3810971 0.3431 0.8971 0.9061 0.1839
MOV10L1 rs2272843 0.2701 0.3417 0.7132 0.7849
MAPK8IP2 rs715519 0.7254 0.6423 0.5626 0.5239
MAPK8IP2 rs916005 0.8482 0.9765 0.9187 0.7463

"Empirical overall P-values based on 100 000 000 permutations using the HTR program.
P-values <0.05 in bold.
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observed in especially the 3- and 4-marker analysis
involving the BRDl SNPs rsl38855, rs2239848,
rsl38880 and rsl38881. Haplotypes involving the
microsatellite markers and the proximal BRD1 SNPs
showed primarily association in SZ.

Analysis of the individual haplotypes revealed
that the overall association could be attributed
to both 'risk' and 'protective' haplotypes [Table 3).
A 3-marker core haplotype spanning BRD1 SNPs
rsl38855, rs2239848 and rsl38880 had a frequency of
around 9% in cases against only 1% in controls,
producing a haplotype specific P-value of order 10 B.
Removing the rare middle SNP rs2239848 from the
analysis resulted in a reduced 2-marker 'risk' haplo¬
type (G-C) showing a frequency of ~10% in cases
versus ~1% in controls (P-value of 2.8 x 10 7 in the
combined case group). Five individuals were homo¬
zygous for this haplotype, all of whom were suffering
from BPD. Thus, the allelic/haplotypic association
was based on a preponderance of both hetero- and
homozygotes among cases.

'Protective' haplotypes over-represented among
controls included both microsatellites, all the BRD1
SNPs and extended into MLCl (megalencephalic

leukoencephalopathy with subcortical cysts 1) (Table
3). These related and rather frequent haplotypes
showed primarily significant results when compared
to their frequencies in SZ.

Linkage disequilibrium
A high degree of inter-marker linkage disequilibrium
(LD) between the SNPs in BRDl was found in controls
and cases (Table 4). Likewise a high LD between the
SNPs in MLCl extending distally to MOVlOLl
(Moloney leukemia virus 10-like 1, homolog (mouse))
was seen in both cases and controls. No significant LD
was seen between BRDl and MLCl.

In silico analysis
Using Matlnspector, the two promoter SNPs in BRDl
(Table 1) were analyzed for potential effects on
binding sites for transcription factors. The C-allele
of rsl38880 introduced binding sites for two tran¬
scription factors: The zinc-finger binding protein
factor encoded by ZNF202 which is thought to
predominantly regulate genes participating in
lipid metabolism,:i2 and hairy and enhancer of split
homolog 1 (HES-1) (showing a high core and matrix

Table 3 Distribution of selected individual haplotypes

Haplotype Haplotype frequency Empirical V-values'

Si Ml M2 S2 S3 S4 S5 S6 S7 S8 S9 Controls BPD SZ Combined BPD SZ

'Risk' haplotypes
G C 0.0105 0.0937 0.0993 2.8 x 10-' 1.6 X 10 " 1 X 10-'
G C A 0.0080 0.0591 0.0667 4 x 10 " 1 X 10 4 2 x 10 4
G C G 0.0027 0.0258 0.0326 0.0022 0.0018 0.0015
G G C 0.0105 0.0895 0.0951 1 X 10" 3 x 10 4 x 10

G G C A 0.0081 0.0611 0.0663 2 x 10"5 8 X 10 5 2x10 4

2 3 C <0.0001 <0.0001 0.0577 0.0248 — 0.0120

ective' haplotypes

2 T 0.2743 0.0797 0.1253 1.5 X 10 4 0.0389 5 X 10 4
1 2 T 0.1740 0.0442 0.0300 1.8 x 10"4 0.0865 4.3 X 10-4
1 5 T 0.0585 0.0536 <0.0001 0.0134 0.6006 0.0042
1 2 T G 0.2120 0.0675 0.0104 4 x 10 5 0.0811 8.4 X 10 4
1 5 T G 0.0458 0.0387 <0.0001 0.0207 0.5625 0.0046
1 2/5 T G 0.2463 0.1672 0.0119 5.7 x 10 " 0.0691 7.8 X 10 "

2 T G G 0.2930 0.1330 0.0843 9.2 X 10 1 0.0461 2.5 x 10 4
5 T G G 0.0401 <0.0001 <0.0001 0.0044 0.0334 0.0090

A G 0.8378 0.7830 0.7640 0.0232 0.0658 0.0314
A G G 0.7369 0.6672 0.6185 0.0114 0.0785 0.0061

A G G C 0.5678 0.5072 0.3913 0.0254 0.2936 0.0019
A G G C G 0.5693 0.5038 0.3912 0.0211 0.2452 0.0014

T G G A G G C G 0.3898 0.2554 0.2402 0.0030 0.1486 0.0039

T G G A 0.6313 0.5795 0.4809 0.0189 0.4404 0.0100

G A 0.8315 0.7685 0.7666 0.0217 0.0414 0.0683

"Empirical haplotype specific P-values based on 100 000 000 permutations using the HTR program.
P-values <0.05 in bold.
S2 to S9 correpond to SNP rs4468, rsl38855, rs2239848, rsl38880, rsl38881, rs6010260, rsl37931 and rsl37932.
Ml to M2 correpond to D22S922 and D22S1169.
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Table 4 Intermarker linkage disequilibrium measured by O

BRDl implicated with SZ, BPD and neurodevelopment

Gene SNP SI Ml M2 S2 S3 S4 S5 S6 S7 S8 S9 SlO Sll S12 Si 3

FAM19A5 rsl32234 (SI) 0.05 0.06 0.12 0.53

D22S922 (Ml) 0.08 0.13 0.02 0.44

D22S1169 (M2) 0.13 0.22 0.15 0.16

BRDl rs4468 (S2) 0.14 0.25 0.28 0.84

BRDl rsl38855 (S3) 0.04 0.06 0.17 0.90

BRDl rs2239848 (S4) 1.00 <0.01 <0.01 1.00 1.00

BRDl rsl38880 (S5) 0.08 0.09 0.20 0.92 0.94

BRDl rsl38881 (S6) 0.20 0.01 0.40 0.85 0.89

MLCl rs6010260 (S 7) <0.01 0.44 0.15 0.02 0.19
MLCl rsl37931 (S8) 0.30 0.10 0.29 0.45 0.01

MLCl rsl37932 (S9) 0.29 0.09 0.29 0.45 0.01

MOV10L1 rs3810971 (SlO) 0.31 0.13 0.16 0.05 0.53

MOV10L1 rs2272843 (Sll) 0.32 0.18 0.20 0.06 0.56

MAPK8IP2 rs715519 (S12) 0.13 0.13 0.27 0.58 <0.01

MAPK8IP2 rs916005 (Si 3) 0.89 0.29 0.52 0.20 0.11

1.00
0.12

0.44

1.00
0.59

1.00

1.00
1.00

<0.01

0.01
0.04
0.28

1.00
1.00

0.39
0.07
0.14

0.95

0.91

1.00

1.00

0.03

0.06

0.06
0.70

0.79
0.16
0.16

<0.01

0.06

0.16
1.00
0.39

0.69
0.98

0.07
0.23

0.24
0.71

1.00
0.15

0.10

0.09

0.21

0.22

0.06
0.47
1.00

0.31

0.04

0.97

0.96
0.54
1.00

0.22
1.00

0.08 0.10
0.02 0.00

0.11 0.14

0.42 0.42
0.17 0.17
0.11 0.11

0.07 0.07
0.19 0.19
1.00 1.00

0.99

1.00
0.87 1.00

0.81 1.00

0.06 0.08
0.34 0.33

0.04

0.00

0.19
0.04
0.12

0.18
0.05

0.07
0.53
0.93

0.93

1.00
<0.01

0.20

0.03
0.07
0.34
0.15
0.03

0.85

0.09
0.07
1.00

1.00

1.00
0.95

0.10

0.34

0.14

0.02

0.08
0.06
0.05

0.20
0.01

0.12
0.29
0.06

0.06
<0.01

0.03

0.50

0.27
0.06

0.25
0.15

<0.01

1.00

0.09

1.00
<0.01

0.03
0.04

0.16

0.19
<0.01

Cases above and right of diagonal, controls below and left of diagonal.
Significant (P<0.05) O values >0.7 in bold.

similarity), which is a transcriptional repressor
inhibiting neural differentiation.3" Rsl38881 did not
introduce any changes.

The synonymous BRDl SNP rs2239848 located in
exon 1 was analyzed for effects on exon splicing
enhancers (ESE) and exon splicing silencers (ESS).
According to ESEfinder the presence of the rare A-
allele eliminated a binding site for the SR protein
SRp55. However, analysis of the splice site in exon 1
revealed a very strong donor site thus suggesting a
very limited potential effect of exon 1 ESEs. Neither
RESCUE-ESE nor FAS-ESS identified any effect of
rs2239848 on splicing.

Analysis of inlronic and 3'UTR SNPs did not
suggest any differential effects of the alleles.

Northern blotting
A BRDl transcript of the expected size (approxi¬
mately 4.6 kb). was observed in most of the human
brain regions tested, that is, whole brain, cerebellum,
cerebral cortex, medulla, spinal cord, occipital pole,
frontal lobe, caudate nucleus, corpus callosum,
hippocampus and thalamus (data not shown). A
further faint band of a slightly larger size was present
in whole brain, cerebellum and cerebral cortex, which
suggests alternative splicing of the pre-mRNA that
seems to be differently regulated across the human
brain.

Immunohistochemistry
BRDl-immunostaining showed similar neuronal
staining patterns in the adult rat, rabbit and human
cortex cerebri (Figure 1). The neurons in cortex layers
I—VI displayed prominent BRDl immunoreactivity in
the perikaryal cytosol surrounding a weaker granular
staining of the nucleus (Figures 1 and 2). BRDl
immunoreactivity was likewise seen in the proximal
part of the primary dendrites, whereas the distal

dendrites and the axon seemed unstained (Figures 1
and 2). Glial staining was not noted in the human
cerebral cortex or any part of the rat and rabbit CNS.
Consecutive sectioning and immunostaining of the rat
and rabbit brain confirmed that neuronal BRDl

immunoreactivity was distributed throughout the
adult nervous system for example, the cerebrum,
brainstem, cerebellum and spinal cord (Figure 3).

Fetal pig brain tissue of embryonic day 40, 60
(Figure 4a-c), 80, 100 and 115 (Figure 4d~f) revealed
dense nuclear staining in the neuroepithelial cell
layer and the early differentiated neuroblasts (Figure
4a and b). Medium-differentiated neuroblasts dis¬
played an intense nuclear and perikaryal cytosolar
staining pattern (Figure 4c), while fully differentiated
neurons generally stained more weakly and, in
particular, had a very weak nuclear staining com¬
pared to the staining intensity seen in the perikaryal
cytosol (Figures 4d—f).

mRNA expression in fetal pig brain
The level of expression of BRDl mRNA was measured
and normalized to the amount of GAPDH mRNA,
which was constantly expressed. While the overall
trend in the five examined areas of fetal pig brain was
the same, the differences in expression levels were
most pronounced in cortex cerebri in particular but
also in the regions of the brainstem and basal ganglia
(Figure 5). The maximum amount of mRNA was
measured at embryonic day 60 in all samples. The
two areas that were possible to dissect in the 40-day-
old embryo (cortex and cerebellum) showed a lower
level of expression. For some areas the abundance
of mRNA was also relatively increased at day
80 (brainstem, cortex and basal ganglia). Between
embryonic day 80 and 115 BRDl mRNA expression
leveled off.
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Figure 1 BRD1 immunostaining of adult rat, rabbit and human cerebral cortex. The three species exhibit a similar BRD1
staining pattern, (a) Rat cerebral cortex layer I—VI, (b) Rabbit cerebral cortex layer 11—VI, (c) Human cerebral cortex layer II—V,
(d) Rat layer II neurons, (e) Rabbit layer VI neurons, (f) Human layer V neurons.

Figure 2 Confocal microscopic images of BRD1 immunoflouresence stained rat cerebral cortex layer II—III neurons (a), TO-
PRO-3 stained cell nuclei in the same area (b), BRD1 and TO-PRO-3 double-stained section (c). The BRDl-immunoreactivity
is located both in the cytosol and the nucleus of the neurons whereas surrounding glial cells with small TO-PRO-3 positive
nuclei seem BRDl-negative.

Discussion

Using a case-control sample from Scotland, we have
analyzed genes and markers located in a candidate

susceptibility locus at the telomeric region of chro¬
mosome 22q and found association between the BRDl
gene and both SZ and BPD. Single marker as well as
multimarker haplotype associations were observed.
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Figure 3 BRDl-positive neurons in different adult rat and rabbit CNS areas, (a) BRDl-positive pyramidal cells in CA1 of the
rabbit hippocampus. Note the prominent staining of the proximal pyramidal dendrites in stratum radiatum. (b) Rabbit
striatum, (c) Rat ventromedial hypothalamic nucleus, (d) Rat cerebellar cortex, note BRD1 -staining of granule cells, purkinje
cells, and molecular layer interneurons. (e) Rat brainstem trigeminal motor nucleus, (f) Caudal part of the trigeminal spinal
nucleus in the rat cervical spinal cord.

One of the BRDl SNPs (rsl38880) and a 'risk' core-

haplotype were associated with both disorders while
another SNP (rs4468), marker D22S1169 and most of
the 'protective' haplotypes were associated primarily
with SZ, suggesting that both shared and disease-
specific BRDl variants may influence disease sus¬
ceptibility. Although supported by highly significant
P-values of gene variants/haplotypes located in a
region previously implicated with SZ and BPD by
linkage and association studies, the presented asso¬
ciation results should be replicated in other popula¬
tions in order to support this hypothesis.

According to data provided by the HapMap project
(http://www.hapmap.org/), which is consistent with
the LD results presented (Table 4), BRDl is located in
the centromeric part of a relatively well-defined
150 kb haplotype block containing only one addi¬
tional gene called ZBED4 (zinc-finger, BED-type
containing 4), a widely expressed gene with a yet
unknown function. The MLC1 gene is not included in
this block, but contained in a ~100kb block more

than 130 kb distal to the BRDl block, and no evidence
of LD is observed between the two blocks.

MLCl was initially proposed as a susceptibility
gene for catatonic SZ based on analysis of a single
large pedigree.34 However, both the same group and
others have more recently rejected this hypothesis

based on more extensive analyses of a number of
catatonic families.35"37 Interestingly, a recent study of
a Southern Indian population reported evidence of
association between MLCl and both SZ and BPD.3"

According to the regional LD pattern discussed above
it does not seem likely that the Indian MLCl signal
and the present BRDl association represent the
same susceptibility locus, unless the population of
Southern India has a different and more extended
LD pattern. However, this might actually be the case
as the Indian study also reported association between
both disorders and the marker D22S1161, which is
located more than 1 cM proximal to BRDl and MLCl
(http://www.ncbi.nlm.nih.gov/mapview/).

In silico analysis revealed that the BRDl promoter
variant rsl38880 affects a putative binding site for the
basic helix-loop-helix transcription factor HESl.
HESl appears to repress early embryonic neuronal
differentiation of hippocampus, and a downregula-
tion of the transcription factor seems important to
normal development.3" The binding site of HESl is
only present with the C-allele of rsl38880, which was
over-represented in cases compared to controls and
part of the highly significantly associated 2-/3-marker
'risk' core-haplotype. The C-allele, which is the minor
allele in humans, appears to be the ancestral allele
based on comparison with the chimp genome (http://
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Figure 4 BRDl immunostaining of subventricular myelencephalon from fetal pig of embryonic day 60 (a-c) and embryonic
day 115 (d—f). (a) Next to the lumen of the fourth ventricle, a cell rich neuroepithelial layer is noted wherefrom maturing
neuroblasts migrate into the surrounding part of the myelencephalon. (b) Close view of the neuroepithelial layer seen in A.
The neuroepithelial cells display prominent nuclear BRD1 immunopositivity. (c) Close view of maturing neuroblasts seen in
a. Prominent BRDl-staining is seen both in the nucleus and the surrounding cytosol. (d) Subventricular medulla at the day of
birth corresponding to the area depicted in (a), displays less prominent BRDl immunoreactivity. (e) Close view of the
subventricular layer seen in (d). The subventricular cells display a weaker nuclear BRDl-immunoreactivity than seen in (b).
(f) Close view of the medullar neurons seen in (d). Note the pronounced decrease in nuclear BRDl immunoreactivity.

www.ncbi.nlm.nih.gov/SNP). This indicates that the
allele might have been subject to selection pressure,
thus further supporting a possible functional impact
of the SNP.

The BRDl protein was found in neurons of all parts
of the CNS examined with a predominant subcellular
localization in the nucleus and the perikaryal cytosol.
BRDl contains a bromodomain, a plant homeodomain
(PHD) finger, four potential binding sites for nuclear
receptors and four predicted nuclear localization
signals.110 Additionally, we have also identified a
PWWP-domain (proline-tryptophan-tryptophan-pro-
line) which is approximately 70 amino acids in length
and is believed to interact nonspecifically with
DNA.4" Bromodomains are found in a variety of
mammalian, invertebrate and yeast DNA-binding
proteins, and are able to interact with acetylated
lysine on histone proteins. Indeed, a point-mutation
of conserved tyrosine residues in the bromodomains
of the yeast protein Bdfl abolishes binding to
acetylated histones H3 and H4.41 They are believed
to form a link between acetylated histones and

transcriptional activation. The PHD finger is a
C4HC3 zinc-finger-like motif found in nuclear pro¬
teins thought to be involved in chromatin-mediated
transcriptional regulation. The PHD finger motif
is reminiscent of, but distinct from the C3HC4
type RING finger. Recently, a model was proposed
where adjacent PHD and bromodomains both contact
nucleosomes while at the same time interacting with
each other.42 Thus, BRDl contains a number of motifs
pointing towards a possible function as a transcrip¬
tional co-factor, which would be in accordance with
the subcellular expression pattern observed.

Quantitative expression analysis of BRDl mRNA in
fetal pig brain revealed a temporally and spatially
differential profile with high expression at early
embryonic stages, in particular in the cortex at
embryonic day 60 and 80 (Figure 5). During this
period of time the pig cortex is characterized by a high
degree of growth and neuronal migration, and the
gyration of the cortex is initiated. Immunohistochem-
istry revealed a variable staining pattern depending
011 the maturity of the neuronal cell (Figure 4). These
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Figure 5 Relative quantification of BRD1 mRNA expres¬
sion in terms of fold changes (2~A&Cr and 2~Af"T) found by
analysis of variance (left panel) contrasting to embryonic
day 115 the mean threshold difference from each of the
other days. The significance of the contrasts is indicated
(*P<0.05, **P<0.01 and ***P<0.001) with P-values
adjusted for the number of contrasts tested using the Sidak
method. A polynomial regression model up to third order
(right panel) was determined using a forward inclusion
stepwise procedure. The significance of the highest order
term is indicated.

in orchestrating important aspects of normal brain
development.

In this context, it is interesting lhat the disease-
associated promoter SNP (rsl38880) affects a possible
binding site of the HESl transcription factor known to
be involved in neural differentiation.

Several lines of evidence support the postulate that
aberration in brain development and ongoing neuro-
plasticity are important in the pathogenesis of SZ and
increasing evidence also support this hypothesis in
BPD.4:1-47 Additionally recent studies have revealed
that some of the best replicated SZ susceptibility
genes are involved in neurodevelopment. For exam¬
ple neuregulin 1 (NRGl) regulates numerous aspects
of neural development and synaptic plasticity,4""511
and DISCI may play an important role in hippocam-
pal and cortical development.51"54 Likewise, in BPD a
number of studies have supported brain-derived
neurotrophic factor (BDNF) as a susceptibility
gene, which is involved in promoting and modi¬
fying growlh, development and survival of neuronal
populations.55

Recent association findings suggest a number of
shared susceptibility genes for SZ and BPD, including
the neurodevelopmental genes DISCI, NRGl and
BDNF.5" It is tempting to speculate that impaired
neurodevelopment and plasticity may constitute a
shared intermediate phenotype for these disorders.
The results presented implicating BRD1 with brain
development and susceptibility to both SZ and BPD
would fit into this hypothesis, and should be
interesting to investigate further.
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•esults suggest that BRD1 expression is highly
•egulated in the embryonic brain, and as a potential
•egulator of transcription BRD1 may play a key role
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Objective: Patients with remitted major depressive disorder (MDD) and
bipolar disorder have persistent impairments in executive function
and verbal memory that may represent endophenotypic abnormalities.
In this study, we examine neurocognitive function in a sample of
euthymic young adults with bipolar spectrum disorder (BSD) (Can .1
Psychiatry 2002; 47: 125-134) and compare this to well-matched samples
of young adults with recurrent MDD and controls.

Method: Twenty-one euthymic young adult patients with BSD were
compared with 42 young adult patients with MDD and 33 controls
on a neuropsychological battery assessing attention, executive
function and verbal memory.

Results: Patients with BSD were significantly more impaired than
MDD patients and controls on tests of executive function and verbal
memory. MDD patients did not differ significantly from controls on
verbal memory function but performed less well on a test of executive
function.

Conclusion: Euthymic young adults with BSD had greater impairment
on neurocognitive measures associated with prefrontal and
hippocampal function than MDD patients and controls. This is a
reflection of a strong bipolar diathesis in the BSD group rather than
being a consequence of a more severe unipolar illness.
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Neurocognitive impairment is a core feature of
mood disorders. Converging evidence from a large
number of studies suggests that patients with major
depressive disorder (MDD) and bipolar affective
disorder have neurocognitive abnormalities within
the domains of attention, memory and executive
function that persist even after clinical recovery
(1-7). Although not all of these studies have been
consistent - some have been compromised by the
use of heterogeneous clinical groups, the effects of

The authors of this paper do not have any commercial associations
that might pose a conflict of interest in connection with this manu¬

script.

medications and the influence of residual mood
symptoms during testing - a consensus is emerging
that these impairments reflect fundamental trait
abnormalities of the neural circuits implicated in
mood regulation. Thompson et al. recently dem¬
onstrated that euthymic bipolar patients had
impaired attention, executive function and declar¬
ative memory relative to controls and that these
impairments were not attributable to residual
mood symptoms or hypercortisolaemia (8). Fur¬
thermore, there is now preliminary evidence that
subtle neurocognitive abnormalities exist in the
unaffected first-degree relatives of bipolar patients,
suggesting that these impairments are endopheno¬
typic markers of genetic vulnerability (9, 10).
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Table 1. Relative frequencies of each bipolar spectrum disorder (BSD) criterion for patients satisfying BSD diagnostic criteria (n = 21)

BSD criterion n (%)

A. At least one major depressive episode 21 (100)
B. No spontaneous DSM-IV hypomanic or manic episodes 21 (100)
C. Either of the following, plus at least two items from criterion D, or

both of the following plus one item from criterion D
C1. First-degree relative with bipolar disorder 6 (28.6)
C2. Antidepressant-induced mania or hypomania 11 (52.4)

D. if no items from criterion C are present, at least six of
D1. Hyperthymic personality (at baseline, non-depressed state) 7 (33.3)
D2. Recurrent major depressive episodes (> 3) 20 (95.2)
D3. Brief major depressive episodes (< 3 months) 21 (100)
D4. Atypical depressive symptoms (DSM-IV criteria) 9 (42.9)
D5. Psychotic major depressive episodes 0 (0)
D6. Early age of onset of major depressive episode (<age 25) 21 (100)
D7. Postpartum depression 0 (0)
D8. Antidepressant 'wear-off' (acute but not prophylactic response) 10 (47.6)
D9. Lack of response to > 2 antidepressant treatment trials 7 (33.3)

BSD diagnostic criteria reproduced with permission from Ghaemi et al. (15).

There is now widespread recognition that the
diagnostic classifications of International Classifi¬
cation of Disease, 10 (ICD-10) (11) and DSM-IV
(12) have tended to over-diagnose recurrent depres¬
sive disorder at the expense of bipolar affective
disorder and that clinically important bipolar
disorders affect between 1% and 5% of the popu¬
lation (13, 14). In an attempt to address this
deficiency within the current diagnostic classifica¬
tions, Ghaemi et al. have recently proposed struc¬
tured diagnostic criteria for bipolar spectrum
disorder (BSD; Table 1) (15). These criteria high¬
light that certain clinical variables (such as positive
family history for bipolar disorder, antidepressant-
induced mania, early age of onset, brief major
depressive episodes and atypical depressive epi¬
sodes) are more suggestive of bipolar disorder than
recurrent unipolar depression (16). In our own
work, we have demonstrated that these BSD criteria
may have a role in highlighting early bipolar
disorders in young adults with recurrent MDD (17).

In the current study, we aim to add to the
literature on cognition in mood disorders by
assessing cognitive function in a sample of young
adults with BSD and comparing this to young
adults with recurrent MDD and controls. Three

diagnostic groups were compared on a neuropsy¬
chological battery: euthymic young adults with
BSD; euthymic young adults with recurrent MDD;
and well-matched euthymic young adult controls.

Methods

Patients and controls

Sixty-three patients with recurrent MDD in clinical
remission for at least 1 month were recruited from a

psychiatric clinic at the University of Edinburgh
Student Health Service. Diagnoses were based on a
Structured Clinical Interview for DSM-IV (SCID-1)
assessment (18) and the diagnostic criteria for BSD
of Ghaemi et al. (Table 1). Thirty-three controls
were recruited by asking patients in the study
to recommend friends of a similar age, sex and
socioeconomic background and with no personal
history of depression. All patients and controls were
screened for euthymia on the day of testing using
the Hamilton Rating Scale for Depression (HRSD)
(19), with a cut-off score of 8 or less. This study
was approved by the local ethics committee and all
participants provided written informed consent.

Diagnostic and neuropsychological assessment

Using the SCID-1 and BSD diagnostic criteria, two
patient groups were identified: 42 with MDD and
21 with BSD. All patients and controls were
assessed by DJS using a fixed-order test battery
administered in a session that lasted approximately
60 min. Tests were completed using pencil and
paper methods and all subjects were assessed at
2 pm to control for the effects of diurnal variation
on performance.

An estimate of current intellectual functioning
was obtained by a combination of number of years
in full-time education, scores on the National
Adult Reading Test (NART) (20) and scores on
the block-design subsection of the Wcschler Adult
Intelligence Scale, revised (WAIS-R) (21). The
neuropsychological test battery included the
California Verbal Learning Test (CVLT), a test
of verbal learning and memory (22); and three tests
of attention and executive function: the Brixton

Spatial Anticipation Test (23); the Trail-making
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Table 2. Neuropsychological test scores: MDD versus BSD versus controls (MANOVA)

Neuropsychological domain MDD BSD Controls MANOVA F
and measure 23 II £5 (n = 21) (n = 33) (df = 2, 93) P

CVLT
Trial 1 7.2 (1.59) 6.4 (2.25) 7.7 (1.79) 3.37 0.04
Trial 2 10.7 (2.46) 9.8 (2.45) 11.8 (1.64) 5.48 0.006

Trial 3 12.2 (2.08) 11.0 (2.43) 13.1 (1.92) 6.15 0.003
Trial 4 13.1 (1.70) 12.3 (2.99) 14.2 (1.56) 6.22 0.003
Trial 5 13.6 (1.75) 12.9 (2.64) 14.7 (1.36) 6.09 0.003

Trials 1 to 5 total recall 56.8 (7.18) 52.0 (9.90) 60.7 (6.57) 8.49 0.001
List B recall 7.1 (1.98) 7.1 (2.56) 7.5 (1.75) 0.46 0.63
Short delay recall 13.1 (2.28) 11.2 (3.05) 13.5 (1.91) 6.38 0.003

C1.1 3.4 (0.89) 2.6 (1.02) 3.3 (0.76) 5.85 0.004
C1.2 3.3 (0.83) 3.1 (0.89) 3.3 (0.73) 0.45 0.64
C1.3 3.3 (0.78) 3.1 (0.73) 3.3 (0.74) 0.46 0.63
C1.4 3.6 (0.54) 3.0 (1.02) 3.6 (0.66) 6.85 0.002

Long delay recall 12.9 (2.45) 11.9 (2.89) 13.9 (1.98) 4.58 0.01
C2.1 3.5 (0.80) 2.7 (1.23) 3.4 (0.78) 5.47 0.006
C2.2 3.1 (0.74) 3.1 (0.81) 3.3 (0.73) 0.89 0.41
C2.3 3.4 (0.77) 3.2 (0.98) 3.5 (0.67) 1.10 0.39
C2.4 3.6 (0.54) 3.2 (1.03) 3.7 (0.54) 3.68 0.03

Recognition hits 15.0 (1.29) 14.0 (1.82) 15.2 (0.99) 5.60 0.005
Attention/executive function

Stroop Colour Test 111.62 (0.58) 111.67 (0.73) 111.70 (0.47) 0.17 0.84

Stroop Colour Word Test 109.52 (2.11) 108.29 (3.23) 110.42(1.17) 6.29 0.003
Brixton Test (raw score) 13.1 (4.12) 12.3 (3.69) 11.3 (4.10) 1.87 0.16

Trail-making part A (s) 29.6 (7.83) 32.7 (7.93) 23.0 (4.83) 14.37 0.001

Trail-making part B (s) 55.9 (15.13) 65.6 (16.57) 45.3 (10.88) 13.53 0.001

Values are expressed as mean (SD). MDD = major depressive disorder; BSD = bipolar spectrum disorder; MANOVA = multivariate
analysis of variance; CVLT = California Verbal Learning Test.

Test, parts A and B (24); and the Stroop Colour
Word Test (scored as the number of words correct)
(25).

Statistical analyses

Baseline demographic and clinical characteris¬
tics. For continuous variables, groups were com¬
pared on clinical and demographic characteristics
by using analysis of variance (ANOVA) for com¬
parisons between three groups (MDD, BSD and
controls) and independent (-tests for comparisons
between two groups (MDD versus BSD). The chi-
square test was used to compare categorical
variables.

Neuropsychological tests. Performance on neuro¬
psychological tests was compared across the three
groups by means of multivariate analysis of vari¬
ance (MANOVA) (Table 2). As many of the tests
used in this study are naturally correlated, this
procedure was considered superior to a Bonferroni
inequality correction because the latter would tend
to increase type II error. Where significant main
effects were detected on MANOVA, group differ¬
ences between MDD patients, BSD patients and
controls were then tested in a one-way ANOVA,

followed by a Tukey honestly significant difference
(HSD) post-hoc comparison (Table 3).

In order to place the observed differences
between groups into a more meaningful context,
calculation of effect sizes were carried out. After
Howell (26), these were calculated using the
formula: (Ppauenuf-Mcontrois)/crpooied- The first part
of this equation was reversed for tasks where a high
score indicates poorer performance (i.e. Pconuois-
Inpatients) to standardize the scoring schemes across
tasks. The Cohen convention for small and large
effect sizes was used: small effect size < 0.5;
medium effect size > 0.5 and < 0.8; and large effect
size > 0.8 (27). Data were analysed using SPSS
version 11.5 (28) and a two-tailed significance level
of 0.05 was used throughout.

Results

Demographic and clinical characteristics

Table 4 demonstrates that the three groups were
well matched in terms of mean age, gender ratio
and estimates of premorbid IQ (as measured by a
combination of number of years in education,
NART IQ and block design subsection score of
WAIS). Groups were also matched in terms of
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Table 3. ANOVA vtith Tukey HSD poot-hoc test for neuropsychological toots demonstrating significant main offoct from MANOVA

Neuropsychological
domain and measure

MDD

(n = 42)
BSD
(n = 21)

Controls
(n = 33)

ANOVA F

(df = 2, 93) p

MDD versus BSD versus MDD versus

BSD (p) controls (p) controls (p)

CVLT
Trial 1 7.2(1.59) 6.4 (2.25) 7.7 (1.79) 3.37 0.04 0.19 0.03 0.53
Trial 2 10.7 (2.46) 9.8 (2.45) 11.8 (1.64) 5.48 0.006 0.28 0.005 0.09

Trial 3 12.2 (2.08) 11.0 (2.43) 13.1 (1.92) 6.15 0.003 0.10 0.002 0.17

Trial 4 13.1 (1.70) 12.3 (2.99) 14.2 (1.56) 6.22 0.003 0.31 0.003 0.05
Trial 5 13.6(1.75) 12.9 (2.64) 14.7 (1.36) 6.09 0.003 0.31 0.003 0.05

Trials 1 to 5 total recall 56.8 (7.18) 52.0 (9.90) 60.7 (6.57) 8.49 0.001 0.05 0.001 0.07
Short delay recall 13.1 (2.28) 11.2 (3.05) 13.5 (1.91) 6.34 0.003 0.009 0.003 0.84

C1.1 3.4 (0.89) 2.6(1.02) 3.3 (0.76) 5.85 0.004 0.003 0.02 0.80
C1.4 3.6 (0.54) 3.0(1.02) 3.6 (0.66) 6.85 0.002 0.002 0.006 0.96

Long delay recall 12.9 (2.45) 11.9 (2.89) 13.9 (1.98) 4.58 0.01 0.22 0.009 0.21
C2.1 3.5 (0.80) 2.7 (1.23) 3.4 (0.78) 5.47 0.006 0.005 0.03 0.80
C2.4 3.6 (0.54) 3.2(1.03) 3.7 (0.54) 3.68 0.03 0.05 0.04 0.95

Recognition hits 15.0 (1.29) 14.0(1.82) 15.2(0.99) 5.60 0.005 0.02 0.004 0.68
Attention/executive function

Stroop Colour Word Test 109.52 (2.11) 108.29 (3.23) 110.42 (1.17) 6.29 0.003 0.09 0.002 0.18

Trail-making Part A (s) 29.6 (7.83) 32.7 (7.93) 23.0 (4.83) 14.37 0.001 0.23 0.001 0.001

Trail-making Part B (s) 55.9 (15.13) 65.6(16.57) 45.3 (10.88) 13.53 0.001 0.03 0.001 0.005

Values are expressed as mean (SD). ANOVA = analysis of variance; MDD = major depressive disorder; BSD = bipolar spectrum
disorder; CVLT = California Verbal Learning Test.

Table 4. Baseline demographic and clinical characteristics

MDD BSD Controls Significance test and
Characteristic (n = 42) (n = 21) (n = 33) p-value

Age (years) 21.3 (1.87) 22.4 (2.75) 22.2 (2.29) F = 2.67, df = 2, p <0.07
Gender ratio (F:M) 29:13 14:7 19:14 f = 1.11, df = 2, p < 0.57
NART IQ 117.9 (3.16) 116.7 (4.23) 115.9 (3.69) F= 2.85, df = 2, p < 0.06
Block design (WAIS) 45.3 (6.67) 44.1 (4.27) 45.8 (3.13) F= 0.72, df = 2, p < 0.49
Education (years) 16.6(1.52) 16.9 (1.77) 17.3(1.40) F= 2.10, df = 2, p < 0.13
HRSD score 2.5 (1.90) 2.6 (2.09) 1.9 (0.93) F = 1.47, df = 2, p < 0.23

BSD versus MDD

Current medications

Antidepressants only, n (%) 35 (83) 13 (62) - x2 = 3.54, df = 1, p < 0.06
Mood stabilizers only, n (%) 4(10) 4(19) - X2 = 1.15, df = 2, p < 0.29
Both, n (%) 2(5) 4(19) - X2 = 3.32, df = 1, p < 0.07
Neither, n (%) 1 (2) 0(0) - X2 = 0.51, df = 1, p < 0.48

Clinical variables
Age at onset of depression 15.7 (2.61) 15.0 (2.77) - f = 1,04, df = 61, p < 0.31
Number of depressive episodes 4.0 (1.46) 4.7 (1.42) - f = -1.9, df = 61, p < 0.06
Past history of deliberate self-harm, n (%) 19 (45.2) 13 (61.9) - X2 = 1.56, df = 1, p < 0.21

Values are expressed as mean (SD). MDD = major depressive disorder; BSD = bipolar spectrum disorder; NART = National Adult
Reading Test; WAIS = Weschler Adult Intelligence Scale; HRSD = Hamilton Rating Scale for Depression.

levels of depressive symptoms during neuropsy¬
chological testing and there were no significant
differences between the BSD and MDD groups in
terms of current medications, although it should be
noted that none of the controls were taking
medication at the time of testing.

The BSD and MDD groups were compara¬
ble on the clinical variables of age at onset
of depression, number of previous depressive
episodes and rates of a past history of deliberate
self-harm.

BSD criteria

Table 1 outlines the diagnostic criteria for BSD
and demonstrates the proportion of BSD patients
satisfying each of the criteria. Of particular note is
the high rate of having at least one first-degree
relative with bipolar disorder (28.6%), the
high rate of antidepressant-induced mania or
hypomania (52.4%) and the fact that none of
these patients had a history of psychotic major
depression.
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Neurocognitive function

Table 2 contains the mean scores and standard
deviations for each of the neuropsycholological
tests that were administered to the three groups.
MANOVA found significant differences between
them within several of the CVLT categories, for the
Stroop Colour Word Test and for both parts of
the Trail-making Test (Table 2). With respect to
the CVLT, significant differences were identified in
learning trials 1 to 5, trials 1 to 5 total free recall,
short delay free recall, cued recall (C 1.1, CI.4,
C2.1, C2.4), long delay free recall and recognition
hits. The differences between groups were non¬
significant for the Stroop Colour Word Test and
the Brixton Spatial Anticipation Test.

From this analysis, it can be seen that MDD
patients and BSD patients differed from controls
on many of the tests of verbal learning and
memory as well as on two of the three tests of
attention and executive function. Furthermore,
BSD patients consistently performed less well than
MDD patients on all of the tests.

Performance on these tests may have been
influenced by subtle differences between groups
on gender ratio, age, premorbid IQ and current
levels of depressive symptoms. Even though (from
Table 4) it appears that the three groups are
well matched on these variables, an additional
MANOVA was calculated with gender entered as a
'between-subjects' factor and with age, premorbid
IQ (NART score) and depressive symptoms
(HRSD score) entered as covariates. This analysis
did not alter the findings or levels of significance
outlined in Table 2.

In order to identify where the differences
between groups lay, an ANOVA, with a posthoc
Tukey HSD test, was carried out for those
variables where a significant main effect was
identified by MANOVA. This permitted a com¬
parison between MDD patients and BSD
patients; between BSD patients and controls;
and between MDD patients and controls. These
findings are presented in Table 3 and are sum¬
marized below.

MDD versus BSD. On the CVLT, significant
differences between the MDD group and the
BSD group emerged for trials 1 to 5 total free
recall (p < 0.05), short delay recall (p < 0.009),
cued recall (CI. 1, CI.4, C2.1, C2.4; p < 0.05 to
p < 0.02) and recognition hits (p < 0.02).

For tests of attention and executive function, the
only significant difference between the MDD and
BSD groups was in the Trail-making Test, Part B
(p < 0.03).

BSD versus controls. Patients with BSD performed
significantly less well than controls on all of the
neuropsychological tests in Table 3, with p-values
ranging from 0.04 to 0.001.

MDD versus controls. Differences were less pro¬
nounced in the comparison between MDD patients
and controls. Although the mean scores for MDD
patients were lower than controls for most of the
tests, only learning trials 4 and 5 of the CVLT
(p < 0.05) and Trail-making A (p < 0.001) and B
(p < 0.005) were statistically significant (Table 3).

Discussion

The aim of this study was to use a case-control
design to assess neurocognitive function in
euthymic young adults with recurrent BSD and
MDD. Overall, these data demonstrate that young
adults with DSM-IV recurrent major depression,
who also satisfy diagnostic criteria for BSD, have
subtle neurocognitive impairments in the domains
of verbal memory and executive function relative
to young adults with 'pure MDD' and controls.
This suggests that patients who under DSM-IV
have a recurrent unipolar depressive disorder in
addition to indicators of a bipolar diathesis (such
as a first-degree relative with bipolar disorder or a
history of antidepressant-induced hypomania)
have greater neurocognitive impairment in the
euthymic state than unipolar patients with no such
bipolar predisposition.

Within the CVLT, a test of verbal learning and
memory, BSD patients differed significantly from
MDD patients on short delay recall, recognition
hits and some of the semantic recall categories.
BSD patients also performed significantly less well
than MDD patients on the Trail-making Test, Part
B, a test of executive function.

Even though many of the findings above were
statistically significant, it must be acknowledged
that differences between groups on several tests were
relatively minor and that an examination of the
score distributions indicates a degree of overlap.
Furthermore, these differences may not necessarily
be associated with significant functional impair¬
ment. In order to quantify the degree of difference
between groups, effect sizes (Table 5) were calculat¬
ed for those tests that showed a significant main
effect from MANOVA. When the MDD and BSD

groups were compared separately to controls, most
of the effect sizes were in the medium to large range
(> 0.5 and > 0.8). For the comparison between the
BSD group and the MDD group, most effect
sizes lay within the medium range (between 0.5 and
0.8).
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Table 5. Effect sizes for neuropsychological tests demonstrating significant
main effect from MANOVA

MDD BSD MDD

Neuropsychological versus versus versus
domain and measure BSD controls controls

CVLT
Trial 1 0.41 0.64 0.30
Trial 2 0.37 0.96 0.53
Trial 3 0.53 0.96 0.40
Trial 4 0.33 0.80 0.67
Trial 5 0.08 0.86 0.70

Trials 1 to 5 total recall 0.56 1.04 0.57
Short delay recall 0.71 0.90 0.15

C1.1 0.84 0.78 0.12
C1.4 0.74 0.70 0

Long delay recall 0.37 0.81 0.45
C2.1 0.77 0.68 0.13
C2.4 0.49 0.61 0.19

Recognition hits 0.63 0.82 0.17
Attention/executive function

Stroop Colour Word Test 0.45 0.88 0.53

Trail-making Part A (s) 0.39 1.48 1.01

Trail-making Part B (s) 0.61 1.45 0.76

MANOVA = multivariate analysis of variance; MDD = major
depressive disorder; BSD = bipolar spectrum disorder;
CVLT = California Verbal Learning Test.

Overall, these findings suggest that relative to
controls euthymic BSD patients had significant
neurocognitive abnormalities within the domains
of prefrontal and hippocampal function. Addition¬
ally, euthymic MDD patients occupied an inter¬
mediate position between BSD patients and
controls in terms of neurocognitive performance.
Although the observed differences between groups
might reflect dysfunction within a number of brain
regions, they are also consistent with neuropsy¬
chological and structural and functional imaging
studies in mood disorder that implicate abnormal¬
ities within circuits connecting the prefrontal cor¬
tex with subcortical regions such as the
hippocampus (29).

An important limitation of these findings was
that we could not fully exclude the possibility that
taking psychotropic medications during neuropsy¬
chological assessment adversely affected perfor¬
mance and that this was at least part of the
explanation for the patient groups performing less
well than controls. Nevertheless, the BSD and
MDD groups were closely matched in terms of
current medications (Table 4).

It might also be argued that the BSD criteria
were actually defining a more severe unipolar
depressive disorder rather than a bipolar-type
disorder. However, this does not appear to have
been the case because there were no significant
differences between the BSD and MDD groups on

clinical variables such as age at onset of depression,
number of depressive episodes and rates of a past
history of deliberate self-harm (Table 4). Similarly,
none of the BSD patients had a history of
psychotic major depression (Table 1).

Another potential limitation is the absence of an
objective measure of current manic symptoms at
the time of neuropsychological testing. It has been
demonstrated that patients with mania perform
poorly on tests of executive function and declara¬
tive memory (2). However, none of the participants
in the current study, on clinical assessment, had
evidence of hypomania or mania at the time of
testing - the effects of mania on the current results
are therefore expected to be minimal. It may be
that a lack of formal assessment of manic symp¬
toms in the BSD group means that the term 'in
clinical remission' might have been more appro¬
priate than 'euthymia'.

There are several methodological strengths to
this study, including the use of a clinically and
demographically homogenous sample of young
adult patients, the assessment of patients during a
period of clinical remission and a high degree of
matching between groups. While it may be the case
that the neuropsychological battery used was
relatively small, it was still able to detect subtle
differences between the groups within the neuro¬
cognitive domains that have been previously high¬
lighted as important in mood disorders.

In summary, these data provide additional
evidence that young adults with recurrent MDD
have abnormalities in prefrontal and hippocampal
function when assessed during periods of illness
remission. They also suggest that euthymic BSD
patients, as defined by the criteria proposed by
Ghaemi et al. (15), have greater impairments than
euthymic MDD patients and controls. These
impairments appear to be a reflection of a strong
bipolar diathesis within the BSD group rather than
the expression of a more severe unipolar disorder.
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Intellectual disability, a common but under-researched condition, is
strongly associated with autism spectrum disorders (ASD). Although
studies have investigated the neural correlates of intelligence quotient
(1Q) and ASD in intellectually unimpaired subjects, these issues have
not been addressed in intellectually impaired subjects. We studied 63
intellectually disabled adolescents receiving additional learning support
and 72 controls using whole brain tissue volumes extracted from native
space and voxel-based morphometry (VBM) in normalised space. We
applied a qualitative and quantitative review of VBM preprocessing
and modified the optimised method to establish optimum co-registra¬
tion of the brains in normalised space. We report tissue density
differences at cluster level with adjustment for underlying smoothness.
Individuals with intellectual disability had smaller total white matter
and total brain tissue volumes than controls, as well as reduced grey
matter density in the right cerebellar hemisphere and left temporo¬
parietal cortex, and reduced white matter density in the posterior
corpus callosum. Intellectually disabled subjects were additionally
subgrouped according to their degree of reported autistic features.
Reduced grey matter density was detected in the thalamus of subjects
with autistic features scoring within the pervasive developmental
disorder range as compared to subjects below the threshold for ASI),
and increased white matter density was detected in the left superior
temporal gyrus of subjects scoring above the threshold for autism as
compared to subjects below the threshold for ASD.
© 2006 Elsevier Inc. All rights reserved.

Introduction

The clinical diagnosis of intellectual disability requires the
presence of global intellectual impairment, impairment of adaptive
functioning and onset during childhood (American Association on
Mental Retardation. 2002). For this purpose, intellectual impair¬
ment is generally taken as corresponding to an intelligence quotient
(IQ) of less than 70, and accordingly about 3% of school age

* Corresponding author. Fax: J 44 0 131 537 6531.
E-mail address: m.d.spenceiYa ed.ac.uk (M.D. Spencer).
Available online on ScienceDirect (www.sciencedirect.com).

children would be considered as intellectually impaired (Roeleveld
et al., 1997).

Despite the considerable psychiatric and social morbidity of
intellectual disability, little is understood regarding structural
correlates of the condition within the brain. Some of these might
be specific to particular underlying aetiologies, but others are likely
to be attributable to common pathways whose disruption results in
the intellectual impairment. The prevalence of qualitative structural
abnormalities in intellectual disability has been estimated to be
35-40% (Schaefer and Bodensteiner, 1999), and specific anomalies
that have been reported include ventricular dilatation, Chiari
anomaly, hypogenesis and hypoplasia of the corpus callosum and
cavum septi pellucidi (Gabrielli el al.. 1998; Solo-Ares el al., 2003).
Intellectual disability in adolescents is associated with thinning of
the corpus callosum, ventricular enlargement and a high yield of
structural anomalies on qualitative assessment according to a
standardised instrument (Spencer et al.. 2005).

The quantitative relationship between intelligence and brain
structure has been the subject of a number of recent magnetic
resonance imaging (MRI) studies. Volumetric MRI studies of
intellectually unimpaired subjects have demonstrated a positive
correlation between IQ and brain volume (Andreasen et al., 1993;
Reiss et al., 1996). Several recent studies have utilised voxel-based
morphometry (VBM), a computerised technique that enables
comparisons across multiple brain images, to investigate the
structural MRI correlates of IQ (Frangou et al., 2004; Haier et al..
2004; Wilke et al., 2003). These studies report evidence of
significant positive correlations between IQ and grey matter
density (GMD) in a wide range of brain regions, including the
frontal lobes, cingulate gyrus and cerebellum, as well as a
correlation with global grey matter volume. The above studies
have all investigated intellectually unimpaired subject groups, and
no study has as yet addressed the relationship between intellectual
function and brain structure in a large intellectually disabled
sample.

A strong association exists between intellectual disability and
autism. Indeed, intellectual disability is associated with a 400-fold
increase in the prevalence of autism (Kraijer, 1997; La Malfa et al.,
2004; Morgan et al., 2002), and around 80% of autistic children

1053-8119/$ - see front matter CO 2006 Elsevier Inc. All rights reserved,
doi: 10.1016/j.neuroimage.2006.08.011
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have an IQ less than 70 (Fombonne, 1999). However, relatively
few neuroimaging studies of autistic individuals have included
subjects with intellectual disability. Volumetric studies that
included autistic subjects within this IQ range have reported
reduced corpus callosal size (Egaas et al., 1995: Manes et al., 1999)
and enlarged cortical volumes, including enlarged grey and white
matter volumes for the whole brain and for the temporal, parietal,
occipital and frontal lobes (Hazlett et al., 2005: Piven et al.. 1996:
Sparks et al., 2002), and a single photon emission computed
tomography (SPECT) study demonstrated hypoperfusion within
the right temporal lobe, occipital lobes, thalami and basal ganglia
(Starkstein et al.. 2000).

Only one VBM study has investigated autistic subjects with
intellectual disability, reporting bilateral grey matter deficits in the
area of the superior temporal sulcus (Boddaert et al., 2004). All
other studies have concerned subject groups with high-functioning
autism or Asperger's syndrome, and with mean IQ values in the
region of 100 (Abell et al.. 1999; Chung et al., 2004; Kwon et al..
2004; McAlonan et al.. 2002, 2005; Salmond et al., 2003; Waiter et
al., 2004. 2005). The intellectually impaired majority of the autistic
population is therefore an under-researched group, and relatively
little is known about the structural correlates of autism within this

population.
The aims of this study are therefore: (1) to investigate using

VBM the structural con elates within the brain of subjects with
intellectual disability, and (2) to investigate the correlates of
autistic features within an intellectually disabled population. We
report differences in global grey and white matter volumes, as well
as differences in localised grey and white matter density. In view of
the significant prevalence of gross structural brain anomalies
within intellectually impaired populations, our study utilises
important enhancements to existing optimised VBM protocols.

Methods

Participants

The study included individuals with intellectual disability and
controls, 13-22 years of age, recruited as part of a larger research
programme examining the mental health needs of adolescents
receiving special educational support. The results of a systematic
characterisation of gross qualitative structural brain anomalies
within this cohort have already been reported (Spencer et al.,
2005).

Subjects were recruited by approaching families of children
attending schools and colleges across Scotland. All met American
Association on Mental Retardation criteria for intellectual

disability (American Association on Mental Retardation, 2002),
namely (1) intellectual functioning in the range of mental
retardation (i.e., 1Q<70 as assessed by the WISC-R (Wechsler,
1992) for subjects under 16 years of age, and the WAIS-R
(Wechsler. 1981) for subjects over 16 years of age); (2)
impairment in adaptive functioning (as evidenced by receipt of
additional educational support); and (3) onset of impairment
before 18 years.

Controls were recruited from siblings and associates of the
subjects - in order to minimise potential socio-economic and
geographic confounds - and none received additional learning
support. All controls were assessed as having 1Q>70 and scored
below the threshold for autism spectrum disorder (ASD) on the
Social Communication Questionnaire (SCQ, Berument et al..

1999)—a parental questionnaire that assesses anomalies of social
communication and has been demonstrated to be an effective
(Berument ct al., 1999) and valid (Bishop and Norbury. 2002)
screening questionnaire for autistic spectrum disorders.

Three study groups, designed to examine the correlates of
autistic features within the intellectually disabled sample, were
created by categorising the intellectually disabled subjects accord¬
ing to their degree of parentally reported autistic features as
measured using the SCQ. These groups comprised: (1) subjects
scoring below the threshold for ASD; (2) subjects with autistic
features scoring within the pervasive developmental disorder
(PDD) range of the SCQ; and (3) subjects with autistic features
scoring above the threshold for autism on the SCQ.

We excluded adolescents with known head injury, cerebral
palsy, severe learning disability, lack of speech or Down syndrome.
Epilepsy was not an exclusion criterion and although epilepsy was

parentally reported for three subjects and one control, seizures, if
present, were not said to be frequent or severe. All subjects and
their parents or legal guardians provided informed consent, and
ethical permission for the study was received from the Multi-
Centre Research Ethics Committee for Scotland.

Image acquisition

All participants were scanned on the same 1.5 T GE MRI
scanner (GE Healthcare, Milwaukee, Wisconsin) with a 3D
inversion-recovery prepared T1-weighted coronal gradient echo
sequence, yielding 128 contiguous 1.7 mm coronal slices of
256 x 192 voxels (acquisition parameters: TR/TE/TI/NEX 8.1/3.3/
600/1, Hip angle 15°, FOV 220 mm). All scans were visually
inspected using the multi-planar rendering software MRIcro
(Rorden and Brett. 2000) and scans with insufficient image quality
for VBM (due to magnetic interference from dental braces or
excessive movement) were excluded. A previous characterisation
of qualitative structural anomalies within this cohort involved the
evaluation of scans by a neuroradiologist blind to group member¬
ship, using a standardised checklist comprising 36 anomalies of
ventricular and other CSF spaces, grey and white matter structures,
and other developmental anomalies (Spencer et al., 2005). A higher
rate of structural anomalies - particularly enlargement, blunting
and shape abnormalities of the lateral ventricles and thinning of the
corpus callosum - was detected among intellectually disabled
subjects as compared to controls. However, the majority of the
anomalies assessed would not be routinely considered as clinically
important, and for the purpose of the current study it was only
necessary to exclude those scans unsuitable for VBM because of
massive porencephaly.

Voxel-based morphometry

Image processing was performed using the Statistical Para¬
metric Mapping package (SPM99; The Wellcome Department of
Imaging Neuroscience, University College London). We adapted
the optimised methodology proposed by Good et al. (2001) to
provide for the normalisation of potential gross variation in brain
structure - as is known to be prevalent within intellectually
disabled populations - into a common stereotactic space. A key
feature of this adaptation was the use of extracted brain mapping to
recover the native to normalised space nonlinear warps necessary
for the optimised method. We applied qualitative and quantitative
analysis to determine that our adaptation of the optimised protocol
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Table 1

Global volume differences between intellectually disabled" subjects and
controls

Tissue b Mean volume, litres (SD) p value1

Subjects (n-63) Controls (//^72)

Grey 0.842 (0.105) 0.861 (0.085) 0.159
White 0.336 (0.046) 0.365 (0.036) <0.001

Total 1.178 (0.140) 1.225 (0.114) 0.022
Ratio 2.522 (0.289) 2.366 (0.164) 0.001

SD, standard deviation.
" Defined by the criteria proposed by the American Association on

Mental Retardation (American Association on Mental Retardation, 2002).
b Tissue: grey = total grey volume; white-total white volume; total —

grey + white; ratio=grey/white ratio.
c Significance on univariate analysis ofvariance covarying for age and sex.

was appropriate for scan normalisation in this cohort. A study
specific template set was created for this analysis.

The optimised method as described by Good ct al. (2001)
recovers a re-mapping for the whole brain from a nonlinear
watp of the native space grey segment to the study specific
template grey segment. We noted through visual inspection that
this grey optimised method could result in inconsistent
registration—most frequently occurring at the inferior edge of
the cerebellum. Accordingly we proposed substituting extracted
brains for the grey segments to recover the nonlinear waips.
When this modification to the normalisation process was
applied, visual inspection indicated that registration was
consistent across the cohort in all brain regions, including the
cerebellum. Furthermore, across all scans the peak deviation
from the mean normalised total brain volume was 4.4%-

comparable to values obtained in a previous VBM study
(Moorhead ct al., 2004). Moreover, to compensate for these
normalisation residuals in the statistical analysis, the normalised
total brain volume was taken as a covariate in the analysis of
VBM results. The extracted brain mappings between native and
normalised space were used to waip whole head scans from
native to normalised space. These scans were segmented in
normalised space using study specific a priori tissue maps
(Good et al., 2001; Moorhead et al.. 2004). The normalised grey
and white matter images were smoothed using a 12 mm
Gaussian kernel (Ashburner and Friston, 2000).

Total grey and white matter volumes were calculated for each
scan from native space grey and white matter images using the
"get_globals" function of SPM99, and results were converted from
voxels to litres. Total brain tissue volume was found by summing
the grey and white matter volumes for each subject.

Statistical analysis

Global tissue volume results were analysed using a univariate
analysis of variance model, with tissue volume taken as the
dependent variable, group status taken as predictor of interest, and
age and sex taken as covariates.

For the analysis of VBM results, separate statistical parametric
maps were created for grey and white matter images, and age, sex
and normalised total brain volume were taken as covariates. T-
contrast results were generated as statistical parametric maps with a
threshold set at an uncorrected significance level of 7 = 3.2. Cluster
results were corrected using adjusted resel cluster analysis-a method

described by Moorhead et al. (2005) based on cluster extent
inference with random fields methods for correction for multiple
comparisons (Friston et al., 1994. 1996; Hayasaka et al.. 2004;
Worsley ct al., 1999). The resels per voxel (RPV) value ofany given
cluster depends on the underlying smoothness of the region in which
it is located within the SPM {t} image. The adjusted clusterp value is
determined from the size of the cluster measured in resels and an

application of the "stat_threshold.m" function of the FMRISTAT
package (http://www.math.mcgill.ca/keith/fmristat).

Results

Demographic characteristics ofsubject groups

A total of 135 scans were included in this study. These comprised
a subject group of 34 males and 29 females, with mean age
16.0 years (SD= 1.8) and mean IQ 59.7 (SD-7.7), and a control
group of 34 males and 38 females, with mean age 16.7 years
(SD = 2.1) and mean IQ 101.3 (SD = 15.9). There was no difference
between the subjects and controls in terms of sex (%2 = 0.612. df= 1,
/>=0.434), however, an age difference (F=4.609, /; = 0.034) was
detected. As expected, IQ scores were significantly lower in subjects
as compared to controls (F= 358.850, p<0.001).

Fourteen scans (from 10 subjects and 4 controls) were excluded
following visual inspection of native space images blind to group
membership and subject characteristics. In 12 cases, this was due to
insufficient image quality for VBM (due primarily to magnetic
interference from dental braces and movement artefact) and in 2 cases
this was due to porencephaly. Included and excluded subjects did not
differ in terms of sex (jf = 0.127, r//= I ,/; = (). 722), age (F=().237,
p=0.628), IQ (F-0.500, /? = 0.482) or SCQ score (F=0.00l.
p-0.975), and included and excluded controls did not differ in terms
of sex (x2=0.012, df=\, /?=0.914), age (F=0.775, /j=0.381), IQ
(F= 0.753./>=0.388) or SCQ score (F= 0.689,/>=0.409).

The 63 intellectually disabled subjects were subgrouped
according to SCQ score. The group scoring below the ASD
threshold comprised 17 males and 15 females, with mean age
15.7 years (SD=1.5) and mean IQ 59.8 (SD = 8.0): the group

scoring within the PDD range comprised 6 males and 10 females,
with mean age 16.2 years (SD= 1.6) and mean IQ 59.8 (SD = 6.5),
and the group scoring above the autism threshold comprised 11
males and 4 females, with mean age 16.5 years (SD = 2.5) and
mean IQ 59.2 (SD=8.6). These groups did not differ in terms of
sex (x2=4.020, clf=2, p = 0.134), age (F=1.264, />=0.290) or IQ
(F=0.035./t = 0.965).

Table 2
Global volume differences between subjects grouped according to their
degree of reported autistic features

Tissue " Mean volume, litres (SD) p value b
SCQ category

Non ASD (n = 32) PDD (n - 16) Autism (//- 15)

Grey 0.830 (0.097) 0.856 (0.127) 0.852 (0.099) 0.374

White 0.334 (0.040) 0.334 (0.048) 0.342 (0.058) 0.998

Total 1.164 (0.130) 1.190 (0.157) 1.194 (0.147) 0.562
Ratio 2.493 (0.198) 2.586 (0.439) 2.517 (0.266) 0.105

SD, standard deviation.
a Tissue: grey-total grey volume; white=total white volume; total-

grey + white; ratio = grey/white ratio.
b

Significance on univariate analysis of variance covarying forage and sex.
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Table 3

VBM localised tissue density differences between intellectually disabled subjects and controls

df= 130, uncorrected /=3.2, grey matter image RPV = 0.36* 10 , white matter image RPV-0.47x 10 ■3

Region X y z Cluster size Cluster Cluster size Adjusted cluster
(unadjusted voxels) RPV (10"') (adjusted resels) p value

Grey matter reductions
Cerebellar hemisphere right 40 -64 -30 3091 0.467 1.443 0.007 (Fig. 1)
Parieto-temporal cortex left -59 -41 28 6427 0.195 1.251 0.012 (Fig. 2)

Grey matter increases
None detected

White matter reductions
Posterior corpus callosum 6 00r*~>1 2804 0.329 0.922 0.025 (Fig. 3)

White matter increases

Cerebellar hemisphere right 40 -64 -30 2731 0.314 0.857 0.032

Stereotactic coordinates are quoted within standard Talairach space.

Global tissue volume differences

Compared to controls, the intellectually disabled subjects had
significantly smaller global white matter volumes (/><0.001) and
total tissue volumes (p — 0.022) and a significantly greater grey/
white ratio (/? = 0.001). No significant difference was found in
terms of global grey volumes (Table 1).

Table 2 presents the global tissue volume results for
intellectually disabled subjects, grouped according to the degree
of autistic features reported. No significant effect of SCQ grouping
on tissue volumes was detected

Local tissue density differences on VBM

reeled11- 0.012). and a significant reduction in white matter density
(WMD) in the posterior corpus callosum (p_corrected=0.025). A
significant increase in WMD was also detected in the right
cerebellar hemisphere (p^corrected- 0.032).

Table 4 and Figs. 4 and 5 present the results of the VBM
contrast of intellectually disabled subgroups. A significant
reduction in GMD was detected in the thalamus in subjects
scoring within the PDD range on the SCQ, as compared to subjects
scoring below the threshold for ASD (p_coirected<0.001). A
significant increase in WMD was detected in the left superior
temporal gyrus of subjects scoring above the threshold for autism,
as compared to subjects scoring below the ASD threshold
(j> corrected= 0.036).

Table 3 and Figs. 1-3 present the results of the VBM contrast of
subjects and controls. Compared to controls, subjects displayed a

significant reduction in GMD in the right cerebellar hemisphere
(p_eorreeled -- 0.007) and left parieto-temporal cortex (pcor-

Fig. 1. Reduced right cerebellar grey matter density in intellectually
disabled subjects as compared to controls. The coloured bar represents the
Z statistic for plotted results. For clarity of illustration, results are
thresholded at T-3.6 and plotted onto the study-specific template T1
image.

Discussion

Imaging findings

In this study, we observed that individuals with intellectual
disability have smaller total white matter and total brain tissue
volumes, and a larger grey/white ratio than controls. A number of
studies have demonstrated a positive correlation between IQ and
total brain volume (Andreasen et al.. 1993; Posthuma et al., 20(12;
Reiss et al„ 1996), and a positive correlation between IQ and white
matter volume has also been reported (Posthuma et al.. 2002). Our
findings are consistent with these reports. Several studies have
reported a positive correlation between IQ and total grey matter
volume (Posthuma et al., 2002; Thompson et al., 2001; Wilke et
al., 2003) and although we did not detect such a relationship, the
other studies all concerned intellectually unimpaired subjects. Our
findings indicate that at levels of IQ consistent with intellectual
disability, a lower IQ is associated with a smaller white matter
volume.

Using VBM, we detected a number of local tissue density
differences associated with intellectual disability, namely reduced
GMD in the right cerebellar hemisphere and the left parieto¬
temporal cortex and reduced WMD in the posterior corpus
callosum. Since our subject and control groups differed in terms
of mean age, we included age as a nuisance covariate within the
VBM analysis, and therefore our findings represent differences in
tissue density which persist after the effects of age are controlled
for. We also detected an increase in WMD within the right
cerebellar hemisphere, at the same coordinates as the grey
reduction, but with reduced significance.
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Fig. 2. Reduced left parietotemporal grey matter density in intellectually disabled subjects as compared to controls. The coloured bar represents the Z statistic for
plotted results. For clarity of illustration, results are thresholded at T- 3.6 and plotted onto the study-specific template Tl image.

studies have implicated the left inferior parietal cortex in arithmetic
ability (Menon et al., 2000; Rivera et al., 2005), and the posterior
coipus callosum is understood to be of particular importance in
verbal functioning, acting as an interchange for fibres connecting
regions of the two hemispheres involved in verbal processing
(including temporal, parietal and occipital cortical regions) (de
Lacoste et al., 1085). Furthermore, posterior corpus callosal area
has been reported be associated with verbal fluency in adolescents
of premature birth (Nosarti et al., 2004).

In view of the strong association between intellectual disability and
autism, we additionally sought to assess the potential contribution of
autistic features to the structural differences found within our

intellectually disabled sample. We therefore employed a screening
questionnaire, the SCQ, to categorise all our intellectually disabled
subjects into three subgroups according to their degree of reported
autistic features: subjects scoring below the threshold for ASD;
subjects with autistic features scoring within the FDD range of the
SCQ; and subjects with autistic features scoring above the threshold
for autism on the SCQ. It is increasingly recognised that a process
involving a period of excessive brain growth occurs in autism and,
although this may be confined to the first few years of life (Courchesne
et al., 2001: Redcay and Courchesne, 2005), other studies have
reported increased volumes among adolescents and adults (Hazlett et
al., 2006; Piven et al., 1995). We found no significant effect of SCQ
grouping on global tissue volumes, and although this finding is
consistent with other studies in this age group, our findings
specifically relate to differing degrees of reported autistic features
among intellectually impaired adolescents as opposed to a clinical
sample ofindividuals with autism, and the scope for direct comparison
with these other studies is therefore limited.

VBM analysis demonstrated a reduced thalamic GMD in
subjects with autistic features (within the PDD range on the SCQ))
compared with subjects scoring below the ASD threshold. The
thalamus is widely recognised as a key structure in many neural
pathways and is of particular relevance to the study of autistic
features, given its central role in information processing within the
brain. There are a number of recent reports of reduced thalamic
volume in intellectually unimpaired subjects with ASD, including a

The contribution of the cerebellum to non-motor processes has
been increasingly recognised in recent years, and a detailed
characterisation of cognitive features in patients with cerebellar
lesions reports a range of deficits including impaired executive
function, impaired visual-spatial memory and language impair¬
ments, and finds that these effects appear to amount to "a general
lowering of intellectual function" (Schmahmann and Sherman,
1998). Our cerebellar result is consistent with previous reports of a
correlation between IQ and cerebellar grey matter in intellectually
unimpaired subjects (Frangou et al., 2004). Our left parieto¬
temporal and posterior corpus callosal findings are also compatible
with existing reports within the literature. A number of recent
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Fig. 3. Reduced posterior corpus callosal white matter density in
intellectually disabled subjects as compared to controls. The coloured bar
represents the Z statistic for plotted results. For clarity of illustration, results
are thresholded at 7"= 3.6 and plotted onto the study-specific template Tl
image.
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Table 4

VBM localised tissue density differences between subjects grouped according to their degree of reported autistic features

df=51, uncorrected 1=3.2, grey matter image RPV = 0.34* 10~3, white matter image RPV=0.41 * I0~3
SCQ groups
contrasted

Region Cluster size Cluster Cluster size Adjusted cluster
(unadjusted voxels) RPV (I0~3) (adjusted resels) p value

PDD category vs.
non ASD category

Autism category vs.
non ASD category

Grey matter reductions
Thalamus

Grey matter increases
None detected

White matter reductions
None detected

White matter increases
None detected

Grey matter reductions
None detected

Grey matter increases
None detected

White matter reductions
None detected

White matter increases

Superior temporal gyrus left

-11 -3 II 12,832 0.204 2.613 <0.001 (Pig 4)

-58 -25 10 1828 0.486 0.888 0.036 (Fig. 5)
Stereotactic coordinates are quoted within standard Talairach space.

VBM thalamic grey matter deficit (Waiter et al.. 2004), and
reduced thalamic volume with manual tracing techniques in high-
functioning autism (Tsatsanis et al., 2003).

We also found increased WMD in the superior temporal gyrus
of subjects with autistic features (within the autism range on the
SCQ) as compared to subjects scoring below the ASD threshold.
The superior temporal gyrus has been suggested, together with the
amygdala and orbito-frontal cortex, to form a "social brain"
network, the substrate of social intelligence (Brothers, 1990).
Functional MRI studies demonstrate increased activation of this

structure during social intelligence tasks, such as interpreting
emotional states and intentions from eye expressions and gaze
shifts (Baron-Cohen et al., 1999; Mosconi et al., 2005), and
hypoperfusion has been reported in children with autism in SPF.CT
(Ohnishi et al., 2000) and positron emission tomography
(Zilbovicius et al., 2000) studies. In our VBM study, we detected
abnormality of this structure in terms of increased WMD. A
number of mechanisms have been suggested to give rise to a

process of white matter excess in autism, including increased glial
cell proliferation and abnormalities of the myelin maturational

Fig. 4. Reduced thalamic grey matter density in intellectually disabled
subject::; with autistic features (scoring within the PDD range on the SCQ) as

compared to subjects scoring below the threshold for ASD. The coloured bar
represents the Z statistic for plotted results. For clarity of illustration, results
are thresholded at 7= 3.6 and plotted onto the study-specific template T1
image.

Fig. 5. Increased left superior temporal gyrus white matter density in
intellectually disabled subjects with autistic features (scoring within the
autism range on the SCQ) as compared to subjects scoring below the
lliieshold for ASD. The coloured bar represents the Z statistic for plotted
results. For clarity of illustration, results are thresholded at 7 = 3.6 and
plotted onto the study-specific template T1 image.
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process. Additionally, smaller and more numerous cortical
minicolumns have been reported in autism (Casanova et al.,
2002) and it is possible that this could facilitate an increase in
axonal connections and in turn white matter volume.

Methodology

There are no established measures for assessing the success of
normalisation methods within a VBM analysis. It is, however,
good practice to qualitatively review results—typically using
visual inspection. Our review of the VBM pre-processing results
prior to implementing our adaptation to the optimised protocol
highlighted inconsistent registration, particularly at the base of the
cerebellum, when grey segment optimisation was employed. We
adapted the VBM optimised protoeol to implement normalisation
upon an extracted T1 brain, providing an information rich structure
for the warp cost function to operate upon.

We augmented visual inspection of the pre-processing results
with evaluation of the normalised total brain volumes. Ideal norma¬

lisation would result in exact occupancy of the template space.
However, scan variability and warp function limitations inhibit the
achievement of ideal normalisation. Quantitative assessment of pre¬
processing quality revealed that this deviation from the ideal warp
was within acceptable limits, and furthermore we corrected for this
deviation through the use of the normalised total brain volume as a
covariate in the statistical analysis (Moorhead et al., 2004).

A potential limitation of this study is that our control group
includes siblings of the subjects—it is therefore possible that
genetically heritable differences in brain structure associated with
intellectual disability and autistic features may be present in some
controls also, and this may act as a possible confound. However,
no controls had an IQ below 70 or a parentally rated SCQ score
above the threshold for ASD. Furthermore, the hypothetical effect
of such a confound would be to impair our ability to detect
between group differences in brain structure, and to increase the
possibility of false-negative results. We recruited siblings and
associates of the subjects as controls in order to minimise potential
confounds due to socio-economic and other inter-familial and

inter-community factors, and therefore we consider our control
group to be a methodological strength of this study. Another
potential confound is the inclusion of 3 subjects and 1 control with
a history of seizures. It is, however, known that epilepsy is more
prevalent in the intellectually disabled population (Lhatoo and
Sander, 2001), and any seizures in these individuals were
parentally reported as being mild and rare.

The SCQ is a screening instrument rather than a diagnostic
instrument for autism. However, the SCQ is established as a
reliable and valid screening tool for ASD at all levels of IQ
(Berument et al., 1999), and is therefore a valuable instrument in
ascertaining parentally reported autistic features within an

intellectually disabled population. Indeed, with the recent devel¬
opment of effective screening instruments - such as the SCQ and
the Autism Spectrum Screening Questionnaire (ASSQ) (Ehlers
et al., 1999) - it is increasingly recognised that features of autism
are far more prevalent than previously thought. A recent study using
the ASSQ estimated the prevalence among the generality of school
age children to be 2.7% (Posserud et al., 2006). This group
represents a very substantial population of children with consider¬
able educational and mental health needs - which may well be as

important as those of children with autism - and it is evident that
this group has been the subject of relatively little research.

Conclusion

In this study, we found smaller total white matter and total brain
tissue volumes in intellectually disabled subjects as compared to
controls, as well as localised grey matter deficits in the right
cerebellar hemisphere and left parieto-temporal cortex, and a white
matter deficit in the posterior corpus callosum. On analysis of
intellectually disabled subjects, grouped according to the degree of
reported autistic features, we found a thalamic grey matter deficit
and lefi superior temporal gyrus while matter excess in subjects
with autistic features. Our findings build upon the existing
understanding of the neural correlates of intelligence and autism
in intellectually unimpaired populations, and extend this to an

intellectually disabled population.
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Association analysis of the chromosome 4p-located
G protein-coupled receptor 78 (GPR78) gene in bipolar
affective disorder and schizophrenia
SL Underwood1'5, A Christoforou1'5, PA Thomson1, NR Wray1, A Tenesa2, J Whittaker3, RA Adams1,
S Le Hellard1, SW Morris1, DHR Blackwood4, WJ Muir4, DJ Porteous1 and KL Evans1
1Medical Genetics Section, Molecular Medicine Centre, Western General Hospital, University of Edinburgh, Edinburgh, UK;
2MRC Human Genetics Unit, Western General Hospital, Edinburgh, UK; "Department of Epidemiology and Population Health,
London School of Hygiene & Tropical Medicine, London, UK and 4Division of Psychiatry, Royal Edinburgh Hospital, University
of Edinburgh, Edinburgh, UK

The orphan G protein-coupled receptor 78 (GPR78) gene lies within a region of chromosome
4p where we have previously shown linkage to bipolar affective disorder (BPAD) in a large
Scottish family. GPR78 was screened for single-nucleotide polymorphisms (SNPs) and a
linkage disequilibrium map was constructed. Six tagging SNPs were selected and tested for
association on a sample of 377 BPAD, 392 schizophrenia (SCZ) and 470 control individuals.
Using standard x2 statistics and a backwards logistic regression approach to adjust for the
effect of sex, SNP rs1282, located approximately 3kb upstream of the coding region, was
identified as a potentially important variant in SCZ (x2 P= 0.044; LRT P= 0.065). When the
analysis was restricted to females, the strength of association increased to an uncorrected
allele P-value of 0.015 (odds ratios (OR) = 1.688, 95% confidence intervals (CI): 1.104-2.581) and
uncorrected genotype P-value of 0.015 (OR = 5.991, 95% CI: 1.545-23.232). Under the recessive
model, the genotype P-value improved further to 0.005 (OR = 5.618, 95% CI: 1.460-21.617) and
remained significant after correcting for multiple testing (P= 0.017). No single-marker
association was detected in the SCZ males, in the BPAD individuals or with any other SNP.
Haplotype analysis of the case-control samples revealed several global and individual
haplotypes, with P-values <0.05, all but one of which contained SNP rs1282. After correcting
for multiple testing, two haplotypes remained significant in both the female BPAD individuals
(P= 0.038 and 0.032) and in the full sample of affected female individuals (P= 0.044 and 0.033).
Our results provide preliminary evidence for the involvement of GPR78 in susceptibility to
BPAD and SCZ in the Scottish population.
Molecular Psychiatry advance online publication, 3 January 2006; doi:10.1038/sj.mp.4001786

Keywords: bipolar disorder; schizophrenia; G protein-coupled receptors; association study;
linkage disequilibrium

Introduction

Bipolar affective disorder (BPAD) and schizophrenia
(SCZ) are severe and debilitating mental illnesses,
each of which affects approximately 1% of the
population. Family, twin and adoption studies have
supported a strong genetic component to the suscept¬
ibility of BPAD and SCZ, but have also indicated that
the inheritance patterns are complex.1 Several linkage
regions reaching genome-wide significance have been
reported.2,3 Previously, we described a genome-wide
linkage study in a large Scottish family (F22)

Correspondence: Ms A Christoforou, Medical Genetics Section,
Molecular Medicine Centre, Western General Hospital, Crewe
Road South, Edinburgh EH4 2XU, UK.
E-mail: A.Christoforou@ed.ac.uk
r'These authors contributed equally to this work.
Received 22 August 2005; revised 3 October 2005; accepted 16
November 2005

segregating major affective disorder.4 Two-point link¬
age analysis gave a maximum logarithm of odds
(LOD) score of 4.1 to a region on chromosome 4p. A
recent follow-up study of this family, in which five
additional affected F22 individuals were identified
and several additional microsatellite and single-
nucleotide polymorphism (SNP) markers were incor¬
porated, resulted in a maximum LOD score of 4.4.s
Analysis of a small Scottish family also showed
positive linkage to the region (F59, LOD = 0.9).5 A
number of other groups have found evidence of
linkage of BPAD and/or SCZ to this 4p region as
well. Asherson et al." reported linkage in a schizoaf¬
fective family (F50, LOD = 2.0); Ewald et al.7 reported
linkage in BPAD families (LOD = 2.0); Detera-Wadle-
igh et al." investigated families with major mental
illness, and their largest family (F48) generated an
LOD of 3.2; Williams et al." found increased sharing
in SCZ sibpairs (LOD = 1.7); Lerer et al.w found a
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non-parametric LOD score of 2.2 in families with SCZ
and schizoaffective disorder; and Als et al.11 found
excess haplotype sharing (best P-value, P= 0.00007)
in families with BPAD and SCZ.

Microsatellite haplotype analysis revealed that the
linkage regions identified in the three families, F48,
F50 and F59, overlap and dissect the significant F22
linkage region into four subregions (A-D), which can
be prioritised on the basis of strongest linkage
evidence and/or ancestral origin.5 Inspection of a
BAC clone contig of the F22-linked region revealed
several positional candidate genes in region B,12
including the orphan G protein-coupled receptor 78
(GPR78). We selected GPR78 for a case-control
association study because of its location in the 4p-
1 inked region and its predicted function as a G
protein-coupled receptor (GPCR). The GPCR family
is the most abundant member of the cell surface
receptor families, recognising and transducing mes¬
sages from sources as diverse as light, calcium,
odorants and small molecules, and is well positioned
to mediate subtle changes in cellular function.
Several members of this family have already been
implicated in the pathophysiology of psychiatric
illness.13-15

GPR78 was identified by virtue of its homology to
orphan GPR26, which was identified in human and
rat.1"17 Rat GPR26 encodes a 317-amino-acid protein
distantly related to the serotonin 5-HT5a and gastrin-
releasing hormone BB2 receptors.17 The GPR78 gene
is approximately 6.5 kb long, encodes a 363-amino-
acid protein and has three exons, which give rise to
the classic seven transmembrane domain (TMD)
receptor structure of GPCRs, with an extracellular N-
terminus and an intracellular C terminus (Figure 1).
GPR78 shares highest sequence identity with GPR26

~100aa
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Figure 1 The GPR78 gene. The seven TMDs (black boxes)
and extracellular N-terminal (NH2) and intracellular C-
terminal (COOH) domains arise from the three exons

(numbered 1—3; white boxes). The black bars beneath the
exons show the regions screened for polymorphisms using
DNA from the linked families. The positions of the 23 SNPs
identified are indicated by the arrows. The numbering of the
SNPs corresponds to Table 1. The 'AOD' SNPs are not
shown here.

(49% overall and 56% in the TMD regions). They
have a similar intron-exon structure and a similar
protein structure with a short amino-terminus, no
asparagine-linked extracellular glycosylation site and
cationic arginine and lysine residues in TMD 6 and 7,
respectively.15 Their overall structural homology
suggests that they may encode receptors that bind to
a common endogenous ligand, although no ligand has
been identified for either of the two GPCRs15,17 and

nothing is known about their physiological role.
GPR78 mRNA is expressed in the pituitary and the

placenta,15 consistent with a potential role in the
functioning of the hypothalamic-pituitary-adrenal
(HPA) axis and in pregnancy. The HPA axis is
involved in hormone and stress regulation,1" and its
dysregulation has been implicated in major affective
disorder15,2" and SCZ.21 The prenatal period is a
critical time for the development of systems such as
the HPA axis, and there is evidence that maternal
stress increases the likelihood of abnormal HPA

functioning and abnormal responses to stress in the
mature offspring.22 Other prenatal insults transmitted
via the mother, such as maternal infection or

malnutrition, have also been implicated in the
pathogenesis of psychiatric illness.23 However, little
is understood about the role of the prenatal environ¬
ment and the involvement of the HPA axis in the
pathogenesis of psychiatric illness.

The map location and putative function of GPR78
combine to make it a good candidate gene for
psychiatric illness. We have tested this hypothesis
via a threestep process: First, we screened GPR78 for
SNPs from the 4p-linked families; second, we
constructed a custom linkage disequilibrium (LD)
map of the region and selected haplotype-tagging SNP
(htSNPs) that best represented the variation in the
region; and third, we performed a case-control
association study in a sample of 377 BPAD, 392 SCZ
and 470 control individuals.

Materials and methods

This study was approved by the Multicentre Research
Ethics Committee for Scotland and written informed
consent was obtained from all participants.

Association sample
Individuals suffering from BPAD or SCZ were
recruited from in-patient and outpatient services at
the Royal Edinburgh and other Scottish psychiatric
hospitals. All were screened using the semistructured
Schedule for Affective Disorder and Schizophrenia-
Lifetime version (SADS-L)24 interview schedule by
psychiatrists experienced in its use. This generated
information that allowed diagnosis by both Diagnostic
and Statistical Manual of Mental Disorders (4th
Edition) (DSM-IV)25 and International Classification
of Diseases (10th Revision) (ICD-10)25 criteria for
BPAD or SCZ. All diagnoses were reviewed indepen¬
dently by two experienced psychiatrists and a con¬
sensus diagnosis was reached where necessary.

Molecular Psychiatry
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Control subjects were drawn from the same popula-
tion in South East and South Central Scotland. The

majority (391) were recruited through the Scottish
National Blood Transfusion service. Although the
blood donors were not screened by interview for
personal or family history of psychiatric illness,
donors are only allowed to donate blood if they are
not currently on medication and have no chronic
illness. The remaining controls (79) were recruited
from the local population or from hospital staff. These
controls were briefly screened by interview to exclude
anyone currently on medication or with a history of
treatment for psychiatric illness.

Power calculations
A priori power calculations, following the methods
described in Risch,27 showed that for the attainable
sample size of 395 cases and 395 controls, we would
have 80% power (Type 1 error = 5 x 10~5) to detect an
association of an allele that shows a heterozygote
relative risk (multiplicative model) of 1.6 and has a
control allele frequency is 0.40. When the control
allele frequency is 0.10, the heterozygote relative risk
of the allele would have to be at least 2 before we

would have 80% power to detect an association.

SNP discovery and genotyping

SNP discovery. SNPs were identified from 46
individuals drawn from four families (F48, F50, F59
and F22) that show linkage to chromosome 4p. This
provided 38 control chromosomes and four 'linked
chromosomes'.5 Each family contributed one 'linked
chromosome', which represents the haplotype shared
by all the individuals that contributed to the linkage
signal in that family.

Primers were designed to cover the coding regions,
the splice sites and approximately 1.2 kb of the 5'UTR
and 500 bp of the 3'UTR of GPR78, using the Primer 3
primer design program (http://www.broad.mit.edu/
cgi-bin/primer/primer3_www.cgi).2" The STS sequen¬
ces have been submitted to Genbank (Accession num¬
bers: BV678010-BV678017). PCR conditions were

optimised on control DNA. PCR was performed in
total volume of 15/il with 20 ng DNA, 1 x reaction
buffer with 1.5 mM MgCl2 (Perkin-Elmer), 100 pM of
each dNTP (Sigma), 0.5 U Taq DNA polymerase
(Sigma) and 0.33 pM of each primer (Invitrogen).
PCR cycling was carried out on a PTC-225 thermal
cycler (MJ Research). PCR cycling conditions con¬
sisted of denaturation at 93°C for 1 min, followed by
10 cycles of 93°C for 20 s, 65°C for 30 s, minus 1°C/
cycle and 72°C for 1 min, followed by 30 cycles of
93°C for 20 s, 55°C for 30 s and 72°C for 1 min and a
final extension of 72°C for 10 min. Three microlitres
of the PCR product was resolved on a 2% agarose gel
and DNA concentration was estimated with 250 and
500 ng of Ready Load1" PhiX174 RF DNA/Haelll
fragments (Invilrogen).

DNA sequencing was performed using BigDye"
Terminator v3.1 Cycle Sequencing Kit according to

the manufacturer's protocols. Sequencing reactions
were analysed using an ABI PRISM" 3730 Genetic
Analyser as per the manufacturer's instructions.
Sequence chromatograms were aligned using the
phredPhrap software and visualised with the Consed
program2" (http://bozeman.mbt.washington.edu/in-
dex.html). SNPs were identified and genotypes noted
by visual inspection of the sequence traces. All SNPs
were identified from high-quality sequence reads.
Genotypes were scored blind to phenotype by two
individual investigators and then checked for Men¬
del ian segregation.

Genotyping. The SNPs identified from the SNP
discovery population were genotyped at the Sanger
Institute by the MASSARRAY1" primer extension
method (Sequenom"'). Three additional SNPs
(rsll736084, rsl282 and rs3756179) were supplied
by Applied Biosystems as 'Assay on Demand' (AOD).
Each of the commercial SNPs had a frequency greater
than 0.10 in Caucasians and was genotyped by the
Genetics Core of the Wellcome Trust Clinical
Research Facility by the Taqman" method as per the
manufacturer's instructions. The tagging SNPs
selected for the association analysis were also
genotyped by the Genetics Core of the Wellcome
Trust Clinical Research Facility by the TaqmaiV"
method as per the manufacturer's instructions.

Statistical analysis
The standard /2-test of independence was used to
examine all successfully genotyped biallelic markers
for deviations from Hardy-Weinberg equilibrium
(HWE). An HW significance threshold of P= 0.004
(adjusted from 0.05 for the 14 successfully genotyped
markers) was selected to account for testing multiple
markers. Pairwise LD measure, r2, was calculated by
downloading the relevant genotype data into Haplo-
view30 (http://www.haploview.org). r2 ranges from 0
(linkage equilibrium) to 1 (perfect LD). It measures the
statistical correlation, squared, between two loci.
r2 = 1 if exactly two of the four possible haplotypes
are present, which occurs only when the allele
frequencies at the two loci are identical.31 While a
high r2 can be obtained only if the allele frequencies
are similar, too low a value of r2 can result in
insufficient power to detect an association at a marker
locus assumed to be linked to the disease locus, due
to the inverse relationship between r2 and sample
size.32 The LD blocks were constructed by examining
the r2 between all pairs of markers, using an
intermediate threshold of r2>0.65. Tagging SNPs
from each block were selected to represent haplotypes
within the blocks with frequencies greater than 5%.

Linkage to chromosome 4p has been shown in
families affected with BPAD and/or SCZ. Thus, we

deemed it necessary to test the hypotheses that GPR78
may be involved in the pathogenesis of BPAD, SCZ or
both BPAD and SCZ, in which all affected individuals
were grouped together, as it has been previously
suggested that the two psychiatric illnesses may share

Molecular Psychiatry
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susceptibility loci.33'34 Similarly, owing to evidence of
differences between males and females in the mani¬
festation of psychiatric illness35 and from findings of
sex-specific association in the analysis of other
candidate genes,15,36 analysis was also carried out on
samples separated on the basis of gender.

Differences in allele and genotype frequencies
between cases and controls were evaluated with the
^2-test of independence (with 1 and 2 degrees of
freedom, respectively). Fisher's exact test, as imple¬
mented in SISA (http://home.clara.net/sisa/), was
used when appropriate, for sparse contingency tables.
Significance was initially declared at a nominal P-
value of 0.05. The significance of the odds ratios
(ORs) was determined using a z-statistic.37

Using SPSS (Release 12.0.0, September 2003), a
backwards elimination logistic regression approach
(as described in Cordell and Clayton33) was applied to
test the significance of adjacent and non-adjacent
marker genotypes, working individually or jointly, in
predicting the diagnosis of each patient, while
adjusting for the confounding effects of gender caused
by differences in ascertainment. The patient diagnosis
was declared as the dichotomous dependent variable
(l=affected, 0 = unaffected) and sex and the geno¬
types of the SNPs were declared as the independent
variables. Sex was set as a categorical variable
(l=male, 0 = female), whereas the genotypes were
tested as linear, which assumes that the logarithm of
the OR for the heterozygotes is midway between that
for the two homozygotes. The SPSS Backward Wald
procedure fits all of the independent variables into
the model and then removes the insignificant vari¬
ables one-by-one based on the probability of Wald test
statistic (removal P>0.10). As each individual must
be genotyped successfully on all markers in order to
be included in the logistic regression analysis in
SPSS, the final model identified from the backward
Wald analysis was subsequently refitted using the
most complete set of data available for the variables in
that model, in order to utilise all of the available
power. Only interactions between the variables emer¬
ging as significant from the backward analysis were
tested, in order to avoid overfitting and to control
multiple testing. As no prior knowledge of the
interactions in GPCRs and their implication in
psychiatric illness exists, there was no basis for
selecting particular interactions to test and the sample
size was insufficient to test all possible interactions.
The significance of the model as a whole was assessed
by the value of the log ratio statistic produced when
the significant variables were included in the model.

Haplotype frequency estimation and comparison
was carried out using the statistical analysis program
COCAPHASE 2.4 3 30 (http://portal.litbio.org/Regis-
tered/Option/unphased.html). This software uses
the EM algorithm to estimate the haplotype frequen¬
cies of unphased genotype data and standard uncon¬
ditional logistic regression analysis, applying the
likelihood ratio test under a log-linear model, to
compare haplotype frequencies between cases and

controls. In order to avoid misleading results caused
by rare haplotypes, all haplotypes with a frequency
less than or equal to 5% in both the cases and the
controls were declared as rare and clumped together
for the test of the null hypothesis, using the command
line option '-rare 0.05'. P-values for both global and
individual tests of haplotype frequencies were deter¬
mined. The global test P-value assesses the signifi¬
cance of the overall difference in the distribution of

haplotype frequencies between cases and controls.
The P-value from the individual test represents the
significance of the difference in frequency of an
individual haplotype between cases and controls. A
sliding-window approach was used to test all possible
haplotypes of lengths two to six.

In order to account for the multiple SNPs and
haplotypes tested, permutation analysis (1000 or
10 000 permutations) was performed also using
Cocaphase. Cocaphase reassigns the diagnosis labels
(case versus control) of the individuals. All of the
markers within the specified window size are then
tested and the most significant P-value is stored.
Based on the distribution of the most significant P-
values resulting from each test of the permuted data, a
significance level is provided for the P-value of
interest.

Bioinformatics analysis
Bioinformatics analysis was performed firstly to
assess the functional significance of the non-synon¬
ymous SNPs identified. Amino-acid sequence con¬
servation among other GPCRs and between species
was investigated by querying the NCBI non-genomic
sequences using the BLAST algorithm4" (http://
www.ncbi.nlm.nih.gov/BLAST/) and the GPR78 pro¬
tein sequence (NP_543009) as the query. The program
SIFT41 (http://www.blocks.fhcrc.org/sift/SIFT.html)
was then used to determine the probability that the
observed amino-acid substitution is tolerated. The
DAS-TM filter algorithm42 (http://wooster.bip.bha-
m.ac.uk/DAS.html) was applied to determine if the
SNP in question alters the predicted TMD structure.
The PROSITE43 (http://us.expasy.org/prosite/) data¬
base of protein families and domains was searched to
determine whether the alternative amino acids in the

protein creates or abolishes a particular functional
motif. Finally, NetPhos Version 2.044 (http://
www.cbs.dtu.dk/services/NetPhos/), which uses a
neural network-based method for predicting potential
phosphorylation sites at serine, threonine or tyrosine
residues in protein sequences, was applied, where
appropriate, to predict whether a particular site is
likely to be phosphorylated and if the substitution
alters that process.

To assess the significance of any non-coding SNPs,
cross-species conservation was examined using the
'Human/Chimp/Mouse/Rat/Chicken Multiz45 Align¬
ments & PhyloHMM46 Cons' track on the UCSC
Genome Browser.47 The Multiz alignments were
based on the human July 2003 (hgl6), chimpanzee
November 2003 (panTrol), mouse February 2003

Molecular Psychiatry
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(mm3), rat June 2003 (rn3) and chicken February 2004
(galGal2) assemblies.4" The MATCH™ program4"
(http://www.gene-regulation.com/cgi-bin/pub/pro-
grams/match/bin/match.cgi), which is connected to
the TRANSFAC" database,5" was used to determine if
the non-coding SNPs located in putative regulatory
regions create or destroy any predicted transcription
factor binding sites. Two sequences (50 bp) containing
the alternate alleles for the SNP of interest were

submitted. Beyond the default settings, MATCH was
set to search only the vertebrate matrix groups and to
minimise the false-positive matches.

Results

SNP discovery
The coding region, splice sites and putative regula¬
tory regions of the positional and functional candi¬
date gene GPR78 were screened for SNPs using DNA
from the 4p-linked family members. Twenty-three
SNPs were identifed (Figure 1), 18 of which had been
previously described in dbSNP (www.ncbi.nlm.nih.
gov.SNP/) (dbSNP build 121). The five SNPs identi¬
fied in-house have since been submitted to dbSNP
(see Table 1). One SNP (SNP 4, ihl65) was dropped

immediately from the study on account of its low
minor allele frequency (MAF<3%).

LD map construction and tagging SNP selection
In addition to the 22 SNPs discovered from the family
panel, three commercial, ' AOD' SNPs were selected to
cover further upstream and downstream of the coding
region, with AOD SNPs rsll736084 and rsl282
almost 8.8 and 3.0 kb, respectively, upstream from
the start codon and SNP rs3756179 approximately
3.6 kb downstream from terminating codon (Table lj.
These 25 SNPs were genotyped in 89 control
individuals. Of the 25 SNPs, only 14 amplified
successfully, produced substantial (>70%) genotype
data and were polymorphic. Of those 14 SNPs, nine
met HW (P> 0.004) and had a minor allele frequency
greater than 3%, making them suitable for the
construction of an LD map (Table 1, in italics). One
of the reasons that so many SNP assays were
problematic was because the GPR78 gene region is
repetitive in parts (data not shown), making it
difficult to construct primers to genotype specific
SNPs reliably.

The purpose of constructing the custom haplotype
map of GPR78 was to select the set of htSNPs that best
represented the haplotypic variation in the GPR78

Table 1 The SNPs genotyped in the 95 control individuals

SNP number corresponding to Figure 1 SNP ID Distance (bp) HW P-value MAF (CTL) Tagging SNP no.

AOD rsl 1736084 0.943 0.302 snpl
AOD rsl282 5811 0.487 0.186 snp2
1 rs6447884 2337
2 rs4385041 111 0.409 0.401

3 ihl62 (rsl7844775) 28 0.000 0.143
5 rs4235270 279
6 ih33 (rsl784477G) 229 0.379 0.372

7 ih32 (rsl7844777) 114 0.000 0.448
8 ih31 (rsl7844778) 456 0.215 0.451 snp3
9 rs9991820 777 0.002 0.380
10 rsl0000720 6

11 1-S3115388 4535
12 rs3115387 56
13 rs9685931 338 0.517 0.128 snp4
14 rs9683448 132 0.000 0.160

15 rsl0938724 51

16 rs9799380 35
17 rs9799717 22

18 rs9799807 19 0.084 0.122
19 rs9799720 66 0.068 0.087 snp5
20 rs9799809 68 0.000 0.040
21 rs9799721 20

22 ih38 (rsl7844781) 41 0.080 0.024

23 1-S9799378 237
AOD rs3756179 2991 0.580 0.300 snp6

Numbering of SNPs corresponds to Figure 1. AOD refers to the 'Assay On Demand' SNPs selected to cover regions further
upstream and downstream of the gene. dbSNP Accession numbers (rs*) are included (dbSNP build 121). For those identified
in-house, an 'ih' number and the recently assigned 'rs' number (dbSNP build 123) are included. The distance (in base pairs)
between each consecutive SNP, the HW test P-value and the minor allele frequency (MAF) of the SNPs in the control sample
are provided. SNPs that were included in the LD analysis are bold.
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Figure 2 LD map constructed using Haploview.44 SNPs
included in the analysis are at the top of the figure. Blocks
are outlined by black bars. The values within boxes are the
measures of r2 between pairs of markers. Blocks were
constructed based on r^O.65 threshold. The shading was
provided by Haploview, with darker boxes representing
higher revalues. SNPs selected to tag haplotypes are marked
by an asterisk.

region in the Scottish sample under study, while
minimising the genotyping requirements. Using the
genotype data from the unaffected individuals, r2 was
calculated and used to determine the LD block
boundaries. Figure 2 shows the results of the LD
map construction. A threshold of r2 > 0.65 revealed six
LD blocks. The following six tagging SNPs were
selected to represent all haplotypes, with a frequency
greater than 5%, in each block: rsll736084 (snpl),
rsl282 (snp2), ih31 (snp3), rs9685931 (snp4),
rs9799720 (snp5) and rs3756179 (snp6), resulting in
an average of one SNP per 3.13 kb (Table 1).

Association analysis
The six htSNPs were genotyped in a case-control
sample of 377 individuals with BPAD (163 males, 214
females), 392 individuals with SCZ (280 males, 112
females) and 470 unrelated controls (244 males, 223
females, three unknowns). All six markers met HWE
in the cases, as well as in the controls, at the adjusted
HW threshold of 0.004 (lowest P = 0.048, in the
controls; Supplementary Information, Table Si). The
genotype success rates were rsl 1736084 (98.5%);
rsl282 (99.1%); ih31 (94.3%); rs9685931 (97.1%);
rs9799720 (97.6%) and rs3756179 (98.5%), resulting
in an average success rate of 97.5%.

Marginally significant allelic association was detec¬
ted between rsl282 (snp2) and SCZ (P = 0.044), with
the patients more frequently carrying the T allele than

the controls (OR = 1.300, 95% confidence interval
(CI): 1.006-1.679) (Table 2). Only a trend toward
significance (P< 0.10) was detected between snp2 and
SCZ at the genotype level. When restricting the allele
and genotype frequency analysis to the female
patients, a stronger association was detected between
snp2 and SCZ (allele P= 0.015; genotype P= 0.015),
with the female SCZ individuals more frequently
carrying the T allele (OR = 1.688, 95% CI: 1.104-
2.581) and the TT genotype (ORTT/cc = 5.991, 95% CI:
1.545-23.232; ORct/cc= 1.272, 95% CI: 0.752-2.152)
(Table 2). A weaker association was detected in the
analysis of all affected females (allele P= 0.035;
genotype P = 0.054), reflecting a similar trend in the
allele and genotype frequencies of the BPAD females
as in those of the SCZ females (Supplementary
Information, Table Si). SNP rsl282 is located almost
3 kb upstream of the methionine start codon. No
single-marker association was detected with any other
SNP, in the males or in the individuals with BPAD
(Supplementary Information, Table Si). The back¬
wards logistic regression approach, where genotypes
were declared as the independent variables and the
model was adjusted for the effects of sex, confirmed
the findings of the single-marker analysis. It identi¬
fied SNP rsl282 as the only SNP to survive the
variable selection and only in the SCZ model (Wald
P = 0.066, LRT P= 0.065). Likewise, when the analysis
was restricted to the females, only SNP rsl282
emerged as significant (Wald and LRT P= 0.020).

Pairwise comparison of the ORs of the rsl282
(snp2) genotypes suggested that the OR of genotype
TT was significantly different from that of CC when
CC was set as the reference genotype, that is, OR= 1
(z-test P= 0.005) and from that of CT when CT was set
as the reference genotype (z-test P= 0.015). However,
the OR of CT was not significantly different from that
of CC (z-test P= 0.185). This suggested a recessive
mode of inheritance (TT versus CC + CT), which,
when tested using the x2-test, revealed a stronger
association between SNP rsl282 and the SCZ females
(P= 0.005, OR = 5.618, 95% CI: 1.460-21.617).

Haplotype frequencies were estimated and com¬
pared between cases and controls using uncondi¬
tional logistic regression, as implemented in
Cocaphase."1 All possible haplotypes were tested for
association using a sliding-window approach, for
which the haplotypes that were estimated to be rare
(frequency <5%) in both the cases and the controls
were clumped together in the test of the global null
hypothesis. Many haplotypes at the global and
individual level were found to be significant at the
nominal significance level of 0.05, in all groups
tested. Of the significant haplotypes, all but one
contained SNP rsl282, with the T allele always
conferring an increase in the risk of being affected
(OR> 1) and the C allele a decrease in the risk of being
affected (ORcl) (Supplementary Information, Tables
S2 and S3).

In order to account for testing multiple SNPs
and haplotypes, permutation analysis of 10 000
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Table2AlleleandgenotypeanalysisofSNPrs!282inallsubgroups SNPrsl282

Allele1(%)
Allele2(%)
P-value(yj)

ORr,c(95%CI)

12(%)

12(%)

22(%)

P-value(yf.)

OR7T/cc(95%CI)

C

T

CC

CT

TT

Allindividuals BPAD

614(83.2)

124(16.8)

0.263

1.163(0.892-1.516)
258(69.9)

98(26.6)

13(3.5)

0.424

1.693
(0.731-3.923)

SCZ

638(81.6)

144(18.4)

0.044

1.300(1.006-1.679)
264(67.5)
110(28.1)
17(4.4)

0.099

2.164

(0.974—4.804)

Allcases

1252(82.4)

268(17.6)

0.067

1.233(0.985-1.543)
522(68.7)
208(27.4)
30(3.9)

0.142

1.931
(0.932^.002)

Controls

789(85.2)

137(14.8)

336(72.6)
117(25.3)
10(2.1)

Male
BPAD

265(83.3)

53(16.7)

0.876

1.031(0.704-1.510)
111(69.8)

43(27.0)

5(3.1)

0.989

1.088
(0.337-3.512)

SCZ

462(82.5)

98(17.5)

0.592

1.093(0.789-1.515)
191(68.2)

80(28.6)

9(3.2)

0.862

1.138
(0.415-3.121)

Allcases

111(82.8)

151(17.2)

0.656

1.070(0.794-1.444)
302(68.8)
123(28.0)
14(3.2)

0.905

1.119

(0.443-2.827)

Controls

402(83.8)

78(16.2)

169(70.4)

64(26.7)

7(2.9)

Female BPAD

349(83.1)

71(16.9)

0.152

1.314(0.903-1.911)
147(70.0)

55(26.2)

8(3.8)

0.229

2.975

(0.775-11.424)

SCZ

176(79.3)

46(20.7)

0.015

1.688(1.104-2.581)
73(65.8)

30(27.0)

8(7.2)

0.015

5.991
(1.545—23.232)

Allcases

525(81.8)

117(18.2)

0.035

1.439(1025-2.021)
220(68.5)

85(26.5)

16(5.0)

0.054

3.976

(1.140-13.871)

Controls

381(86.6)

59(13.4)

164(74.5)

53(24.1)

3(1.4)

Columnsincludethecountsoftheallelesandgenotypeswithpercentagesinparentheses.Significanceassessedwiththe/2-testofindependence,anddeclaredata nominalP-valueof0.05(boldandunderlined).ORsand95%CIsareshownrelativetotheCalleleandtheCCgenotype.AlleleandgenotypefrequenciesforallSNPs arelocatedinTableSioftheSupplementaryInformation.
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Table 3 Summary of significant haplotypes identified with Cocaphase after permutation analysis

1 rsl 1736084 (C/T) T T
2 rsl282 (C/T) C C
3 ih31 (A/C) C C
4 rs9685931 (A/G) G G
5 rs9799720 (C/G) C
6 rs3756179 (C/T)

All affected (F)
Global test P-value (permuted P-value, s.e.) 0.015 (0.044, 0.002) 0.017 (0.033, 0.002)
Individual test P-value (permuted P-value, s.e.) 0.003 (0.048, 0.002) 0.004 (0.070, 0.003)
OR (95% CI) 0.547 (0.367-0.815) 0.562 (0.375-0.842)
Haplotype frequency — case 0.105 0.105

Haplotype frequency — control 0.180 0.180

BPAD (F)
Global test P-value (permuted P-value, s.e.) 0.013 (0.038, 0.002) 0.016 (0.032, 0.002)
Individual test P-value (permuted P-value, s.e.) 0.004 (0.066, 0.002) 0.005 (0.101, 0.003)
OR (95% CI) 0.496 (0.313-0.785) 0.514 (0.323-0.818)
Haplotype frequency — case 0.096 0.096

Haplotype frequency - control 0.180 0.180

The six SNPs and the haplotypes are shown at the top, with the nominally significant SNP rsl282 in bold across. The results
of the analysis of the female BPAD and SCZ individuals (all affected (F)) and of the female BPAD individuals (BPAD (F)) are
shown under the haplotypes. Both global and individual test P-values are shown, along with their corresponding permuted
P-values, ORs with 95% CIs and frequencies in the cases and in the controls. All haplotypes achieving nominal significance
(P< 0.05) in the study are shown in Table S2 and S3 of the Supplementary Information.

permutations was performed to correct the single
markers and haplotypes that reached the nominal
significance level. In the analysis of the SCZ females,
SNP rsl282 only remained significant under the
recessive model (P= 0.017). No haplotype tested by
either the global or individual test maintained its
significance after permutation analysis. However, the
global test P-values of two related haplotypes
remained significant in both the BPAD females and
all affected females. These haplotypes were the four-
SNP haplotype, rsll736084-rsl282-ih31-rs9685931
(snpl-4) (P = 0.038 and 0.044, respectively) and the
five-SNP haplotype, rsll736084-rsl282-ih31-
rs9685931-rs9799720 (snpl-5) (P= 0.032 and 0.033,
respectively). The individual test P-value of the four-
SNP (snpl-4) haplotype, TCCG, also remained sig¬
nificant after permutation analysis (P= 0.048,
R = 0.547, 95% CI: 0.367-0.815) (Table 3).

Bioinformatics analysis
Two SNPs, ih31 and rs9685931, both of which are

in the significant four- and five-SNP haplotypes,
change the amino-acid sequence of the GPR78
protein. SNP ih31 occurs in the first exon and
changes amino acid 201 from an arginine to a serine,
R201S. It occurs in the intracellular loop just
after TMD V (Figure 1). It changes a charged residue
to an uncharged residue in a string of charged
residues. In the linked families, the minor allele,
C, was observed on nine of the 38 control chromo¬
somes (frequency = 0.237) and on the F50-linked
chromosome. The arginine residue does not appear

to be conserved among GPCRs or across species as
other residues (aspartic acid, phenylalanine and
valine) were found in that position, and SIFT4'
analysis indicated that the serine residue is tolerated.
Furthermore, SNP ih31 was not predicted to alter the
TMD structure nor to create or abolish a PROSITE-

predicted protein motif, and NetPhos44 did not
predict the serine variant to be phosphorylated (data
not shown).

SNP rs9685931 occurs in the third exon and
changes amino acid 342 from an arginine to a
histidine, R342H. It occurs in the intracellular C-
terminal of GPR78. The variant A allele was obser¬
ved on four of 38 control chromosomes (freque-
ncy = 0.105) and only the linked chromsome of F22.
The C-terminal is highly divergent, making it difficult
to align with other sequences. Subsequent bioinfor-
matic analysis showed that the SNP allele does not
alter the predicted TMD structure, but it does abolish
a PROSITE-predicted protein kinase C phosphoryla¬
tion site.

The other three SNPs from the significant haplo¬
types, including SNP rsl282, which is located in a
putative regulatory region, were assessed by investi¬
gating cross-species conservation at these sites, using
the Multiz and PhyloHMM track on the UCSC
Genome Browser. None of the SNPs were located in
or near conserved blocks of DNA (data not shown).
When the MATCH™ program was used to search the
alternate 50b sequences centred about SNP rsl282,
no transcription factor binding sites were predicted
for either of the two alleles.
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Discussion

This is the first study reporting polymorphism
screening, LD mapping and association analysis of
the orphan GPR78 gene in relation to major psychia¬
tric illness. Our single-marker analysis identified one
SNP to be significantly associated with SCZ in the
females (corrected P= 0.017). Also, two haplotypes,
both of which contain the significant SNP, were found
to be significantly associated with BPAD (P= 0.038
and 0.032) and with both BPAD and SCZ (P= 0.044
and 0.033). These associations were only detected in
the females.

At the time that this work was initiated, the
International HapMap project51 was very much in its
infancy, and coverage of the GPR78 gene consisted of
two SNPs. Therefore, it was necessary to screen the
gene for polymorphisms. This resulted in the identi¬
fication of 23 SNPs, five of which had yet to be
described in dbSNP (build 121). The nine SNPs
suitable for LD analysis were distributed from the
5'UTR to exon 1 region and from exon 3 to the 3'UTR.
Few SNPs were identified in the intervening intronic
regions and exon 2 (Figure 1), and those that were
failed to meet the inclusion criteria. As a result, LD in
this intervening region has not been definitively
characterised. A fully comprehensive screen of
GPR78 would need to include SNPs between the six
LD blocks observed. The current release of the
HapMap project (Release no. 16c.1, June 2005) shows
that there are nine SNPs genotyped in the same region
covered by the nine SNPs used for the LD analysis in
our study (Chr4: 8766521-8785280, UCSC Genome
Browser Release, July 2003). Only two of these SNPs
are the same (rsl282 and rs9685931), making it
difficult to compare directly the relative quality of
coverage in the region. However, inspection of the
location and LD patterns of these nine HapMap SNPs
reveals that the same intervening region between
exons 1 and 3 is still sparsely covered, offering no
additional SNPs for improvement of the LD charac¬
terisation in that region.

The single-marker analysis of the case-control
sample revealed an association between SNP rsl282
(snp2) and the females with SCZ (uncorrected allele
P= 0.015, uncorrected genotype P= 0.015). The T
allele conferred an OR of 1.688 (95% CI: 1.104-
2.581) and the TT genotype an OR of 5.991 (95% CI:
1.545-23.232) (Table 2). Assuming a recessive mode
of inheritance, the significance of rsl282 increased
(P= 0.005, ORrr= 5.618, 95% CI: 1.460-21.617) and
remained significant after permutation testing
(P= 0.017). The importance of SNP rsl282 is also
emphasised by the fact that all but one of the
haplotypes that reached nominal significance con¬
tained it. Also, its state, allele T versus allele C,
dictated the direction of the OR associated with the
haplotype; that is, the T allele always acted as a
susceptibility variant (OR>l), whereas the C allele
acted as a protective variant (OR<l). Furthermore,
the backward logistic regression analysis also identi¬

fied SNP rsl282 as the only significant factor in the
SCZ females.

SNP rsl282 is located approximately 3kb upstream
of the GPR78 start site, placing it in a putative
regulatory region. However, bioinformatics analysis
found that it was not in a conserved sequence block,
nor did it alter any predicted transcription factor
binding site. This suggests that SNP rs!282 is not
itself functional, but instead may be in strong LD with
a causative variant.

The sliding-window haplotype analysis identified
two global haplotypes that remained significant
(P<0.05) after permutation analysis (10 000 permuta¬
tions) in the sample of BPAD females and in the
sample of all affected females. These haplotypes span
the length of the gene and include SNP rsl282. They
include the two non-synomous coding SNPs, ih31
and rs9685931, identified from the polymorphism
screening process. Bioinformatics analysis does not
predict that ih31 will affect the function of the protein
in any way. However, rs9685931 was found to abolish
a PROSITE-predicted protein kinase C phosphoryla¬
tion site. PROSITE tends to overpredict protein motifs
and therefore this cannot be assumed to be a

functional motif. However, the intracellular position
of the variant is consistent with an effect on

intracellular signalling. Intracellular signalling cas¬
cades, such as cAMP, have been implicated in the
pathophysiology of BPAD.15 No association was
detected with this SNP alone, arguing against
rs9685931 itself being the causative variant, although
it may be the case that the power gained in testing
haplotypes instead of single markers52,53 revealed this
underlying association. Alternatively, a nearby SNP
in strong LD with rs9685931 or a SNP working in
conjunction with rs9685931 may be the causative
variant.

The associations identified in this case-control
study were all detected in the female individuals.
A female-specific association between BPAD and/or
SCZ has been previously observed in both GPR50,ri
and CREB1,38 However, we cannot definitively
say that there is no effect in males because the 95%
CIs of the ORs in the male groups overlap with those
of the ORs in the female samples where the
significance was observed, indicating that there is
no significant difference between their respective
ORs. Alternatively, it is possible that the association
detected in the females is a false-positive. Therefore,
replication studies in other, larger cohorts is
warranted.

As ORs and 95% CIs are estimated using the sample
from which the statistical significance of the associa¬
tions was observed, it is likely that they are biased.54
This means that, given the observed genotypic OR of
5.991 (95% CI: 1.545-23.232) for the TT genotype of
SNP rsl282, the next study that is designed with the
aim ofreplicating this should select a sample size that
has the power to detect an OR of less than 1.5, as this
is the upwardly biased lower bound of the 95% CI.
This value is in keeping with the genotypic ORs of the
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complex disease susceptibility genes that have been
identified to date.55

GPR78 was selected as a candidate gene for
psychiatric illness by virtue of its genomic location
in a region of confirmed linkage and its putative
function. Expressed in the pituitary and the pla¬
centa,10 GPR78 may play a role in the functioning of
the HPA axis and during pregnancy. The HPA axis is
involved in stress regulation,18 and there is evidence
of its dysfunction being associated with BPADH1 and
SCZ.21 The expression of GPR78 in the placenta also
links GPR78 to the functioning of the HPA axis, as it
has been shown that prenatal stress, resulting in the
release of maternal hormones, can lead to the
dysregulation of the HPA axis in the developing
fetus.22

In summary, SNP rsl282 was found to be signifi¬
cantly associated in females with SCZ, under a
recessive model. Two haplotypes spanning the length
of the gene and including potentially functionally
significant variants were also found to be significantly
associated with both BPAD and all affected females in
a Scottish sample. Our results implicate GPR78 in the
pathophysiology of these devastating disorders.

Acknowledgments
We would like to thank the Sanger Institute and
the Genetics Core of the Wellcome Trust Clinical
Research Facility at the Western General Hospital
for carrying out the SNP genotyping; M Walker and
M van Beck for assistance with clinical aspects of the
study and ST Cooper for assistance in the preparation
of the manuscript. A Tenesa acknowledges funding
from Cancer Research UK. This work was supported
by grants from the Medical Research Council. This
work was supported by the UK Medical Research
Council.

References

1 Craddock N, Khodel V, Van Eerdewegh P, Reich T. Mathematical
limits of multilocus models: the genetic transmission of bipolar
disorder. Am J Hum Genet 1995; 57: 690-702.

2 Berry N, Jobanputra V, Pal H. Molecular genetics of schizophrenia:
a critical review. J Psychiatry Neurosai 2003; 28: 415-429.

3 Tsuang MT, Taylor L, Faraone SV. An overview of the genetics of
psychotic mood disorders. J Psychiatr Res 2004; 38: 3-15.

4 Blackwood DH, He L, Morris SW, McLean A, Whitton C, Thomson
M et el. A locus for bipolar affective disorder on chromosome 4p.
Nat Genet 1996; 12: 427-430.

5 Le Hellard S, Lee AJ, Underwood S, Thomson PA, Morris SW,
Torrance HS et al. Haplotype analysis and a novel allele sharing
method refines a chromosome 4p locus linked to bipolar disorder
and schizophrenia. 2005 (submitted).

6 Asherson P, Mant R, Williams N, Cardno A, Jones L, Murphy K et
al. A study of chromosome 4p markers and dopamine D5 receptor
gene in schizophrenia and bipolar disorder. Mol Psychiatry 1998;
3: 310-320.

7 Ewald H, Degn B, Mors O, Kruse TA. Support for the possible
locus on chromosome 4pl6 for bipolar affective disorder. Mol
Psychiatry 1998; 3: 442-448.

8 Detera-Wadleigh SD, Badner JA, Berrettini WH, Yoshikawa T,
Goldin LR, Turner G et al. A high-density genome scan detects
evidence for a bipolar-disorder susceptibility locus on 13q32 and

other potential loci on lq32 and 18pll.2. Proc Natl Acad Sci USA
1999; 96: 5604-5609.

9 Williams NM, Rees MI, Holmans P, Norton N, Gardno AG, Jones
LA et al. A two-stage genome scan for schizophrenia susceptibility
genes in 196 affected sibling pairs. Hum Mol Genet 1999; 8:
1729-1739.

10 Lerer B, Segman RH, Hamdan A, Kanyas K, Kami O, Kohn Y
et al. Genome scan of Arab Israeli families maps a schizo¬
phrenia susceptibility gene to chromosome 6q23 and supports
a locus at chromosome 10q24. Mol Psychiatry 2003; 8:
488-498.

11 Als TD, Dahl HA, Flint TJ, Wang AG, Vang M, Mors O et al.
Possible evidence for a common risk locus for bipolar affective
disorder and schizophrenia on chromosome 4pl6 in patients from
the Faroe Islands. Mol Psychiatry 2004; 9: 93-98.

12 Evans KL, Le Hellard S, Morris SW, Lawson D, Whitton G, Semple
GA et al. A 6.9 Mb high-resolution BAG/PAG contig of human
4pl53-pl61 a candidate region for bipolar affective disorder.
Genomics 2001; 71: 315-323.

13 Gould TD, Manji HK. Signaling networks in the pathophysiology
and treatment of mood disorders. / Psychosom Res 2002; 53:
687-697.

14 Gonzalez-Maeso J, Rodriguez-Puertas R, Meana JJ, Garcia-Sevilla
JA, Guimon J. Neurotransmitter receptor-mediated activation of
G-proteins in brains of suicide victims with mood disorders:
selective supersensitivity of alpha(2A)-adrenoceptors. Mol Psy¬
chiatry 2002; 7: 755-767.

15 Thomson PA, Wray NR, Thomson AM, Dunbar DR, Grassie MA,
Gondie A et al. Sex-specific association between bipolar affective
disorder in women and GPR50, an X-linked orphan G protein-
coupled receptor. Mol Psychiatry 2005; 10: 470-478.

16 Lee DK, Nguyen T, Lynch KR, Gheng R, Vanti WB, Arkhitko O et al.
Discovery and mapping of ten novel G protein-coupled receptor
genes. Gene 2001; 275: 83-91.

17 Lee DK, Lynch KR, Nguyen T, Im DS, Gheng R, Saldivia VR et al.
Gloning and characterization of additional members of the G
protein-coupled receptor family. Biochim Biophys Acta 2000;
1490: 311-323.

18 Herman JP, Prewitt GM, Gullinan WE. Neuronal circuit regulation
of the hypothalamo-pituitary-adrenocortical stress axis. Grit Rev
Neurobiol 1996; 10: 371-394.

19 Rybakowski JK, Twardowska K. The dexamethasone/corticotro-
pin-releasing hormone test in depression in bipolar and unipolar
affective illness. / Psychiatr Res 1999; 33: 363—370.

20 Pariante GM, Miller AH. Glucocorticoid receptors in major
depression: relevance to pathophysiology and treatment. Biol
Psychiatry 2001; 49: 391-404.

21 Altamura AG, Boin F, Maes M. HPA axis and cytokines
dysregulation in schizophrenia: potential implications for the
antipsychotic treatment. Eur Neuropsychopharmacol 1999; 10:
1-4.

22 Weinstock M. Does prenatal stress impair coping and regulation of
hypothalamic-pituitary-adrenal axis? Neurosci Biobehav Rev
1997; 21: 1-10.

23 Bromet EJ, Fennig S. Epidemiology and natural history of
schizophrenia. Biol Psychiatry 1999; 46: 871-881.

24 Endicott J, Spitzer RL. A diagnostic interview: the schedule for
affective disorders and schizophrenia. Arch Gen Psychiatry 1978;
35: 837-844.

25 Association AP. Diagnostic and Statistical Manual of Mental
Disorders 4th edn. (DSM-IV). APA: Washington, DG, 1994.

26 World Health Organization. The IGD-10 Classification of Mental
and Behavioural Disorders: Clinical Descriptions and Diagnostic
Guidelines. WHO: Geneva, 1992.

27 Risch NJ. Searching for genetic determinants in the new
millennium. Nature 2000; 405: 847-856.

28 Rozen S, Skaletsky H. Primer3 on the WWW for general users
and for biologist programmers. Methods Mol Biol 2000; 132:
365-386.

29 Gordon D, Abajian G, Green P. Consed: a graphical tool for
sequence finishing. Genome Res 1998; 8: 195-202.

30 Barrett JG, Fry B, Mailer J, Daly MJ. Haploview: analysis and
visualization of LD and haplotype maps. Bioinformatics 2005; 21:
263-265.

Molecular Psychiatry



GPR78, schizophrenia and bipolar disorder
SL Underwood et al

31 Wray NR. Allele frequencies and the r2 measure of linkage
disequilibrium: impact on design and interpretation of association
studies. Twin Res Hum Genet 2005; 8: 87-94.

32 Wall JD, Pritchard JK. Haplotype blocks and linkage
disequilibrium in the human genome. Nat Rev Genet 2003; 4:
587-597.

33 Berrettini W. Evidence for shared susceptibility in bipolar disorder
and schizophrenia. Am ] Med Genet G 2003; 123: 59-64.

34 Craddock N, O'Donovan MC, Owen MJ. The genetics of schizo¬
phrenia and bipolar disorder: dissecting psychosis. / Med Genet
2005; 42: 193-204.

35 Holden C. Sex and the suffering brain. Science 2005; 308: 1574.
36 Zubenko GS, Hughes III HB, Stiffler JS, Brechbiel A, Zubenko WN,

Maher BS et al. Sequence variations in CREBl cosegregate
with depressive disorders in women. Mol Psychiatry 2003; 8:
611-618.

37 Kirkwood BR, Sterne JAG. Essential Medical Statistics, 2nd edn.
Blackwell Science Ltd: Maiden, MA, 2003.

38 Cordell HJ, Glayton DG. A unified stepwise regression procedure
for evaluating the relative effects of polymorphisms within a gene
using case/control or family data: application to HLA in type 1
diabetes. Am J Hum Genet 2002; 70: 124-141.

39 Dudbridge F. Pedigree disequilibrium tests for multilocus haplo-
types. Genet Epidemiol 2003; 25: 115-121.

40 Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local
alignment search tool. J Mol Biol 1990; 215: 403-410.

41 Ng PG, Henikoff S. SIFT: predicting amino acid changes that
affect protein function. Nucleic Acids Res 2003; 31:
3812-3814.

42 Gserzo M, Eisenhaber F, Eisenhaber B, Simon I. On filtering false
positive transmembrane protein predictions. Protein Eng 2002; 15:
745-752.

43 Hulo N, Sigrist GJ, Le Saux V, Langendijk-Genevaux PS, Bordoli L,
Gattiker A et al. Recent improvements to the PROSITE database.
Nucleic Acids Res 2004; 32: D134-D137.

44 Blom N, Gammeltoft S, Brunak S. Sequence and structure-based
prediction of eukaryotic protein phosphorylation sites. / Mol Biol
1999; 294: 1351-1362.

45 Blanchette M, Kent WJ, Riemer G, Elnitski L, Smit AF, Roskin KM
et al. Aligning multiple genomic sequences with the threaded
blockset aligner. Genome Res 2004; 14: 708-715.

46 Siepel A, Haussler D. Gombining phylogenetic and hidden Markov
models in biosequence analysis. / Gomput Biol 2004; 11: 413-428.

47 Kent WJ, Sugnet GW, Furey TS, Roskin KM, Pringle TH, Zahler
AM et al. The human genome browser at UCSG. Genome Res 2002;
12: 996-1006.

48 Karolchik D, Baertsch R, Diekhans M, Furey TS, Hinrichs A, Lu
YT et al. The UGSG Genome Browser Database. Nucleic Acids Res

2003; 31: 51-54.
49 Kel AE, Gossling E, Reuter I, Gheremushkin E, Kel-Margoulis OV,

Wingender E. MATGH: a tool for searching transcription factor
binding sites in DNA sequences. Nucleic Acids Res 2003; 31:
3576-3579.

50 Wingender E, Ghen X, Fricke E, Geffers R, Hehl R, Liebich I et al.
The TRANSFAG system on gene expression regulation. Nucleic
Acids Res 2001; 29: 281-283.

51 Gonsortium TIH. The international HapMap project. Nature 2003;
18: 789-796.

52 Akey J, Jin L, Xiong M. Haplotypes vs single marker linkage
disequilibrium tests: what do we gain? Eur J Hum Genet 2001; 9:
291-300.

53 Jawaid A, Sham PG, Makoff AJ, Asherson PJ. Is haplotype tagging
the panacea to association mapping studies? Eur ] Hum Genet
2004; 12: 259-262.

54 Goring HH, Terwilliger JD, Blangero J. Large upward bias in
estimation of locus-specific effects from genomewide scans. Am /
Hum Genet 2001; 69: 1357-1369.

55 Wang WY, Barratt BJ, Glayton DG, Todd JA. Genome-wide
association studies: theoretical and practical concerns. Nat Rev
Genet 2005; 6: 109-118.

Supplementary Information accompanies the paper on the Molecular Psychiatry website (http://www.nature.com/mp)

Molecular Psychiatry



Haplotype Analysis and a Novel Allele-Sharing Method
Refines a Chromosome 4p Locus Linked to Bipolar
Affective Disorder
Stephanie Le Hellard, Andrew J. Lee, Sarah Underwood, Pippa A. Thomson, Stewart W. Morris,
Helen S. Torrance, Susan M. Anderson, Richard R. Adams, Pau Navarro, Andrea Christoforou,
Lorna M. Houlihan, Sevilla Detera-Wadleigh, Michael J. Owen, Philip Asherson, Walter J. Muir,
Douglas H.R. Blackwood, Naomi R. Wray, David J. Porteous, and Kathryn L. Evans
Background: Bipolar affective disorder (BPAD) and schizophrenia (SCZ) are common conditions. Their causes are unknown, but they
include a substantial genetic component. Previously, we described significant linkage of BPAD to a chromosome 4p locus within a large
pedigree (F22). Others subsequently have found evidence for linkage of BPAD and SCZ to this region.

Methods: We constructed high-resolution haplotypes for four linked families, calculated logarithm of the odds (LOD) scores, and devel¬
oped a novel method to assess the extent of allele sharing within genes between the families.

Results: We describe an increase in the F22 LOD score for this region. Definition and comparison of the linked haplotypes allowed us to
prioritize two subregions of 3.8 and 4.4 Mb. Analysis of the extent of allele sharing within these subregions identified 200 kb that shows
increased allele sharing between families.

Conclusions: Linkage of BPAD to chromosome 4p has been strengthened. Haplotype analysis in the additional linked families refined the
20-Mb linkage region. Development of a novel allele-sharing method allowed us to bridge the gap between conventional linkage and
association studies. Description of a 200-kb region of increased allele sharing prioritizes this region, which contains two functional candidate
genes for BPAD, SLC2A9, and WDR1, for subsequent studies.

Key Words: Allele sharing, bipolar affective disorder, chromosome
4p, linkage, recurrent unipolar depression, schizophrenia

Family, twin, and adoption studies have shown that bothBPAD (MIM 125480) and SCZ (MIM 181500) have a signifi¬
cant genetic component but that inheritance patterns are

complex. Family and molecular studies also indicate that some
genetic risk factors may contribute to predisposition to both SCZ
and affective disorders, and there can be overlap in their clinical
presentation (Berrettini 2000: Blackwood et al 1996: Maier et al
2002; Potash et al 2001). Previously, we described a large Scottish
pedigree (F22) in which many family members experience
symptoms of BPAD or recurrent major depressive disorder
(unipolar depression [MIM 125480]). A whole genome scan of
F22 found significant linkage of major affective disorder to
chromosome 4p (maximum logarithm of the odds [LOD] score =
4.09; Blackwood et al 1996). Further support for this result comes
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from variance component analysis of the same data, which found
significant evidence for a quantitative trait locus in the region
(LOD of 3.7; Visscher et al 1999).

Subsequent to our report, a number of other groups also have
found evidence for linkage of both BPAD and SCZ to the F22
linkage region. These reports include linkage in a Welsh family
with SCZ and schizoaffective disorder (F50, LOD = 1.97; Asher¬
son et al 1998), linkage in two Danish BPAD families (LOD =
2.00; Ewald et al 1.998), linkage to major mental illness (including
both SCZ and BPAD) in a large family from the United States
(1 of 22 studied; F48, LOD = 3-24; Detera-Wadleigh et al 1999).
linkage to BPAD with psychosis and suicidal behavior in a
bipolar pedigree sample from the United States (LOD = 1.84;
Cheng et al 2006), increased sharing in Welsh SCZ sib-pairs
(LOD = 1.73; Williams et al 1999), a nonparametric LOD score of
2.2 in Arab Israeli families with SCZ and schizoaffective disorder
(Lerer et al 2003), and excess haplotype sharing (best p value,
p — .00007) in families from the Faroe Islands with BPAD and
SCZ (Als et al 2004). A patient with schizophrenia and a balanced
translocation t(4; 13) (pl6.1;q21.31) also highlights this region of
chromosome 4p (Itokawa et al 2004). Finally, we have recently
described preliminary evidence for association in GPR78, an
orphan G-protein coupled receptor, in females with BPAD and
SCZ (Underwood et a I 2006). GPR78 maps to the F22 linkage
region, but this finding has not yet been replicated, and we have
no evidence for segregation of functional variants with the
disorder in F22. Therefore, here we describe a systematic ap¬
proach to narrowing the linkage region on chromosome 4p.
Toward this objective, here we present an updated genetic
analysis of two Scottish families with BPAD and recurrent major
depressive disorder (F22, F59; Blackwood et al 1996); F50, a
Welsh family with SCZ and schizoaffective disorder (Asherson et
al 1998); and F48, a large U.S. family of Ashkenazi Jewish origin
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with BPAD, SCZ, recurrent major depressive disorder, and
related conditions (Detera-Wadleigh et al 1999). In addition, we
include clinical description, linkage and haplotype analysis of
new cases of illness within F22, which strengthens our original
finding (Blackwood et al 1996). Previously, F22, F59, and F50
had been subjected to low-resolution haplotype analysis with
publicly available microsatellite markers at ~5 to 15 cM intervals
(Asherson et al 1998; Blackwood et al 1996). F48 previously had
been subject to a whole genome scan for linkage (Detera-
Wadleigh et al 1999). This analysis found a chromosome 4p
marker with a significant LOD score (3-24) and two markers from
4pl4-pl6 with elevated allele sharing, but this result had not
been followed up by haplotype analysis. Our aim was to define
the chromosome 4p regions linked to illness in the above four
families at high resolution. We identified, mapped, and geno-
typed new polymorphic markers from the region, allowing us to
define all recombination breakpoints accurately. High-resolution
haplotype analysis is essential for accurate definition of a linked
region, because any misspecification of the model used in
linkage analysis will mean that the peak LOD score does not
necessarily correspond to the most likely position of the suscep¬
tibility gene.

The definition of the linked haplotypes allowed us to define
regions of overlap between them. These linkage results in the four
families may reflect independent mutations at the same locus (allelic
heterogeneity) or a common ancient origin (founder mutation). If
there is allelic heterogeneity then it should be possible to identify
independent polymorphisms at a single locus, as was the case in
Crohn's disease (MIM 605966; Hugot et al 2001). If there is a
founder mutation common to more than one family, then this
will be flanked by a region of haplotype sharing that varies in
extent between the families but includes a functional variant that
is common to all cases. The presence of shared alleles on linked
chromosomes from families with chromosome 8p-linked schizo¬
phrenia was used to identify a region of the NRGrl locus that was
subsequently found to show association with SCZ in the Icelan¬
dic and Scottish populations (Stefansson et al 2002). We have
developed a novel method to compare the extent of allele
sharing in positional candidate genes between the four chromo¬
somes that segregate with illness with that observed between the
control chromosomes from the four families. This greatly im¬
proves the definition of the region most likely to contain a
susceptibility gene for BPAD and, in view of the varied pheno-
types seen in these families, possibly for other disorders, includ¬
ing schizoaffective disorder and SCZ.

Methods and Materials

This study was approved by the Multicentre Research Ethics
Committee for Scotland, and appropriate informed consent was
obtained from the human subjects.

Reevaluation of F22 Family Members
Since the original study, through continued contact with the

family, we have identified five new cases in F22. All were inter
viewed using Schedule for Affective Disorders and Schizophrenia—
Lifetime Version (SADS-L) (Blackwood et al 1996), and a consensus

diagnosis using DSM-FV criteria was reached by two experienced
psychiatrists (WJM and DHRB). The offspring in one family were
removed from the analysis because major psychiatric illness was
detected in first-degree relatives of the married in parent. This was
not a fully systematic follow up, as some family members could not
be interviewed.

Identification of New Microsatellite Markers

Initially, a minimum overlapping set of clones was chosen
across the region to be investigated and subjected to partial
digestion and subcloning, as described in the PAC subcloning
section. Clones from the resultant library were hybridized with
(CA)15 and (GT)I5 oligos. The inserts of positive subclones were
sequenced. Latterly, the sequences of BAC clones from the contig
were retrieved from the EMBL database. All sequences were
processed by Sputnik (http://www.abajian.com/sputnik/) and
RepeatMasker (http://repeatmasker.genome.washington.edu/
cgi-bin/RM2_req.pl). The Sputnik source code was altered (spe¬
cifically, the ERROR_MATCH_POINTS symbolic constant was
decreased from —6 to —100) to ensure that only perfect simple
tandem-repeat arrays, that is, those made up of identical repeat
units, were detected. Perfect simple tandem-repeat arrays longer
than the following thresholds (12 repeat units for dinucleotide
repeats, 7 for trinucleotides, 6 for tetranucleotides, and 5 for
pentanucleotides) were identified. For each of these microsatel-
lites, the 200-bp flanking sequence was excised from the relevant
BAC sequence and used in primer design (Genbank accession
numbers BV677285 to BV677322).

PI Derived Artificial Chromosome (PAC) Subcloning
Clones were partially cleaved with Sau3Al under condi¬

tions that generate fragments ranging in size from 1.5 to .5 kb.
Fragments were resolved on a 1% agarose gel (Invitrogen.
Paisley, United Kingdom) run in 1 X tris, acetic acid, EDTA
(TAE). After electrophoresis, fragments of approximately .8 kb
were excised, the gel slice was spun in a Spinex column
(Corning BV, Schiphol-Riik, The Netherlands), and the DNA
was concentrated by ethanol precipitation. The recovered
fragments were ligated to pBluescript SK h/~ (Stratagene
Europe, Amsterdam, Zuiduost, The Netherlands) vector that
had been cut with BamW\, gel purified, and treated with heat
killed (HK) phosphatase (Cambio, Cambridge, United King¬
dom). Ligated DNA was electrotransformed into XLl-Blue
cells (Stratagene). and recombinants were identified by plat¬
ing approximately 400 colonies on a 12 X 8 cm L-agar plate
containing ampicillin (80 pg/mL), isopropyl-l-thio-fl-D-galac-
topyranoside (.1 mM) and 5-bromo-4-chloro-3-indolyI-(3-o-
galactopyranoside (.1 mM). White (recombinant) colonies
were picked, with a Flexys FLX11001 robot (PBA Technolo¬
gies Cambridge, United Kingdom) fitted with a six-needle
picking head, into five 384-well microliter plates containing
L-broth, ampicillin (80 pg/mL), and 7% glycerol.

Production of Filters
Clones from the above plates were gridded with a Flexys

FLX11001 robot (PBA Technologies) onto Hybond N+ nylon
membrane (GE Healthcare, Little Chalfont, Bucks, United King¬
dom). The gridded filters were processed essentially as described
in Cole et al (1996), with the exception that the spheroplasting
stage was omitted.

Oligo Hybridization
Fifty nanograms of oligonucleotide was end-labeled with 30

pCi of y-32P adenosine triphosphate (>5000 Ci/mmol, Amer-
sham) by using 10 U of polynucleotide kinase (Roche. Lewes,
East Sussex, United Kingdom) at 37°C for 40 min. Unlabeled
oligonucleotides were removed by passing the reaction mixture
through a NAP5 column (Arnersham Biosciences, Chalfont St.
Giles, Bucks. United Kingdom), according to manufacturer's
instructions. The eluate was hybridized to filters of gridded

www.sobp.org/journal



S. Le He I lard et al BIOL PSYCHIATRY 2007;61:797-805 799

clones overnight, at 72°C, in a hybridization mixture containing
5X sodium saline citrate (SSC), .1% sodium pyrophosphate, .5%
sodium dodecyl sulfate (SDS), 5X Denhardt's, and 100 |xg/mL of
sonicated salmon sperm. Filters were washed in 6X SSC—.1% SOS
at 72°C and were autoradiographed overnight.

DNA Preparation
DNA was prepared from positive subclones with a Wizard

miniprep kit (Promega UK Ltd, Southampton, United Kingdom),
according to manufacturer's instructions.

Sequencing
DNA from positive subclones was subjected to automatic

sequencing on an Alii 377 Automated Sequencer by using
Rhodamine or Big Dye Sequencing kits (Applera, Warrington,
Cheshire, United Kingdom), in accordance with the manufactur¬
er's instructions.

Primer Design
Sequence tagged site (STS) primers were designed from

repeat-free regions of sequence (repetitive sequences were
screened out by using Repeat Masker [http://repeatmasker.genome.
washington.edu/cgi-bin/RM2_req.pll) by using the primer design
program Primer 3 (http://www.genome.wi.mit.edu/genome_
software/olher/primer3.html).

Polymerase Chain Reaction
Polymerase chain reactions were performed in a total volume

of 25 pL, which included the following reagents: 2.5 pi. of 10X
polymerase chain reaction (PGR) buffer (Applera); 1.5 pL of 25
mM MgClj (Cetus); .5 pL of 100 mM dGTP, dTTP, dATP, and
dCTP (Applera, Warrington. Cheshire, IJK); .2 pi. of Taq poly¬
merase (Cetus); and 1 pi, of 20 mM (or 150 ng/pl.) forward and
reverse primers.

Microsatellite Genotyping
Microsatellite markers were amplified by PGR from 10-50 ng

of genomic DNA and sized with an ABI3700 automated se¬

quencer.

Single-nucleotide Polymorphism Identification
PCR primers were designed from sequence-flanking exons or

predicted exons. Primers were used to amplify DNA from
members of the four linked families. PCR products were checked
on 2% agarose gel stained with ethidium bromide. PCR products
were sequenced with the ABI Big Dye v3 kit, according to the
manufacturer's instructions. The sequences were aligned by
using the PhredPhrap program displayed with Consed (http://
bozeman.mbt.washington.edu/index.html). The new single-nu¬
cleotide polymorphisms (SNPs) discovered in this way have been
submitted to clbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/
index.html).

Linkage Analysis
Two-point parametric linkage analyses were performed by

using the program MLINK from the LINKAGE package (TerwilJ-
iger and Ott 1994) for F22 and F59. Within each family, micro-
satellite markers were genotyped on those family members that
were necessary to determine both the linked haplotype segre¬
gating in each family and to identify any recombination break¬
points (this was at least 25% of family members). Twenty-four
markers were genotyped on F22, and 57, on F59. PedCheck
(O'Connell et al 1998) was used to check for genotype inconsis¬
tencies. The models used are as described in Blackwood et al

(1996); that is, narrow definition of phenotype (model 1) bipolar
1 and bipolar 2 disorder and broad definition of phenotype
(model 2) bipolar 1 disorder, bipolar 2 disorder, and recurrent
unipolar disorder. Cases with other psychiatric diagnoses were
coded as unknown. Age-dependent penetrances were applied to
controls. Given the structure of the families studied, only a
dominant mode of inheritance was considered. Disease-allele

frequencies, age-dependent penetrances, and phenocopy rates
for the narrow- and broad-analysis models are as for model 1 and
model 2 in Blackwood et al (1996), Equal allele frequencies were
assumed, and modification of these did not have a significant
effect on the results (data not shown).

Allele-sharing Analysis
The genotypes of 46 individuals from the four families were

reconstructed into chromosomes by using the Merlin software
(Abecasis et al 2002). Although allocation of specific alleles to
haplotypes was generally possible, some ambiguity remained: 83
markers of 284 retained a degree of ambiguity, but on average,
only 7.35% of the chromosomes in question were ambiguous.
Within each family, the single haplotype that was shared by all
affected individuals contributing to the linkage was denoted the
linked haplotype for that family. There were 38 other chromo¬
somes in region B and 37 in region D, which were designated
control haplotypes. For F22 and F59, model 1, that is, bipolar 1
and bipolar 2 disorder, was used when determining the linked
haplotype. This was expanded to include schizophrenia and schizo¬
affective disorder for F48 and F50. There were no individuals in
these diagnostic categories who did not carry the linked haplotype.
Further details on the families are provided in Table 1.

Pairwise comparisons were performed between all pairs of
haplotypes within the linked group and separately for all pairs
within the control group. For each pair of haplotypes, each
marker was assigned a score on the basis of the size of the region
of allele sharing in which it was found (based on the methods of

Table 1. Details of the Families Studied

No. Unaffected and Unknown

Generation No. Affected (No. Genotyped)
by Family (No. Genotyped) [No. with linked haplotype]

F22

1 0(0) 3 (0)
2 0(0) 7 (0)
3 5(5) 23(10)11]
4 13(13) 50 (30) [12]
5 14 (14) 32 (22) [9]

F48
1 1 (0) 17 (5) [4]
2 7(5) 20(10) [5]
3 8(7) 7 (7) [2]

F50

1 1 (1) 1 (1) [0]
2 2(2) 3 (3) [1]
3 2(2) 2 (2) [0]

F59
1 1 (0) 3 (3) [1]
2 3(3) 1 (0)
3 1 (1) 0 (0)

The table lists the number of generations and, for each generation, the
number of affected (broad category) or unknown and unaffected individu¬
als, with the number genotyped in parenthesis. The number of unaffected
and unknown individuals with the linked haplotype is shown in square
brackets.
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Van der Meulen and te Meerman [1997] and Bourgain et al
[2000]). Briefly, if an allele of a marker was shared between two

haplotypes, then the number of alleles shared at adjacent con¬
secutive markers determined the score for that marker (e.g., if
alleles at three consecutive markers were shared, then each
marker received a score of three). Scores at markers with
ambiguous genotypes were weighted on the basis of the ambi¬
guity (e.g.. if it was known that a chromosome could carry one of
two alleles at a particular marker, then that marker would
contribute a score of .5). The scores were averaged across the
pairwise tests to generate a length statistic for each marker for
both the linked and control haplotypes. This then allowed
definition of the extent of allele sharing between the linked
haplotypes and between the control haplotypes.

Permutation Testing
Because it has been shown that the distributional properties

of the length statistic are complex (Tzeng et al 2003), we used
permutation analysis to test the null hypothesis, that is, that no
difference was observed when the level of sharing among the
linked haplotypes was compared with that among the control
haplotypes. For the permutation analysis, all linked and control
haplotypes were randomized and reallocated to the linked and
control groups while retaining the proportion of haplotypes
allocated to each group. The allele sharing analysis was then
repeated with these redefined haplotypes. This process was
performed 9999 times. The p value for the length statistic at each
marker was calculated as p = s/10,000, where s was the number
of times that the length statistic for the permutation replicates
exceeded the length statistic using the real linked haplotypes.
Statistical significance was investigated when p < .05. Where
there was more than one consecutive marker with p < .05, the
average p value and the number of linkage disequilibrium (1,0)
blocks were calculated for the region.

Many markers have been tested, and so some correction for
multiple testing is required. Linkage disequilibrium between
markers means that a Bonferroni correction would be overly
conservative. Therefore the permutation replicates were used to
account for multiple testing. Each of the 9999 permutated
replicates was tested against all other sets of permutations in an
approximation of a set of nested permutations (Becker and
Knapp 2004). A p value for each marker was generated for each
of the permuted replicates, as for the linked haplotypes de¬
scribed above. A corrected p value then was calculated from

10,000, where r was the number of times that a permutation
replicate covered as many LD blocks as the region found in the
linked haplotypes and at a greater level of significance.

Investigation of Shared SNPs
To investigate the effect of nonsynonymous SNPs, we sub¬

mitted multiple protein sequence alignments to the sorting
intolerant from tolerant (SIFD algorithm website (http://blocks.
flicrc.org/sift/SlFT.html), which uses a conservation-based ap¬
proach to estimate the probability that a particular amino-acid
change will be tolerated by the protein. Only predictions with
enough sequence information to be meaningful (median sequence
information of <3.25) were considered.

Accession Numbers
The following were the accession numbers used. For Genbank,

BV677285 to BV677322; for dbSNP, ss46563l20 to ss4656.3185.

Results

Markers for Linkage and Haplotype Analysis
Initially, we performed linkage and haplotype analysis with

publicly available microsatellite markers. Once these were ex¬
hausted, we identified additional markers. At first, these were

identified experimentally, by subcloning PAC and BAC clones
from our contig across the majority of the linked region (Evans et
al 2(X)1). However, as more genomic sequence from clones in the
region became available, we moved to in silico identification. In
total, the two approaches resulted in the creation of 44 micro-
satellite markers. Where the supply of potential microsatellite
markers had been exhausted, STSs were designed around pub¬
licly available SNPs which were amplified and sequenced in key
family members, testing the informativeness of the polymor¬
phism in those individuals.

Reevaluation of F22 Members
As expected, since the initial report of F22 (Blackwood et al

1996). there have been changes to the clinical status of several
family members. Although we have been unable to follow up all
family members, we have identified five new cases: one of BPAD
and four of recurrent unipolar depression. These include one
individual who was previously unaffected, two who previously
had minor psychiatric illness, and two who were identified and
assessed subsequent to our original report. In addition, the five
offspring in one family were removed from the analysis because
major psychiatric illness was present in first-degree relatives of
both parents. This updated phenotype information was used in

F22 F59 F50 F48

Region A

Region B

Region C

Region D

Figure 1.The overlap between the linked regions that segregate with illness
in the four families. The sizes (in Mb) refer to the genomic distances between
the points marked by the horizontal lines. The numbers on the horizontal
lines are from National Center for Biotechnology Information build 35
(http://www.ncbi.nlm.nih.gov/) and are the map coordinates of each of the
markers that define the boundaries of the linked haplotypes. Regions A to D
indicate subregions of the F22 linkage region that show linkage in at least
one other family. The illnesses observed in the families are indicated on the
figure as follows: AFD, bipolar affective disorder (BPAD) and recurrent major
depressive disorder; SCZAFF, schizoaffective disorder and schizophrenia;
SCZAFD, BPAD, recurrent major depressive disorder, schizophrenia, and
others.
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Table 2. List of Known Genes Studied

Abbreviated Gene Name Full Gene Name

Genomic

Region"

GPR78(MIM 606921) G protein-coupled receptor 78 B

CPZ(MIM 603105) Carboxypeptidase Z B

DRD5 (MIM 126453) Dopamine receptor D5 B

SLC2A9 (MIM 606142) Solute carrier family 2 B

WDR1 (MIM 604734) WD repeat domain 1 B

MIST (MIM 233450) Mast cell immunoreceptor signal transducer B

HS3ST1 (MIM 603244) Heparan sulfate D-glucosaminyl 3-O-sulfotransferase 1 B

GPR125 G protein-coupled receptor 125 D

GBA3 (MIM 606463) Glucosidase beta acid 3 D

PPARGC1A (MIM 604517) Peroxisome proliferative activated receptor gamma coactivator 1 alpha D

DHX15 DEAH (Asp-Glu-Ala-His) box polypeptide 15 D

SOD3 (MIM 185490) Superoxide dismutase 3 D

LG12 (MIM 608301) Leucine rich gene, glioma inactivated 2 D

SLA/LP Soluble liver antigen/liver pancreas antigen D

P14K2B Phosphatidylinositol 4 kinase type II beta D

ANAPC4 (MIM 606947) Anaphase-promoting complex subunit 4 D

SLC34A2 (MIM 604217) Human type II sodium-dependent phosphate transporter (NaPi-3) D

KIAA0746 D

RBPSUH (MIM 147183) Recombination signal-binding protein suppressor of hairless
(Drosophila), homologue of

D

CCKAR (MIM 118444) Cholecystokinin A receptor D

"To which gene maps.

the linkage and haplotype analysis described in the next section.
Details of F22 and the other families studied are given in Table 1.

Linkage and Haplotype Analysis
We genotyped the polymorphic markers in key individuals

from the four linked families and determined the haplotypes
linked to disease susceptibility (the linked haplotypes). In F22,
four of the five newly diagnosed individuals carry the linked
haplotype. One individual with a diagnosis of unipolar depres¬
sion did not carry the linked haplotype and appears to be a
phenocopy. Two-point parametric linkage analysis on the up¬
dated F22 data produced a maximum LOD score of 4.41 at
marker D4S.394, under the narrow diagnostic model (previously
4.09). LOD scores were also calculated for F59, because this had
not been performed previously. The highest LOD score was
obtained for F59 at D4S431 (.88 for the broad model, four
affected individuals with genotype data available). This LOD
score, although small, contributes to the growing evidence for a
predisposition locus in this chromosomal region.

Haplotypes were constructed for all four families. Figure I
shows the overlapping linked haplotypes that determine the
position of the candidate intervals and allow us to prioritize
subregions. The boundaries of the candidate region are defined
by the 20Mb linked haplotype in F22 and divide into four subre¬
gions as defined by the boundaries of the linked haplotypes in the
other families (Figure 1, regions A to D). These genomic regions
can be prioritized for further analysis by the strength of linkage
evidence provided by the different families. On this basis, D (4.4
Mb) appears to be the best candidate region, followed by B. C,
and A, However, region B (3.8 Mb) is also attractive for priori¬
tizing for further study, because it is implicated in the three Celtic
families, which potentially share a common ancestral origin.

Detection of SNPs for Allele-sharing Analysis
SNPs were identified by amplifying and sequencing exons.

exon-intron boundaries, and the region approximately I kb up-
and downstream of the 20 known genes (see Table 2) from
intervals B and D using DNA from family members. We defined
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Figure 2. Allele sharing, measured by the num¬
ber of consecutively shared markers, between
chromosomes linked to psychiatric illness
(linked chromosomes) and control chromo¬
somes for region B. The allele sharing between
linked chromosomes is represented by crosses,
and between the control chromosomes, by cir¬
cles. The position of the markers is given in Mb
along the chromosome. There is one area of
increased allele sharing between the linked
chromosomes in region B.
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Figure 3 . Permutation analysis for the three fam¬
ilies linked to region B. The p value is plotted for
each marker, and the dashed line indicates the
p = .05 threshold. There are four significant re¬
gions of sharing in region B.

I
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known genes as those genes with RefSeq status codes predicted,
provisional, reviewed or validated and that had a protein de¬
scribed in Swissprot. We chose to sequence PGR products
amplified from family members, rather than relying on publicly
available SNPs, because this would result in the identification of
SNPs specific to the populations under study and confirm the
existence of database SNPs in our population. We identified 68
novel SNPs and characterized 216 publicly available SNPs in this
sample (described in SOM Table 1).

Analysis of Allele and Haplotype Sharing
Three of the four families show linkage to region B and three

to region D (Figure 1). In each region, this led to the identifica¬
tion of three haplotypes (one from each linked family) that were
linked with the disease and 38 control haplotypes in region B
and 37 in region D, in both regions, allele sharing between the
three linked haplotypes was compared with that between the
control haplotypes by counting the number of markers that make
up a region of sharing. Within each group of haplotypes (linked
or control), there may be an artificially high level of sharing
where multiple markers have been genotyped within single LD
blocks. However, the comparison between the linked haplotype
and control haplotype sharing will adjust for this. The signifi¬
cance of the difference in sharing between linked and control
haplotypes was assessed by permutation analysis.

For example, in region B, a haplotype consisting of 48
consecutive markers over five LD blocks (covering —200 kb)

showed excess allele sharing (Figure 2) between the three linked
haplotypes (from F22, F59, and F50) when compared with the
control haplotypes. To assess the significance of this result, we
permutated the 38 control and the 3 linked haplotypes, randomly
assigning chromosomes to either the linked or control group,
and then calculated how often we would expect to see this result
by chance. This indicated that the excess sharing in this subre-
gion was significant (p = .007; Figure 3). Six other subregions
also showed excess sharing (Figure 2, region B and Figure 4,
region D). These are listed in Table 3- Three of them also are
marginally significant after the permutation testing (Figure 3,
region B; Figure 5, region D; and column 6 of Table 3). We then
corrected for multiple testing by examining how often the
permuted chromosomes generated an equivalent or greater
significance. We did this by approximating nested permutations
for each permutated set of chromosomes. For example, for the
region described above (shared region 1 on Table 3), sharing
across this number of LD blocks and with this level of signifi¬
cance was found in only a small percentage of permuted
chromosome sets, leading to a corrected p value of .009. This was
the only shared region that remained significant after correction
for multiple testing (Table 3, column 7).

Investigation of Shared SNPs
We examined the 48 SNPs in the significant shared region

(National Center for Biotechnology Information build 35 May
2004 assembly coordinates: 9,576,583-9,777.081; Table 4). Thir-
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Figure 4. Allele sharing, measured by the num¬
ber of consecutively shared markers, between
chromosomes linked to psychiatric illness
(linked chromosomes) and control chromo¬
somes for region D. The allele sharing between
linked chromosomes is represented by crosses,
and between the control chromosomes, by cir¬
cles. The position of the markers is in Mb along
the chromosome. There are a number of areas

of increased allele sharing between the linked
chromosomes in region D.
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Table 3. Shared Regions

Shared Priority Number of Shared Number of LD Length of Shared Corrected
Region Region Markers Blocks Shared Region (kb) p Value p Value

1 B 48 5 200 .007 .009

2 B 9 1 9 .050 .193

3 B 1 1 n/a .048 .195
4 B 5 4 30 .015 .086

5 D 10 2 55 .054 .520

6 D 3 1 9 .031 .416

7 D 41 9 103 .054 .070

Data include the properties of the regions of excess sharing, the subregion of the F22 linkage region to which they
map, the number of shared markers within them, the number of linkage disequilibrium (LD) blocks they cover, their
length, the p value after the test for significance, and the p value corrected for multiple testing.

ty-three of the SNPs are in SLC2A9. a member of the facilitative
glucose transporter family. Twenty-eight are intronic and five,
exonic. None of the intronic SNPs lie within known consensus

splice sites. To investigate the possible functional conse¬
quences of the nonsynonymous exonic SNPs, we used the
SIFT algorithm (Ng and Henikoff 2001), which uses multiple
sequence alignments to predict tolerated amino acid substitu¬
tions. Only the 1129411 variant was predicted to affect protein
structure or function (p < .04). Two SNPs are intergenic, and the
remaining thirteen are in WDR1, a WD repeat domain protein.
Ten of the WDR1 SNPs are in introns and three in exons. None
of the intronic SNPs lie within known splice consensus se¬
quences. The three exonic SNPs all are found in the 3'-UTR
region. Because all of the shared SNPs were also present on at
least 30% of control chromosomes, it is unlikely that any of them
are the sole functional variant in this region. Instead, it is more
likely that we have identified a shared haplotype that carries the
functional SNPs.

Discussion

The additional cases of major affective disorder in family 22
described in this 10-year follow-up have confirmed and strength¬
ened the linkage result to this region of chromosome 4p. This
study demonstrates the value of large families when analyzing
complex conditions such as BPAD, where in many cases there is
phenotypic complexity and almost certainly locus heterogeneity
and oligo or polygenicity. Like other complex disorders includ¬
ing breast, cancer [M1M 114480], colon cancer IM1M 114500],
diabetes [MIM 125823], and Alzheimer's disease [MIM 104300],

there is growing evidence that some cases of BPAD and SCZ can
arise from the inheritance of mutations with large effect and
strong genotype-phenotype correlations. For example, there is
support for such a subset from other extended BPAD pedigrees
that show significant linkage of BPAD to loci on chromosomes
lq, 4q, 12q, ISq, 21q (Potash and DePaulo 2000).

We have generated new microsatellite and SNP markers and
used these in genetic analysis of families with chromosome 4p
linked BPAD and other, related phenotypes. The high-resolution
haplotype analysis described allows comparison of the F22
linkage region with the linked haplotypes in other families.
Although F48 also generates a LOD score of >3, the inclusion of
families that have the capacity only to generate smaller LOD
scores is a higher risk strategy, because of the increased likeli¬
hood of false positives. However, because these families con¬
tained affected individuals with recombination events that were

complementary to those of the larger families, this allowed us to
prioritize subregions of a large candidate region (Figure 1). On
the basis of this linkage evidence, we then attempted to bridge
the gap between the resolution provided by linkage analysis and
that of association studies by assessing allele sharing in known
genes from regions B and D. Our allele sharing method com¬
bined a modified version of a measure of allele sharing described
elsewhere with two rounds of permutation analysis (Van der
Meulen and te Meerman 1997; Bourgain et al 2000). The first
assesses the significance of the finding, and the second accounts
for multiple testing. As far as we are aware, these three aspects of
the method have not previously been combined in this way with
this aim.

M
X* X

I"*"?
X

r* ~
*

x
^ x Figure 5. Permutation analysis for the three* families linked to region D.Thep value is plotted
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* regions of sharing in region D.
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Table 4. Single-Nucleotide Polymorphisms (SNPs) in the Significant Shared Region

S. Lc Hcllard ct a I

Amino Acid Change % of Control

SNP Location Gene

SNP Location
within Region

(Probability Change
is Deleterious)

Chromosomes with

'Linked' Variant

C 11538907_10 9576833 SLC2A9 intronic 68

rs2280204 9586369 SLC2A9 intronic 84

rs2280205 9586442 SLC2A9 exonic P350L (.3) 55

rs4697695 9592369 SLC2A9 intronic 71

rs3733591 9598649 SLC2A9 exonic R294H (.04) 29
ih4 (SS46563120) 9598686 SLC2A9 exonic V2821 (.25) 79

C 1216553_10 9611080 SLC2A9 intronic 79

rs2276965 9619994 SLC2A9 intronic 97

rs4292327 9620219 SLC2A9 intronic 74

C 1216527_10 9625348 SLC2A9 intronic 61

C 1216498_10 9632664 SLC2A9 intronic 61

C 1216472_10 9642152 SLC2A9 intronic 61

C 1216450_10 9658408 SLC2A9 intronic 82

ih7 (SS46563122) 9658710 SLC2A9 intronic 61

ih6 (SS46563121) 9658849 SLC2A9 exonic synonymous 79

ih8 (SS46563123) 9675012 SLC2A9 intronic 79
rs7695555 9678175 SLC2A9 intronic 61

rs7662439 9678318 SLC2A9 intronic 32

rs1014290 9678380 SLC2A9 intronic 84

C 1216398_10 9683824 SLC2A9 intronic 66

rs3796841 9684423 SLC2A9 intronic 76

rs3796840 9684640 SLC2A9 intronic 95

C 1216379_10 9689982 SLC2A9 intronic 71

rs2240720 9696999 SLC2A9 intronic 66
rs2240721 9697083 SLC2A9 intronic 68
rs2240722 9697276 SLC2A9 intronic 61

rs2276963 9699358 SLC2A9 intronic 100
rs2276962 9699399 SLC2A9 intronic 97

rs2276961 9699500 SLC2A9 exonic R25G (.51) 68

rs10030570 9703679 SLC2A9 intronic 82

rs6819833 9703873 SLC2A9 intronic 82
C 11546160_10 9707313 SLC2A9 intronic 84
C 1216308_10 9717623 SLC2A9 intronic 68
rs3775938 9746050 intergenic 32
rs4320137 9749488 intergenic 79
rs9732 9753177 WDR1 3'UTR 84

rs9926 9753379 WDR1 3'UTR 82
rs2241469 9756981 WDR1 3'UTR 50
rs12503195 9759291 WDR1 intronic 74

ih249 (SS46563157) 9759387 WDR1 intronic 92

rs2241470 9761089 WDR1 intronic 71

rs2241473 9762468 WDR1 intronic 84

rs2241475 9762707 WDR1 intronic 76

rs2241476 9763066 WDR1 intronic 76
rs2241477 9763189 WDR1 intronic 74

rs734122 9766384 WDR1 intronic 74

rs2241481 9775859 WDR1 intronic 45

rs2241485 9777331 WDR1 intronic 50

Data include the SNPs in the significant shared region (the SNPs discovered in house, ih, have their new db SNP accession numbers in brackets); their genomic
location (NCBI Build 35 May 2004 assembly coordinates: 9,576,583-9,777,081); the gene in which they lie; the location within that gene; the amino acid change, where
appropriate; the likelihood that change is deleterious, according to SIFT analysis; and the percentage of control chromosomes that have the shared allele.

The allele-sharing analysis identified a single significant re¬
gion of excess sharing consistent with a founder mutation for
susceptibility to BPAD in region B, where a haplotypc is shared
by three families of Celtic heritage. The haplotype sharing in this
200-kb region is significantly higher than that seen in control
chromosomes (corrected p = .009). It is noteworthy that this
200-kb region is the only significant region of sharing observed
of a total of more than 8 Mb. In addition, our region is contained

within the most significant region (p = .00007) of haplotype sharing
that is seen in distantly related patients with bipolar disorder and
schizophrenia from the Faroe Islands (Als et al 2004).

The shared region identified includes part of the genes
SLC2A9 (MIM 606142) and WDR1 (MIM 604734) and the 47 kb
between these two genes. SLC2A9 is known to code for a
brain-expressed member of the SLC2A facilitative glucose trans¬
porter family that plays a significant role in maintaining glucose
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homeostasis. An imbalance in glucose homeostasis leading to,
for example, altered energy provision to neurons could be
invoked as a predisposing mechanism to psychiatric illness. A
putative link between energy provision and bipolar disorder has
already been made; there are a number of lines of evidence
implicating mitochondrial dysfunction in bipolar disorder (Kato
and Kato 2000). WDRl encodes a brain expressed protein
containing nine WD repeat domains that provide protein-
protein interactions thought to induce the disassembly of actin
filaments, offering a plausible mechanism for neuronal dys¬
function.

No excess allele sharing was identified in genes from region
D. This is not unexpected because, in contrast to the case in
region B, the families are from ethnically diverse populations.

In conclusion, definition of the linked haplotypes and analysis of
the extent of allele sharing between families has allowed us to
highlight positional candidate genes and subregions of the chromo¬
some 4p BPAD candidate region that are worthy of intense study.
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The PDE4B gene confers sex-specific protection against
schizophrenia
Benjamin S. Pickarda, Philippa A. Thomson3, Andrea Christoforou3,
Kathryn L. Evans3, Stewart W. Morris3, David J. Porteous3,
Douglas H.R. Blackwoodb and Walter J. Muirb

Background Phosphodiesterase 4B (PDE4B) is a
candidate gene for schizophrenia and affective disorders
through its disruption by a chromosomal translocation in
an individual with schizophrenia, its inhibition by the
antidepressant rolipram, and its physical interaction with
another key candidate, Disrupted in Schizophrenia (DISCO.

Objective To determine the contribution made by PDB4B
to the population risk of schizophrenia and bipolar disorder
by carrying out a case-control association study.

Methods Twenty-six tagging single nucleotide
polymorphisms were selected across the PDE4B gene and
genotyped in DNA samples from 386 schizophrenia cases,
368 bipolar disorder cases and 455 controls.

Main results Single single nucleotide polymorphisms and
a resulting haplotype conferred a protective effect against
schizophrenia in the female population. The haplotype
result remained significant after correction for multiple
testing (P = 0.012).

Introduction
The secondary messenger cAMP is generated as a
consequence of G protein-coupled receptor activation
by an external ligand molecule as part of various signaling
cascades. Cytosolic cAMP levels are regulated through
the action of a family of catabolic enzymes, the
phosphodiesterases (PDEs). Members of the mammalian
PDF.4 subfamily are the evolutionary orthologues of the
Drosophila learning and memory mutant, Dunce (Davis,
1996), and are also the target for inhibition by the
antidepressant rolipram (Houslay et al, 2005). We
recently reported convergent lines of evidence implicat¬
ing the PDF.4B gene in processes underlying mental
illness (Miliar et al, 2005). One PDF.4P transcript is
directly disrupted by a balanced t(l;16)(p31.2;q21)
chromosomal translocation in an individual with severe

chronic schizophrenia. Parallel functional studies revealed
activity-dependent interaction between PDE4B and
disrupted in schizophrenia 1 (DISCI) proteins. The
DISCI gene, also identified by cytogenetic means (Millar
et ai, 2000), is one of the most convincing candidates for
susceptibility to schizophrenia and bipolar disorder
(Craddock et al., 2006).
0955-8829 © 2007 Lippincott Williams & Wilkins

Conclusion The observation that a PDE4B haplotype
alters the genetic risk of schizophrenia in the Scottish
population complements the known participation of this
gene in biological processes associated with mental
illness. Further studies are needed to replicate this finding
and identify underlying sequence variants. Psychiatr Genet
17:129-133 © 2007 Lippincott Williams & Wilkins.
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In the light of these findings, we undertook a case-
control association study using 26 single nucleotide
polymorphisms (SNPs) selected across the PDF.4B gene
to determine its possible wider role in schizophrenia and/
or bipolar disorder in the Scottish population.

Materials and methods
Association study
SNI' marker selection was achieved by analyzing the
public International HAPMAP Project (httpd/www.hapmap.
org/index.html.en) genotyping data (release #7) from the
CEU population (Utah residents with ancestry from
Northern and Western Europe) using the Haploview
application (v.2.5) {http:llwww.broad.mit.edulmpglhaploviewl
index.php) (Barrett et al., 2005). LD blocks across the
PDF.4B locus (including regions 5' and 3' of the
transcribed gene) were defined using Haploview's 'solid
spine of LD' method with D' values greater than 0.8.
Adjacent blocks were merged when they displayed
multiallelic with D' values above 0.95. Tagging SNPs
were then selected by their ability to represent haplotype
diversity within these blocks down to the 10% haplotype
frequency level and by their predicted ability to form

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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reliable assays on the lllumina Inc. (San Diego, USA)
genotyping platform. Twenty-six SNPs that met these
criteria were chosen with a span of 600 kb encompassing
the PDF.4B gene (580 kb) (Fig. 1 and Supplementary data;
Table 1). The selected SNPs were typed at Illumina Inc.,
using their proprietory bead-array technology on DNA
samples from 455 controls, 368 bipolar disorder cases and
386 schizophrenia cases. This cohort has been described in
more detail elsewhere (Thomson etui., 2005a) but, in brief,
it comprises patients of hospitals in southeast and south
central Scotland and controls of matching geographical
distribution obtained primarily from the Scottish National
Blood Transfusion Service. Diagnoses were made according
to Diagnostic and statistical manual of mental disorder-IV
criteria, on the basis of case note review and interview
using - The Schedule for Affective Disorders and
Schizophrenia - life time version. Final diagnoses were
reached by consensus between two trained psychiatrists
(D.B. and WM.). Informed consent was obtained from all
individuals and this work was approved by the Multi-
Centre Research Ethics Committee for Scotland.

Genotyping quality
PDE4B was just one gene in a large commissioned
genotyping project (comprising 700+ SNPs) carried out
at Illumina Inc. Overall, the quality and reproducibility of
this genotyping was extremely high - the proprietary
quality assessment score ('GenCall') was high for every
PDF.4B SNP marker typed. To verify genotyping accuracy
using an alternative methodology, regions including four
key SNPs (numbers 12-15) were sequenced in five
individuals genotyped as being homozygous for the
associated protective haplotype (see below). The sequen¬
cing data confirmed all individuals were homozygous for
the four-SNP haplotype, G-G-G-T (data not shown).

Statistical analysis
Formatted genotype data were analyzed using Cocaphase
(Dudbridge, 2003) (http://portalHtbio.org!'Registered/Option!

unphased.html) to derive T-values for both single-marker
and 2, 3 and 4-marker global and individual sliding-
window haplotype tests. A subsequent release of
HapMap data highlighted a failure to tag an emerging
LD block containing exons 4-6 of PDE4B (see Fig. 1).
This may have been mitigated, however, by the applica¬
tion of sliding-window haplotype analysis as its operation
is not dependent on the previous assignment of block
structure.

Cocaphase applies the expectation-maximization (EM)
algorithm to estimate haplotype frequencies from phase-
unknown genotype data and standard unconditional
logistic regression analysis, applying the likelihood ratio
test under a log-linear model, to compare haplotype
frequencies between cases and controls. To avoid
misleading results caused by rare haplotypes, all liaplo-
types with a frequency of 1% or less in both the cases and
the controls were defined as rare and clumped together
for the test of the null hypothesis, using the command
line option 'rare 0.01'. The global test T-value assesses
the significance of the overall difference in the distribu¬
tion of haplotype frequencies between two compared
populations (e.g. cases and controls). The T-value from
the individual test represents the significance of the
difference in frequency of an individual haplotype,
compared with all the rest of the haplotypes in that
window, between cases and controls.

To account for the multiple SNPs and haplotypes tested,
permutation analysis (1000 permutations) was performed
using Cocaphase. This process randomly reassigns the
diagnosis labels (case versus control) of the individuals.
All single markers or haplotypes of a specified window
size (where window is taken to mean the number of
markers contributing to a given haplotype) were then
tested and the most significant P-value from each
permutation was stored. On the basis of the distribution
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Table1Singlemarkerandhaplotypeassociationsinthefemaleschizophrenicgroup Markers SNP

IDnumber
Hardy-

-Weinberg P-values

GlobalhaplotypeP-values Schizophreniavs.controls(femalesonly)
BestindividualhaplotypeP-values Schizophreniavs.controls(femalesonly)

Haplotypesof(underlined)bestindividualP-values Schizophreniavs.controls(femalesonly)

Female

Single

Two

Three

Four

Single

Two

Three

Four

controls

rs4557937

1

0.352

0.139

0.165

0.556

0.406

rs4454519

2

1.000

0.064

0.091

0.183

0.415

rs4384209

3

0.333

0.317

0.749

0.746

0.400

rs2840677

4

0.802

0.922

0.293

0.136

0.293

rs6588174

5

0.290

0.619

0.042

0.085

0.160

0.0061

rs1937456

6

0.799

0.820

0.875

0.573

0.272

rs1392812

7

0.590

0.939

0.808

0.853

0.924

Cases

Controls

rs1500958

8

0.683

0.835

0.679

0.772

0.690

SNPs

Haplotype

Number

Freq

NumberFreq
(EM)

(EM)

rs1566527

9

0.852

0.470

0.563

0.778

0.031

N/A

0.3125

0.3178

0.0024

9-12

A-A-A-G

6.6

0.030

40.20.097

rs539322

10

0.749

0.978

0.558

0.022

0.044

N/A

0.2277

0.0019

0.0014

10-13

A-A-G-G

6.1

0.028

41.70.099

rs596662

11

0.602

0.229

0.051

0.075

0.212

N/A

0.0158

0.0158

0.0068

11-14

A-G-G-G

9.5

0.043

47.00.112

rs2503177

12

0.165

0.016

0.026

0.078

0.053

N/A

0.0115

0.0043

0.0007

12-15

G-G-G-T

3.4

0.016

40.20.094

rs2503166

13

0.149

0.009

0.062

0.007

0.035

N/A

0.0122

0.0001

0.0004

13-15

G-G-T

2.7

0.012

44.60.104

rs583018

14

0.899

0.351

0.549

0.698

0.701

rs526772

15

1.000

0.941

0.856

0.631

0.419

rs502958

16

0.402

0.416

0.254

0.342

0.486

rs1572680

17

0.477

0.228

0.351

0.440

0.499

rs499320

18

0.605

0.157

0.342

0.467

0.309

rs522037

19

0.756

0.113

0.255

0.083

0.409

rs599381

20

0.346

0.501

0.054

0.318

0.711

rs1040716

21

0.836

0.391

0.564

0.831

0.580

rs1740417

22

0.614

0.367

0.646

0.748

0.749

rs598961

23

0.866

0.248

0.307

0.656

0.477

rs2144719

24

0.668

0.688

0.841

0.437

rs783039

25

0.418

0.358

0.577

rs783066

26

0.027

0.304

Ofthe386individualswithschizophrenia,276weremalesand110werefemales.Inthegroupof455controlindividuals,237weremaleand218werefemale.Ontheleft,SNPmarkerinformationtogetherwithHardy- WeinbergP-valuesforfemalecontrolDNAgenotypingaredisplayed.WederivedaHardy-WeinbergP-valuethresholdof0.004basedonaBonferronicorrectioncorrespondingto0.05/12(thenumberoflinkage disequilibriumblocksusedtoselectthetaggingSNPs).Nomarkerwassignificantatthislevelindicatingthatitisunlikelythatsystematicgenotypingerrorsareresponsiblefortheassociationfindings.Single,two,threeand four-markerglobalhaplotypeP-valuesareshowninthecenter-left.HaplotypeswithsignificantP-valueswereanalyzedindividually(center-right).IndividualhaplotypeswiththemostsignificantP-valuesareunderlined andheavilyblocked.Theseareshownontherightinmoredetail,includingunderlyingallelesandestimatedfrequenciesinthecaseandcontrolpopulations. Freq,frequency;SNP,singlenucleotidepolymorphism.
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of these stored /"-values, an 'experiment-wise' signifi¬
cance level (Churchill and Doerge, 1994) is provided for
the most significant P-value observed for the particular
sliding-window size (i.e. 1-4). Odds ratios (OR) with 95%
confidence intervals (CIs) were calculated online (http:ll
www.hutchon.netlconfidor.htm).

Results

Analysis of single marker allele and 2, 3 and 4-SNP
sliding-window haplotype frequencies with respect to
diagnosis failed to identify any consistent association
(supplementary data; Table 1). When the data were
subdivided on the basis of sex, however, significant
association was identified between SNP12 (P = 0.0164,
OR 1.74, 95% CI 1.09-2.78) and SNP13 (P = 0.0092, OR
1.61, 95% CI 1.12-2.32) and schizophrenia in females
(Table 1). The strongest association was found for a
three-SNP haplotype (SNPsl3-15; global P= 0.0068,
individual haplotype P= 0.0001, OR 9.26, 95% CI 2.70-
31.80). The observation of sequential significant
(P < 0.01) individual haplotypes indicated an underlying
7-SNP haplotype from SNP9 to SNP15 (respective
alleles: A-A-A-G-G-G-T), encompassing two haplotype
blocks within intron 3 (Fig. 1). This 7-SNP haplotype is
underrepresented in females with schizophrenia and can
be interpreted as conferring a protective effect (2.8%
cases, 8.5% controls).

To correct for false-positives resulting from multiple
nonindependent statistical tests, we applied a permuta¬
tion-based correction (Churchill and Doerge, 1994) to
the association findings. Although the single-SNP
Avalues did not survive this correction, the three-SNP
individual haplotype (SNPs 13-15, alleles: G-G-T)
remained significant at P= 0.0120 (SE, 0.0034).

Discussion
The reported DISC1-PDE4B interaction (Millar et al.,
2005) suggests the existence of a multiprotein functional
neuronal pathway, which may be subject to genetic
variation in any one component. We and others have
previously reported findings on significant associations
between DISCI and both mental illness risk and

aspects of normal cognition (llennah et al., 2003, 2005;
Modgkinson et al., 2004; Sachs et al., 2005, Gallicott et al.,
2005; Thomson et al., 2005a). Our current findings
support a wider role for PDF.4B in altering schizophrenia
risk beyond that demonstrated in the original transloca¬
tion case. Hence, this is an example in which future
studies into potential (epistatic) interactions between
two genetic risk loci will have a priori merit owing to
proven functional intracellular interaction.

Given the low frequency of the expectation-maximiza-
tion-derived protective haplotype in the female case
population (equivalent to ~6 chromosomes), this

PDF.4R association requires further confirmation in
additional DNA samples from the Scottish and other
populations. We suggest that using identical SNPs
to those in this study would allow meaningful
comparisons between additional studies in future
metanalyses.

Although the corrected P-values for the susceptibility
haplotype are only modestly significant, we contend that
the previous probability provided by our recent cytogen¬
etic and interaction data render this candidate gene
association study hypothesis-driven, and therefore not
subject to the levels of statistical stringency required of
whole genome association findings.

The striking sex-specific nature of the association
identified here mirrors our previous observations on the
genetic contribution of DISCI to BPAD (Thomson et al.,
2005a) and GPR50 to depression (Thomson et al., 2005b).
Moreover, there is an established and growing set of
genes that possess protective and/or sex-dependent risk
variants (Weiss et al., 2006). For example, a gain-of-
function haplotype within the VMAT2 gene with a sex-
specific protective effect against Parkinson's disease
(Glatt et al., 2006), a regulatory haplotype in the FABP2
gene conferring male-specific protection against type 2
diabetes (Li et al., 2006), a regulatory haplotype of the
CRF.BI gene cosegregating with risk of major depressive
disorder in females (Zubenko et al., 2003), and a sex-

dependent risk polymorphism in the RF.T gene predis¬
posing individuals to nonfamilial Hirschsprung disease
(Emison et al., 2005) have all been described recently. In
terms of the protective action, we described recently a

haplotype within the 3' region of the CRJK4 ionotropic
glutamate receptor gene which has a clear protective
effect against bipolar disorder (Pickard et al, 2006)
and several HLA haplotypes have been found to be
protective against multiple sclerosis (Giordano et al.,
2002). It may be the case that protective genetic effects
would have been substantially underestimated in com¬

plex disorder research because of the prevalence of
family-based linkage studies, which will not detect such
mechanisms.

As the sex-specific effects predominantly result from
regulatory polymorphisms, hormonal influences on tran¬
scriptional control can be postulated as an underlying
explanation for these observations - as documented for
the cAMP response element binding protein
(Auger, 2003; Abraham and Herbison, 2005). Hence, a

plausible strategy for future research would be to search
for neuroendocrine-modulated intronic regulatory ele¬
ment polymorphisms in the DNA of PDF.4B haplotype
carriers.

The accumulating functional data on the cellular role of
PDE4B and its well-characterized pharmacology suggest

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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that this enzyme may also he a promising target for future
therapeutic intervention in the context of psychiatric
disorders.
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Association of Neuregulin 1 with schizophrenia
and bipolar disorder in a second cohort from
the Scottish population
PA Thomson1, A Christoforou1, SW Morris1, E Adie1, BS Pickard1, DJ Porteous1, WJ Muir2,
DHR Blackwood2 and KL Evans1
1 Department of Medical Sciences, Medical Genetics Section, Molecular Medicine Centre, University of Edinburgh,
Western General Hospital, Edinburgh, UK and 2Division of Psychiatry, Royal Edinburgh Hospital, Edinburgh, UK

Neuregulin 1 (NRG1) is a strong candidate for involvement in the aetiology of schizophrenia. A
haplotype, initially identified as showing association in the Icelandic and Scottish populations,
has shown a consistent effect size in multiple European populations. Additionally, NRG1 has
been implicated in susceptibility to bipolar disorder. In this first study to select markers
systematically on the basis of linkage disequilibrium across the entire NRG1 gene, we used
haplotype-tagging single-nucleotide polymorphisms to identify single markers and haplotypes
associated with schizophrenia and bipolar disorder in an independently ascertained Scottish
population. Haplotypes in two regions met an experiment-wide significance threshold of
P = 0.0016 (Nyholt's SpD) and were permuted to correct for multiple testing. Region A overlaps
with the Icelandic haplotype and shows nominal association with schizophrenia (P= 0.00032),
bipolar disorder (P=0.0011), and the combined case group (P=0.0017). This region includes
the 5' exon of the NRG1 GGF2 isoform and overlaps the expressed sequence tag (EST) cluster
Hs.97362. However, no haplotype in Region A remains significant after permutation analysis
(P> 0.05). Region B contains a haplotype associated with both schizophrenia (P= 0.00014), and
the combined case group (P= 0.000062), although it does not meet Nyholt's threshold in
bipolar disorder alone (P= 0.0022). This haplotype remained significant after permutation
analysis in both the schizophrenia and combined case groups (P=0.024 and P= 0.016,
respectively). It spans a ~ 136 kb region that includes the coding sequence of the sensory and
motor neuron derived factor (SMDF) isoform and 3' exons of all other known NRG1 isoforms.
Our study identifies a new of NRG1 region involved in schizophrenia and bipolar disorder in
the Scottish population.
Molecular Psychiatry (2007) 12, 94-104. doi:10.1038/sj.mp.4001889; published online 29 August 2006

Keywords: NRG1\ schizophrenia; bipolar disorder; association; neurodevelopment

Introduction

Neuregulin (NRGl) on chromosome 8pl2 is one of
four neuregulin genes (NRGl, NRG2, NRG3 and
NRG4). NRGl has been implicated in the aetiology
of breast cancer, heart disease, multiple sclerosis and
schizophrenia.1 It is a large multiexon gene spanning
~ 1.1 Mb with multiple transcription start sites and
alternative splice sites that give rise to a complex
series of isoforms. The isoforms have been classified
into three types (I, II. Ill) on the basis on their
N-terminal sequences and functional domains. How¬
ever, recently, Steinthorsdottir et al.2 reported the
identification of additional transcription initiation
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sites and internal exons and have proposed the
addition of isoform types IV—VI, further increasing
the isoform complexity. NRGl is a ligand for ErbB
tyrosine kinase receptors and is known to mediate
cell-cell interactions in the nervous system, heart,
breast, muscle and other organs (reviewed by Falls1,3).
NRGl-mediated signalling results in stimulation or
inhibition of cell proliferation, apoptosis, migration,
differentiation and adhesion (reviewed by Yarden
and Sliwkowski4). The differences in structure and
expression patterns of the isoforms are thought to
modify the protein to suit different signalling strate¬
gies and requirements (reviewed by Falls1,3).

Mice heterozygous for two different Nrgl muta¬
tions, which are in domains that are present in all
isoforms, display phenotypes thought to be related to
schizophrenia. These include hyperactivity in beha¬
vioural tests, impaired prepulse inhibition (PPI) and
reduced numbers of functional NMDA receptors in
the prefrontal cortex.5-7 Hyperactivity, but not the PPI
defect, is reversed by treatment with the antipsycho-
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tic drug clozapine.7 Mice heterozygous for a mutation
in the Ig-like domain (type I and II) of Nrgl show
clozapine suppression of open-field and running
wheel activity and impaired latent inhibition, but no
hyperactivity." Recent experiments involving rat NRG
type 1 /S suggest that it is involved in the reduction of
NMDA receptor activity, through ErbB-mediated
internalization of NMDA receptors, which is likely
to affect synaptic plasticity, long-term potentiation
and thus memory."1" Rat NRG1 has also been shown
to downregulate GABA-A receptors in the hippo¬
campus.11 Thus, while the precise functions of
the neuregulin isoforms have yet to be resolved,
their involvement in dopaminergic neurotransmis¬
sion, synaptic plasticity and neuronal migration,
make NRGl a promising functional candidate for
schizophrenia.

Multiple genome linkage scans and meta-analyses
have suggested chromosome 8p as the location of a
susceptibility gene for schizophrenia in several
different populations.7-12"22 Fine mapping and haplo-
type analysis of the linkage peak in an Icelandic
sample identified a haplotype, shared by seven out of
the thirty-three families tested, implicating an
~600kb region.7 A core haplotype from this region
(Haplcli) spanning 290 kb and consisting of five single-
nucleotide polymorphisms (SNPs) and two micro-
satellite markers was found to be over-represented
in affected individuals [P= 0.000087, one-tailed;
Figure 1). This core haplotype spans the NRGl pro¬
moter region, the first 5' exon, which encodes the

N-terminus of GGF2, and part of the first intron. A
subsequent case-control study of schizophrenia
patients and controls from North East Scotland gave
one-tailed P-values of P= 0.00031 for the same seven-

marker HapiCL haplotype, and P= 0.000032 for the
haplotype containing the five SNPs alone (Figure 1).2:!
Three further groups have studied UK/Irish and
Portuguese samples and found no significant differ¬
ences in the Hap,cl; frequencies,24"20 although the
Hapict: haplotype was more frequent in the case
versus the control group in all three studies. A fourth
family-based study found no significant differences in
either the individual alleles of the Hap,CL markers or
the haplotypes thereof investigated, but did not
formally test the Hapicu haplotype.27 Petryshen et al.
(2005)2" undertook a meta-analysis combining the
Portuguese results with those of previous European
NRGl association studies.7,23,25,28 The estimated com¬

bined odds ratios (OR) for the seven-marker Hap,cli
was 1.5 (95% CI: 1.44-1.56).20 This result remained
significant when the original Icelandic sample was
excluded, OR= 1.37 (95% CI: 1.31-1.44),20 suggesting
a small, but consistent, effect size of this haplotype
in schizophrenia. However, as noted by Stefansson
et al.,7 this magnitude of effect is unlikely to be
sufficient on its own to account for the linkage signals
in this region. Corvin et al.25 reported that an alternate
two-marker microsatellite haplotype is in excess both
in their Irish sample and the original Scottish sample
used by Stefansson (Figure 1). This HapBM<L includes
one of the HapiCE microsatellites and is positioned
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Figure 1 Most significant individual haplotype P-values from previous association studies of NRGl and schizophrenia or
bipolar disorder. The P-values of the most significant haplotypes are given for each study reporting significant association
between NRGl and schizophrenia7,23-20,20"33 or bipolar disorder.24 Williams et al.2B is not included as this sample was not
significant when reanalysed with an increased control sample.24 Yang et al.30 and Hall et al.29 reported P-values as less than a
defined threshold, in these cases the threshold value is used.
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close to Hs.97362, an expressed sequence tag (EST)
cluster of unknown function, within intron 1 of
NRGl.2" Petryshen et al.2" also reported weak associa¬
tion in their Portuguese sample of two haplotypes at
the exon-dense 3' region of the gene, as well as the
association of an alternative 5' haplotype containing
two Hapice SNPs (Figure 1). These reports suggest that
there may be additional haplotypes associated with
schizophrenia in NRGl in European populations.

Genetic evidence for the association of NRGl with
schizophrenia is not restricted to European popula¬
tions. A South African Caucasian Afrikaner study2"
and five studies of the Han Chinese reported
significant association of haplotypes with schizo¬
phrenia, both for Hapice markers and for other
markers located in the region of Hapicu and elsewhere
(Figure i),30-33 However, one report on the Han
Chinese, one from the USA and a study from Japan
failed to detect association.2" 34'35

To date only one study has examined the effect of
NRGl in bipolar disorder. Green et al.'24 found
association in a Caucasian UK sample of bipolar
disorder with a haplotype bearing the same alleles as
seen on the HapICK haplotype (Figure 1). The odds
ratio and 95% confidence limit was similar to that
seen for schizophrenia, OR=1.37, 95% CI: 1.03-1.80.

We have performed case-control association stu¬
dies of both schizophrenia and bipolar disorder
testing the whole of NRGl, including the linkage
disequilibrium (LD) blocks up- and downstream of
the coding region. Data from the International
HapMap Project (http://www.hapmap.org/) was
downloaded into Haploview and haplotype tagging
SNPs (htSNPs) were selected to represent the genetic
variation across the gene. Our aim was to carry out a
comprehensive survey of NRGl. We considered this
important given the increasing evidence of alternate
NRGl haplotypes predisposing to schizophrenia and
the recent report of association with bipolar disorder.
In order to compare our results in the 5' region of the
gene with those of others, we subsequently genotyped
four of the HapICE SNPs and determined their
relationship to the haplotypes associated in our
sample.

Materials and methods

The study was approved by the Scottish Multicentre
Research Ethics Committee. All patients and controls
gave informed written consent.

Case-control sample
Subjects were inpatients or outpatients of hospitals in
South East or South Central Scotland. Subjects were
interviewed by an experienced psychiatrist and a
venous blood sample was given for DNA extraction.
Diagnoses were made according to Diagnostic and
Statistical Manual (DSM)-IV criteria3" based on case
note review and personal interview using The
Schedule for Affective Disorders and Schizophrenia
- lifetime version (SADS-L).37 Final diagnoses were

reached by consensus between two experienced
psychiatrists (DB and WM).

Control subjects were drawn from the same popula¬
tion in South East and South Central Scotland. The
majority was recruited from donors for the Scottish
National Blood Transfusion service (395). Although
the blood donors were not screened by interview for
personal or family history of psychiatric illness,
donors are accepted only if they are taking no
medication and are not currently unwell with
physical or psychiatric illness. The remaining con¬
trols (83) were recruited from the local population
or from hospital staff. These controls were briefly
screened by interview to exclude anyone currently on
psychotropic medication or with a history of treat¬
ment for psychiatric illness.

Genomic DNA was extracted from venous blood

samples using standard protocols.

SNP selection and genotyping
SNPs were selected to tag haplotypes of greater than
10% frequency in the HapMap data release #7 using
the data from the CEPH trios of Utah residents of
northern and western European ancestry (CEU) for
the region chr8: 31 520 000-32 854 000 (NCBI Build
34). Data for SNPs with minor allele frequencies
greater than 10% were downloaded into Haploview
version 2.05,38 and LD blocks identified using Solid
Spine of LD (17 >0.8). Blocks were joined where the
multiallelic O (MAD38'3") between blocks was >0.85.
Haploview was then used to select htSNPs with a
frequency of greater than 10% within each block,
selecting at least one SNP per block. SNPs that fell
outside or between blocks of LD, as defined by the
above parameters, were also genotyped.

Tagging SNPs were either genotyped by Illumina,
San Diego, using Bead Array technology, or by the
Wellcome Trust CRF Genetics Core Facility using
TaqMan assays on an ABI7900. The Hap,CL' SNPs,
SNP8NRG221132; SNP8NRG221533; SNP8NRG241930;
SNP8NRG243177 (rs6994992), were genotyped by the
Wellcome Trust CRF Genetics Core Facility using
TaqMan assay-by-design assays. For information on
HapicE SNPs and microsatellite see deCODE Genetics,
http://www.decode.com/nrgl/markers.

Statistical analysis
All markers were tested for Hardy-Weinberg equili¬
brium (HWE) using a x2 goodness-of-fit test.

Case-control association analyses were performed
using the Unphased suite of programmes.4" Haplo¬
types were estimated in Unphased using an EM
algorithm. Single-marker and sliding-window ana¬
lyses of two- to four- SNP haplotypes were performed
using the program Cocaphase (Unphased suite of
programs), clumping together rare haplotypes of a
frequency less than 1% in both the cases and controls.
P-values were calculated for the differences in global
haplotype frequencies (pg) and individual haplotypes
frequencies (pi) for SCZ and BP both separately
and combined. In addition, a seven SNP haplotype
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window, consisting of the four Hapici: SNPs and the
three most significant SNPs from Region A in this
study, was also analysed using Cocaphase.

Multiple-testing correction
The nominal P-values given are two-tailed and
uncorrected for multiple testing. An experiment-wide
significance threshold was calculated using the
method by Nyholt (http://genepi.qimr.edu.au/general/
daleN/SNPSpD).41 P-values meeting this threshold
were subsequently subjected to permutation analysis
(1000 permutations) using Cocaphase. It should be
noted that while this multiple-testing correction
adjusts for the number of markers and sliding
windows tested, it does so only for the size of the
significant sliding window and not for other window
sizes. All sliding windows covering a given region are
likely to be highly correlated with each other and are
therefore unlikely to greatly inflate the number of
independent tests undertaken in this study.

Results

Thirty-six htSNPs were selected for case-control
association studies of NRGl from the International

HapMap project CEU data. These htSNPs discrimi¬
nated between haplotypes of frequency greater than
10% within haplotype blocks in a 1.3 Mb region
spanning the NRG1 gene. This resulted in an average
density of one SNP per 37 kb across 14 LD blocks. The
SNPs were genotyped in 455 control (237 male, 218
female), 386 SCZ (276 male, 110 female) and 368 BP
(160 male, 208 female) subjects. All markers were in
Hardy-Weinberg equilibrium in our sample (P> 0.01).

We selected htSNPs on a block-by-block basis to
capture efficiently the genetic variation across the
entire gene, but not to impose a definite block
structure on the region and the subsequent analysis.
Haplotype blocks are, to a certain extent, dependent
on the algorithms used to construct them as well
as to SNP density and population structure (see for
example Nothnagel and Rohde42). Additionally, there
is often substantial multiallelic O (MAD) between
adjacent haplotype blocks, indicating that SNPs in
neighbouring blocks may provide additional valuable
information.44 For these reasons, and because of the
wider range of haplotype frequencies and thus causal
variant frequencies covered, rather than apply a strict
block-by-block analysis, we followed a single-marker
and sliding-window approach in order to increase our
power to detect the causal variant (See Wray44). This
ensured that our analysis was robust to block
definitions that did not represent the true biological
boundaries.

Sliding-window analysis identified clusters of
single markers and individual haplotypes that show
association in both SCZ and BP subjects (Table 1,
Figure 2). The most significant haplotypes in each
cluster (underlined in Table 1) define two regions,
Region A that includes LD blocks 1-4 and Region B
that includes LD blocks 9 and 10 (Figures 2 and 3).

P-values are given for both global tests (pg) and
individual tests (pi) of significance (Supplementary
Information, Table 1).

Our study presents a considerable number of tests
and indeed our samples are used in other association
studies. However, a Bonferroni correction for all tests
performed would be overly conservative as many of
the tests are correlated. We therefore used the method
of Nyholt (http://genepi.qimr.edu.au/general/daleN/
SNPSpD), which accommodates LD between the
SNPs, to determine the effective number of indepen¬
dent SNPs and a preliminary significance threshold.41
Using this method the effective number of indepen¬
dent SNPs was 32 and an experiment-wide signifi¬
cance threshold of P = 0.0016 is needed if the type I
error rate is to be kept at 5%. We have used this
threshold to determine which P-values to subject
to permutation analysis using Cocaphase (corrected
P-values). However, it should also be noted that the
previous reports of genetic association with both SCZ
and BP, the biological studies of mutations in Nrgl,
and the function of the gene increase the prior
probability of NRGl being involved in susceptibility
to both SCZ and BP. We have therefore also reported
P-values that are only nominally significant (P<0.05)
where they may be of interest, for example, with
haplotypes involving the Hap]Ci; markers.

Region A
Region A (Table 1, Figure 3) contains a 3-SNP
haplotype that is nominally significant with SCZ
alone (SNPs 9-11, haplotype t-t-t, pg = 0.0043,
pi = 0.00032), although it does not withstand permu¬
tation analysis (corrected P= 0.057) This haplotype is
not significant in the BP sample (pg = 0.40, pi = 0.084)
and did not meet Nyholt's threshold in the combined
sample of SCZ and BP (pg = 0.0080, pi = 0.0017).

The t-t-t haplotype has an estimated haplotype
frequency of 1.3% in SCZ, but is unlikely to occur in
BP or controls individuals (Supplementary Informa¬
tion, Table 1). This haplotype spans LD blocks 2 and
3 (Figure 2) and overlaps with the blocks containing
the HapicL- seven-marker haplotype. We therefore
investigated the relationship between this three
SNP haplotype and the HapiCli SNPs. Genotyping
of four of the five Haplcli SNPs (SNP8NRG221132,
SNP8NRG221533, SNP8NRG241930, SNP8NRG243177)
showed no significant difference between SCZ and
controls for the HapiCIi haplotype (g-c-g-t, 34.5%
cases, 34.8% controls, pg = 0.79, pi = 0.92). However,
analysis revealed that 77% of the SCZ t-t-t haplotype
carriers coinherited the g-c-g-t alleles of the HapICii
haplotype, with the remaining 23% coinheriting an
alternate g-t-g-g haplotype at these SNPs. Association
analysis of the seven-SNP haplotype g-c-g-t-t-t-t
showed nominally significant association with SCZ
(1.1% cases, 0.0% controls, pg = 0.037, pi = 0.0025),
while the alternate seven-SNP haplotype containing
g-t-g-g-t-t-t was not significant (pi = 0.059). The results
from the seven-SNP haplotypes may be inflated due
to both the low estimated frequency of the haplotype
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in the control group and the level of accuracy of EM
estimation of a seven-SNP haplotype. These results
must therefore be viewed with caution.

A second haplotype in Region A is nominally
associated with BP alone and spans LD blocks 3 and 4
(Table 1, SNPs 10-12, pg = 0.026, pi = 0.0011). Neither
of these blocks were associated with either BP or SCZ
in previous studies (Figure 2). This haplotype shares
two out of three SNPs with the nominally associated
schizophrenia haplotype described above, but the
only allele identical between the two groups is that of
SNP 10. This SNP is nominally significant in all three
groups (SCZ P = 0.029; BP P= 0.029; combined case
group P= 0.011, 10.4% cases, 7.4% controls). SNP 10
is in LD block 3 adjacent to those associated in
previous studies (Figure 2), potentially extending the
region containing the putative functional variant(s)
further into intron 1.

In the BP sample, analysis of the sliding windows
that included the Hap,cE SNPs led to the identifica¬
tion of a four-SNP haplotype that was nominally
significant at the individual level (SNP8NRG221533-
rs4298458-SNP8NRG241930-SNP8NRG243177, pg =
0.011, pi = 0.0045, 3.8% cases 1.2% controls). This
is the only nominally significant haplotype identified
in the sliding-window analysis that contains Hap,cu
SNPs (Table 1). Analysis of the four Hap,™ SNPs
alone also identified one nominally significant hap¬
lotype g-t-g-t in the BP sample (pi = 0.027), but it did
not contain the same alleles as the HapICL core
haplotype (g-c-g-t). This haplotype is within LD
block 1 (Figure 2).

Region A overlaps with the Hap,cu haplotype, and
LD blocks associated with schizophrenia in other
populations (Blocks 1 and 2, Figure 3).25I 25,26.31-33

GOTO" O
U U G A, G

Region B
In Region B, the most significant haplotype in SCZ
(P = 0.00014, corrected P = 0.024) was also nominally
significant in the BP sample (P= 0.0022), with the
most significant P-value resulting from the analysis
of the combined group (SNPs 34-36, pg = 0.0034,
pi = 0.000062, corrected P= 0.016; OR 1.54, 95%CI
1.27-1.86; Table 1, Figure 3). This haplotype is at the
3' end of the gene, and is present at high frequency in
both the cases and the controls (32.6% cases, 24.0%
controls). This 3-SNP haplotype contains SNPs from
LD blocks 9 and 10 including two out of the three
markers are nominally significant in the combined
sample (SNP 34 P = 0.011, SNP 35 P= 0.0058). The
only additional nominally significant marker in this
sample, SNP 33, is also in LD block 9 (SNP 33
P= 0.0060, Table 1). LD blocks 9 and 10 span the
sensory and motor neuron derived factor, SMDF,
isoform and 3' regions of all other NRGl isoforms
(Figure 2). This was the only haplotype to withstand
permutation analysis in this study, identifying a new
region of association with both schizophrenia and the
combined case group in the Scottish population
(corrected P = 0.024 and P = 0.016, respectively).
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Figure 2 LD map of the NRGl region, (a) Schematic representation of chromosome 8 31 520 000-32 854 000 (NCBI build 34),
with the position of the tagging SNPs (red), HapK:E SNPs (pale blue), NRG 1 reference sequences (dark blue) and ESTs that
have been spliced (black) taken from the UCSC Human Genome Project genome browser (http://genome.ucsc.edu/). The
lower panel shows the position of the 14 LD blocks (black triangles) relative to these reference sequences. The LD map is
generated from 409 SNPs of > 10% minor allele frequency genotyped by the International HapMap Project on 30 CEPH trios
from Utah with western or northern European ancestry (CEU, Data Release #16c, June 2005). LD was calculated by
Haploview version 2.5 using solid spine of LD>0.8, blocks were joined where the multiallelic £7 >0.8 and shown using the
standard Haploview color scheme in greyscale (see HTML for color version and description), (b) Table showing the htSNPs
genotyped in each block. The blocks that overlap the most significant haplotypes associated with either schizophrenia or
bipolar disorder in this study are indicated (Y). Blocks 11 and 12 were not tested (NT) as they did not appear in release #7
data used in SNP selection. The numbers of previous studies also reporting significant haplotypes in each block are also
shown.

Discussion

Here, we report significant association between
schizophrenia and bipolar disorder and the NRGl
gene. NRGl is one of the best replicated gene
associations in psychiatric illness with more than 10
studies having described its involvement in schizo¬
phrenia. One previous study has also reported an
association between NRGl and bipolar disorder.24
However, to date only three studies have examined

the 3' region of the gene,26,30,32 and no other study has
employed a systematic LD-based marker selection
procedure across the entire genie region. Therefore,
our study of NRGl is the first to meet the criterion for
a systematic study set by David Goldstein.46 Petry-
shen et al.2B did select SNPs to tag common
haplotypes, for a region spanning exon 1 and introns
1 and 2, but not for the remainder of the gene. Using
the publicly available information from the Inter¬
national HapMap Project release #7, we selected 36
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(triangles) and the combined cases (circles). Regions A and B are defined by the boundaries of LD blocks containing the most
significant individual haplotype in each region.

htSNPs38 that tagged haplotypes with frequencies
greater than 10% within the haplotype blocks cover¬
ing the NRGl gene and additional blocks that cover
~35kb 5' and ~170kb 3' of the known gene (NCBI
build 34). We performed case-control association
studies of schizophrenia and bipolar disorder and
analysed the results as single markers and sliding
windows of two- to four-marker haplotypes. This
analysis method is robust to misdefinition of blocks,
reducing errors due to the relatively small sample size
tested in HapMap and to misspecification of block
boundaries.

International HapMap Project release #16c includes
two additional LD blocks not seen in the data set used
to select SNPs. These two blocks lie in the region
between two of the original blocks and were not
directly examined in this study, however, both these
blocks are in strong mulliallelic U with blocks in
release #7 (MAD >0.78) indicating that we should
have good power to detect any effects in these regions.

Two regions showed nominally significant associa¬
tion with both bipolar and schizophrenia at both the
single-marker and haplotype level. Region A was most
significant in our schizophrenic sample [P= 0.00032),
and overlaps with the Hap,,^ region and those of other
studies which used SNPs from this haplotype (Figure
4). This region spans the HapM<E region defined by
Corvin et al.,2S which is located slightly 3' of the
HapiC1J haplotype overlapping with Unigene cluster
Hs.97362 (Figure 2a), and is consistent with the
results of Zhao et al,33 Analysis of four out of five
Hapici; SNPs suggests that the majority of individuals
carrying the significant haplotype (t-t-t) in our
schizophrenic population coinherit the Hap,Cii haplo¬

type. However, unlike the independent Scottish
cohort studied by Steffansson et al.23 no association
was seen with any single Hapine SNP or with
haplotypes of these SNPs in our schizophrenic
or combined samples (P>0.01). Furthermore, the
haplotype nominally associated with schizophrenia
did not withstand permutation analysis (corrected
P= 0.057). Therefore, our results do not replicate the
original findings of Steffanson et al. at the marker/
haplotype level. A second haplotype in Region A was
nominally associated with bipolar disorder only
(P= 0.0011). This haplotype overlaps with our schizo¬
phrenia-associated haplotype. When schizophrenia
and bipolar disorder are combined the haplotype
associated with schizophrenia in Region A is
only nominally significant (P = 0.0017), reflecting
the difference in the individual haplotypes
nominally associated in schizophrenia and bipolar
disorder.

A single haplotype containing the Hap,™ SNPs was
nominally significant in the bipolar sample (SNPs
3-6, 3.8% cases, 1.2% controls, pi = 0.0045). However,
the alleles of the Hap,CL SNPs were not consistent
with those on the original Icelandic core haplotype,
and this result did not meet the Nyholt's corrected
significance threshold. Association between markers
of HapICL and bipolar disorder has been reported
previously in a sample from the UK population.24
Green et al. genotyped a reduced core Icelandic
haplotype using SNP8NRG221533 and the two micro-
satellites 478B14-848 and 420M9-1395. They reported
pg = 0.003 for the three-marker haplotypes, with
pi = 0.04 for the core Hap,Cu haplotype. Several less
frequent haplotypes (frequencies greater than 1%)
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also contributed to the global P-value; however, we do
not know if our haplotype is one of these.

In Region B, the most significant haplotype in the
schizophrenic sample was also nominally significant
in the bipolar disorder sample (P= 0.0022), resulting
in the most significant P-value being that of a
three-SNP haplotype in the combined sample
(pi = 0,000062, corrected P= 0.016). This supports
the involvement of this region in both disorders. This
haplotype extends across two LD blocks that total
~136kb, spanning the SMDF isoform and 3' exons of
all other known isoforms (chr8:32 546 019-32 682 055
NCBI build 34). Three other studies have examined
this region of the NHGl gene (Figure 4).2B':l0'32 Yang
et al.3" reported association in the Han Chinese
population with three SNPs showing association
in transmission/disequilibrium test (TDT) analysis
of schizophrenia after Bonferroni correction
(P = 0.0078, P = 0.00093, P = 0.013). The global
haplotype analysis of the three SNPs identified
highly significant global haplotype association
(pg < 0.000001) in their study. However, when one of
the three, a nonsynonymous SNP, was examined in an
independent study of Han Chinese from Taiwan, a
trend towards significant overtransmission of the
opposite allele was observed (P= 0.052).34 A second
study in the Han Chinese population32 detoctod a
four-marker microsatellite haplotype in the same 3'
region that was significant when tested in patients
(23.8%) against non-transmitted parental chromo¬
some controls (13.7%, P = 0.000042), but not in the
case-control comparison with unrelated controls
(P=0.29). The only European study to examine this

region2" reported nominal association of two non-
overlapping haplotypes in case-control association
studies of this region, Hap7 P = 0.044 and Hap9
P = 0.031 (Figure 4). Interestingly, our most strongly
associated single-marker, rs6988339 (combined case
group P= 0.0058), was also individually associated in
this study (P= 0.030). The association of this second
region may help to explain the disparity between the
strength of the linkage peak identified in previous
studies of schizophrenia and the estimated effect size
of the Icelandic haplotype, suggesting that multiple
haplotypes in NRGl affect susceptibility to schizo¬
phrenia and also to bipolar disorder.

Two studies have examined the expression of NRG
isoforms in cells from schizophrenic individuals.
Hashimoto et al.4B examined mRNA levels of type I,
II and III isoforms by RT-PCR in the dorsolateral
prefrontal cortex (DLPFC) of 20 schizophrenic post¬
mortem brains and 19 matched controls. They
reported a small but significant increase in the
expression of type I isoforms in schizophrenia,
however, this was also correlated with antipsychotic
medication dosage, and a significant decrease in
typell/I and type II/III ratios, which is consistent
with the relative underexpression of type II in the
DLPFC of schizophrenic patients. There was no
ovidonco of chango in tho oxprcsoion levels of type
III. No correlation with genotype at SNP8NRG221533
or SNP8NRG243177 was detected. More recently
Petryshen et al.2" reported 3.8-fold increased expres¬
sion of SMDF, a type III isoform, in the peripheral
leucocytes of schizophrenics relative to their unaf¬
fected siblings (P= 0.013). None of the other isoforms
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studied in this report showed significant variation in
gono oxpronsion between tho two groups, although
trends towards an effect of diagnosis on type 1
isoform HRG-beta2 [P= 0.093) and overall NRGl
expression were noted (P = 0.13). No association was
detected between SMDF expression level and the
genotypes of SNPs that uniquely mark protective
haplotypes, including rs6988339, the most significant
single-marker in our study. However, given the small
sample size in the above association studies, the
observed negative results are not unexpected. As our
3' haplotype spans the coding region of the SMDF
isoform, it is possible that the use of the common
haplotype defined in our study would yield more
significant results.

Genetic linkage and association studies have
identified some chromosomal regions and genes that
show association in both schizophrenia and bipolar
disorder and others that are apparently specific to one
but not both of these disorders. This evidence, along
with the results of family and twin studies, suggests a
partial overlap in the aetiology of these diseases
(reviewed by Berrettini47). Splitting samples by
diagnosis does raise multiple-testing concerns, but a
prior study has suggested that there may be shared
genetic predisposition across diagnostic boundaries
in the NRG1 region.24 Interestingly, this study
supports the candidacy of NRG! as a possible gene
for not only schizophrenia but also for bipolar
disorder. We have shown that identical haplotypes
are nominally associated with both diseases in a
region at the 3' end of the gene. However, it is
noteworthy that in the 5' region of the gene the
haplotypes nominally associated with the two dis¬
orders are distinct. It is therefore interesting to note
that Green et al.24 showed that subgroups of the two
disorders, bipolar disorder with predominantly
mood-incongruent psychotic features and schizophre¬
nic cases who had experienced mania, showed a
stronger association in their sample. Similarly, Bakker
et al.4" reported that, while schizophrenia was not
associated with the two Hapice markers examined, a
subgroup of nondeficit schizophrenia was associated,
and Kampman et al.4'' reported association of the
single HapICu SNP tested in only schizophrenic
individuals who do not respond to conventional
antipsychotics (P= 0.013). These results may indicate
that subgroups of schizophrenia and bipolar disorder
are associated with NRGl, and further that some

regions of the gene may confer risk to both bipolar and
schizophrenia and others to only one of the diag¬
noses.

We have recently published the association of
haplotypes in DISCI with bipolar disorder and
schizophrenia using the same sample set.5" It is
interesting that two of the most promising candidate
genes for susceptibility to psychiatric illness are
associated with these disorders within the same

sample set. In the future, we plan to test for
interactions between these and other genes in an
independent replication set.

The functional variant(s) in NRGl remain(s) elu¬
sive, but our results suggest that it may bo possible to
define subgroups of both diseases where NRGl is a
risk factor and thus amenable to an NRGl pathway
specific intervention.
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Interacting haplotypes at the NPAS3 locus alter risk of
schizophrenia and bipolar disorder
BS Pickard1, A Christoforou1, PA Thomson1, A Fawkes2, KL Evans1, SW Morris1, DJ Porteous1,
DH Blackwood3 and WJ Muir3
' Department of Medical Genetics, Molecular Medicine Centre, University of Edinburgh, Western General Hospital, Edinburgh,
UK;2 Wellcome Trust Clinical Research Facility, Western General Hospital, Edinburgh, UK and 3Department of Psychiatry,
University of Edinburgh, Kennedy Tower, Royal Edinburgh Hospital, Edinburgh, UK

The neuronal PAS domain 3 (NPAS3) gene encodes a neuronal transcription factor that is
implicated in psychiatric disorders by the identification of a human chromosomal transloca¬
tion associated with schizophrenia and a mouse knockout model with behavioural and
hippocampal neurogenesis defects. To determine its contribution to the risk of psychiatric
illness in the general population, we genotyped 70 single-nucleotide polymorphisms across
the NPAS3 gene in 368 individuals with bipolar disorder, 386 individuals with schizophrenia
and 455 controls. Modestly significant single-marker and global and individual haplotypes
were identified in four discrete regions of the gene. The presence of both risk and protective
haplotypes at each of these four regions indicated locus and allelic heterogeneity within
NPAS3 and suggested a model whereby interactions between variants across the gene might
contribute to susceptibility to illness. This was supported by predicting the most likely
haplotype for each individual at each associated region and then calculating an NPAS3-
mediated 'net genetic load' value. This value differed significantly from controls for both
bipolar disorder (P=0.0000010) and schizophrenia (P=0.0000012). Logistic regression
analysis also confirmed the combinatorial action of the four associated regions on disease
risk. In addition, sensitivity/specificity plots showed that the extremes of the genetic loading
distribution possess the greatest predictive power—a feature suggesting multiplicative allele
interaction. These data add to recent evidence that the combinatorial analysis of a number of
relatively small effect size haplotypes may have significant power to predict an individual's
risk of a complex genetic disorder such as psychiatric illness.
Molecular Psychiatry advance online publication, 4 March 2008; doi:10.1038/mp.2008.24
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Introduction

The nature of the genetic architecture of complex
diseases such as schizophrenia and bipolar disorder
is currently poorly understood but is a critical issue,
with clear implications for the application of
appropriate gene-hunting strategies and genetic risk
assessment. The gene-hunting methodology selected
(for example, large family-based linkage, case-control
association, re-sequencing, and so on) and the DNA
sample set to which it is applied (sporadic or familial
cases) will determine the class of mutation that can be
identified and the success rate. The current literature
suggests that candidate disease gene mutations exist
as either rare, highly penetrant, predominantly
familial forms or common, low penetrance, population
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risk forms, but it is also likely that many mutations
will exist somewhere on a spectrum between these
extremes.1-5

We have recently reviewed the evidence supporting
the candidacy of neuronal PAS domain 3 (NPAS3) in
the aetiology of psychiatric disorders such as schizo¬
phrenia and bipolar disorder.6 In brief, NPAS3
was identified as a disease candidate through the
study of a balanced chromosomal translocation,
t(9,14)(q34.2;ql3), associated with schizophrenia
and learning disability (also known as mental retarda¬
tion in the United States) in a mother and daughter.
The breakpoint on chromosome 14 directly disrupted
the NPAS3 gene leading to probable haploinsuffi-
ciency.7,8 A mouse strain with a knockout of the
Npas3 gene orthologue exhibited abnormal perfor¬
mance in behavioural tests and a hippocampal
neurogenesis deficit,9-11 the latter being a potential
marker for psychiatric pathology.12,13 The gene itself
encodes a neuronally expressed transcription factor of
the basic helix-loop-helix class14 and, by inference
from other related proteins, most likely transduces
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cellular environmental changes into transcriptional
response. Recently, NPAS3 was also identified as
one of a number genes associated with genetic
vulnerability to addiction.15

The NPAS3 cytogenetic findings suggest that
structural disruption of one allele can give rise to
highly penetrant and dominantly inherited psychia¬
tric illness. This implies the possibility that such
mutations would give rise to positive linkage find¬
ings. Several instances of linkage to chromosome
14ql3 have indeed been reported for schizophrenia
and bipolar disorder.16-18 However, the possibility
that lower penetrance, common polymorphic alleles
within NPAS3 contribute towards the risk of non-

familial/sporadic schizophrenia or bipolar disorder at
the population level has not been tested previously.
We have therefore carried out a case-control associa¬
tion study employing a relatively large DNA sample
sets and linkage disequilibrium (LD)-based tag single-
nucleotide polymorphism (SNP) coverage over the
NPAS3 gene. Four regions within the NPAS3 gene
were identified with significant P-value associations
at the single-marker and haplotype resolutions. Both
common risk-increasing and protective haplotypes
were identified with clear frequency differences
between the case and control groups. We demon¬
strated that these risk and protective effects act
combinatorially, potentially multiplicatively, to
determine NPAS3 gene-wide susceptibility. This was
quantified by calculating a 'net genetic load' that
showed statistically significant differences between
case and control populations and, moreover,
appeared to be near diagnostic for individuals with
extreme net genetic load values.

Materials and methods

Association study
Single-nucleotide polymorphism marker selection
was achieved by analysing the public International
HAPMAP Project19 genotyping data (release no. 7)
from the CEU population (Utah residents with
ancestry from northern and western Europe] in
the Haploview v. 2.5 application.20 LD blocks across
the NPAS3 locus were defined using Haploview's
'solid spine of LD' method with D values greater than
0.8. Adjacent blocks were merged when they dis¬
played multiallelic D values above 0.95. Tagging
SNPs were then selected both by their ability to
represent haplotype diversity within these blocks
down to the 10% haplotype frequency level and by
their predicted ability to form reliable assays on the
genotyping platform provided by Illumina Inc.
(San Diego, CA, USA). Sixty-eight such SNPs (Figure
1 and Table 1) were chosen over a span of 932 kb to
cover the locus (including ~24kb 5' and ~42kb 3' of
the 862 kb transcribed gene). These SNPs were typed
at Illumina Inc., using their proprietorial bead-array
technology on 368 bipolar disorder cases, 386
schizophrenia cases and 455 controls. Subsequent to
the initial analysis and based on additional data

released to the HapMap database, we chose two
additional SNPs (numbers 14; rs4143873 and 16;
rs7141245; Figure 1 and Table 1) to generate
further haplotype information within the LD block
containing SNP 15. This genotyping was carried out
on the same DNA samples but at the Wellcome Trust
Clinical Research Facility (Edinburgh, UK) using ABI
TaqMan Assays on Demand (Applied Biosystems,
Warrington, UK). These genotyping data were merged
with the Illumina genotyping data and re-analysed.

The provenance of the DNA samples has been
described elsewhere,23-26 but, in brief, it comprises
patients of hospitals in southeast and south central
Scotland and controls of matching geographical
distribution obtained primarily from the Scottish
National Blood Transfusion Service. Case diagnoses
were made according to the DSM-IV criteria, based on
case note review and interview using The Schedule
for Affective Disorders and Schizophrenia—lifetime
version (SADS-L). Final diagnoses were reached by
consensus between two experienced psychiatrists
(DHB and WJM). Informed consent was obtained from
all individuals, and this work was approved by the
Multi-Centre Research Ethics Committee for Scotland.
Analyses carried out by us and other groups on the
Scottish population suggest that it is generally stable
and homogeneous, with no obvious evidence for
substructure.

Genotyping quality and Hardy-Weinberg equilibrium
NPAS3 was just one gene in a large commissioned
genotyping project carried out at Illumina Inc.
(comprising more than 700 SNPs and resulting in
data that have already resulted in published associa¬
tion studies of the GRIK4, NRGl and DISCI genes and
a region of chromosome 4).23-26 Overall, the quality
and reproducibility of this genotyping was extremely
high—the proprietary quality assessment score
('GenCall') was high for every analysed NPAS3 SNP
marker. Moderate deviation from the Hardy-Weinberg
equilibrium was observed for four markers in the
control group, but in no instance did these
correspond to significant P-values in the case-control
analysis (Table 1). Only associated region 3 (see the
Results section) could potentially have been affected,
but significant global and individual haplotype
P-values were obtained for this region, which did
not include the affected SNP.

Statistical analysis
Formatted genotype data were analysed using Coca-
phase27 to derive P-values for both single-marker
associations and two-, three- and four-marker global
and individual haplotype tests.

Cocaphase applies the expectation-maximization
(EM) algorithm to estimate the haplotype frequencies
of phase-unknown genotype data and performs
standard unconditional logistic regression analysis,
applying the likelihood ratio test under a log-linear
model to compare haplotype frequencies between
cases and controls. To avoid misleading global
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Figure 1 Schematic representation of the NPAS3 locus including the position of the 12 exons, 70 genotyped SNPs and the
predicted LD block structure across the gene. Also indicated are the four CARs studied in the combinatorial analyses,
evolutionarily ultraconserved (uc) sequence blocks21 and a sequence region showing human accelerated evolution (HAR).22
CAR, core associated region; LD, linkage disequilibrium; NPAS3, neuronal PAS domain 3; SNP, single-nucleotide
polymorphism.

haplotype results caused by rare haplotypes, all
haplotypes with a frequency less than or equal to
1% in both the cases and the controls were declared
as rare and clumped together for the test of the null
hypothesis using the command line option '-rare
0.01'. P-values for both global and individual tests of
haplotype frequencies were determined. The global
test P-value assesses the significance of the overall
difference in the distribution of haplotype frequen¬
cies between cases and controls. The P-value from the
individual test represents the significance of the
difference in frequency of an individual haplotype
relative to all the rest of the haplotypes between cases
and controls. Odds ratios (ORs) were calculated
online.28

Combinatorial analysis
An additional subjective, conservative selection of
SNP markers was made to permit definition of each of
the four susceptibility and four protective haplotypes
(henceforth termed the 'core associated regions'—
CARs) identified within the NPAS3 gene (see Tables 1
and 2). Using the PHASE program29,30 under default
parameters, we selected the most likely haplotype
pairs at all CARs for each individual with the
assumptions that neither precise CAR choice nor
false-positive/false-negative haplotype assignments
would be biased between case and control groups.
The net genetic load was calculated by summing the
number of protective (each given a —1 value) and
susceptibility (each given a +1 value) haplotypes
predicted to be present in each individual. The
assignment of a unitary ± effect to each core
haplotype is a justified approximation because of
the similarity of the calculated ORs (as a measure
of risk effect size) for all eight CAR haplotypes (data
not shown).

The subsequent analyses included a P-test on mean
net genetic load scores between case and control
groups and calculation of sensitivity and specificity
scores at each point (termed a 'cutoff') along the
distribution.

Binary logistic regression
The effect of net genetic load at each CAR on risk was
estimated using binary logistic regression, without

adjustment for covariates. Diagnoses of combined
schizophrenia and bipolar disorder or schizophrenia
and bipolar separately were entered as the dependent
variable. Subsequently, two binary logistic regression
models were used to examine the independent effects
of the polymorphisms on risk for each dependent
variable. Model 1 contained all of the CARs as

covariants in a model included only the main effects
of the four regions. The second model (combined
effects) included the main effects (block 1, enter)
and all possible interactions (two-way, three-way,
and four-way interactions) in a forward selection
procedure. This model retained all interactions that
were significant (P<0.05) after adjustment for the
main effects of all polymorphisms. For all models, the
ORs and 95% confidence limits were calculated. For
the model containing both main effects and signi¬
ficant interactions, the percentage of variability
explained was calculated. Statistical analyses were
performed using SPSS software (version 14.0; SPSS
Inc., Chicago, IL, USA).

Results

Seventy SNPs were typed in 455 controls, 368
individuals with bipolar disorder and 386 individuals
with schizophrenia (Table 1 and Figure 1). Single-
marker analysis identified five SNPs with significant
deviations in frequency between single or combined
case groups when compared to controls (SNP9,
P= 0.0124; SNP15, P=0.0062; SNP25, P=0.0236;
SNP37, P= 0.0161; and SNP56, P= 0.0315). With the
exception of SNP9, these markers also contribute to
significant global haplotype P-values (Table 1) that
appear to define four regions (henceforth denoted
association regions 1-4) of significant association
with schizophrenia, bipolar disorder or, in some
cases, both diagnoses combined. Of particular note
are a two-SNP region 1 global haplotype (SNPs 14 and
15) associated with bipolar disorder (P= 0.0063), a
three-SNP region 2 global haplotype (SNPs 25-27)
associated with combined diagnoses (P= 0.0046), a
four-SNP region 3 global haplotype (SNPs 37-40)
associated with schizophrenia (P= 0.0072) and two
four-SNP region 4 global haplotypes (SNPs 54-57 and
SNPs 55-58) associated with the combined
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Table1Continued SNPSNPIDAllelesPositionControlsAllcases
Combineddiagnoses

Bipolardisorder

Schizophrenia

p(HW)p(HW)Single2-SNP3-SNP4-SNPSingle2-SNP3-SNP4-SNPSingle2-SNP3-SNP4-SNP
44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70

rs719017 rsl957317 rsl475067 rs3949783 rsl958547 rs878989 rs2183276 rsl952603 rs6571608 rs4128599 rs944086 rsl958059 rs956884 rsl952161 rsl952162 rs8014172 rsl958050 rs4982109 rs733314 rs8017303 rsl958057 rs7157101 rs943164 rs753239 rsl958035 rsl952157 rs2077841

A/G C/T A/G A/G C/G A/C C/T A/G A/G A/G A/G C/T G/T C/G A/T A/G A/G C/T A/C A/G C/T C/T A/G C/T A/G A/C A/G

31976613 31991980 32006810 32021026 32049567 32108170 32120913 32139364 32152812 32161021 32167666 32177069 32180128 32185365 32185518 32190190 32214173 32222750 32228493 32233287 32242615 32249848 32257459 32264554 32271354 32279477 32301756
0.2523 0.3213 0.0724 0.2381 0.0228 0.3471 0.7766 0.0501 0.3470 0.4378 0.5099 0.7071 0.8355 0.5568 0.1026 0.7833 0.2686 0.5474 0.2584 0.1875 0.7222 0.5419 0.4586 0.7728 0.2544 0.8247 0.8754

0.6229 0.4499 0.3998 0.7265 0.6393 0.4674 0.4014 0.0091 0.2573 0.4080 0.6421 0.3656 0.6685 0.0331 0.9750 0.5780 0.9795 0.5175 0.9732 0.1815 0.2060 0.0243 0.4250 0.6954 0.3726 0.9352 0.7288

0.7704 0.6390 0.6372 0.3978 0.5246 0.8549 0.6838 0.2550 0.9866 0.4538 0.4571 0.4476 0.0315 0.8054 0.3654 0.7563 0.2676 0.9865 0.7741 0.6851 0.8620 0.6469 0.8032 0.7671 0.5103 0.8202 0.8096

0.4469 0.5458 0.7695 0.6893 0.6899 0.2944 0.7277 0.4975 0.8319 0.7724 0.6909 0.0105 0.0064 0.7577 0.2597 0.5499 0.6791 0.5474 0.8183 0.7672 0.9014 0.8283 0.8119 0.9387 0.4930 0.9750

0.7035 0.8343 0.9665 0.7723 0.5883 0.5385 0.5532 0.7225 0.7883 0.8657 0.0249 0.0053 0.0389 0.5556 0.1615 0.9175 0.6165 0.6878 0.4509 0.9573 0.8801 0.9621 0.9876 0.9160 0.9035

0.8396 0.9756 0.9334 0.5589 0.6052 0.3578 0.6095 0.6862 0.8053 0.1342 0.0020 0.0024 0.1038 0.4359 0.1606 0.6196 0.0764 0.6373 0.8353 0.6814 0.9767 0.9089 0.9347 0.9886

0.9822 0.2298 0.9019 0.4482 0.2059 0.5969 0.6344 0.1060 0.7880 0.3312 0.8053 0.7328 0.0697 0.5104 0.5417 0.8776 0.2303 0.5888 0.7342 0.8763 0.8188 0.5955 0.1646 0.9604 0.9098 0.6911 0.8786

0.5331 0.4103 0.6163 0.3903 0.5828 0.6601 0.3659 0.3656 0.6800 0.3177 0.7960 0.0217 0.0329 0.7427 0.0532 0.5651 0.5648 0.6447 0.8858 0.9728 0.9403 0.6405 0.2770 0.9798 0.7541 0.9446

0.4536 0.3718 0.7610 0.7091 0.7300 0.7740 0.4921 0.4902 0.6844 0.5419 0.0655 0.0181 0.0613 0.2108 0.0153 0.8999 0.5730 0.8461 0.7666 0.9949 0.9419 0.8344 0.5040 0.9154 0.9915

0.2849 0.5286 0.8621 0.7368 0.7425 0.6126 0.2920 0.3205 0.5370 0.1007 0.0118 0.0035 0.0365 0.1316 0.1026 0.7356 0.3142 0.9008 0.9764 0.8031 0.9472 0.3526 0.6511 0.9740

0.6093 0.6973 0.5028 0.4938 0.8893 0.8416 0.8232 0.7234 0.7720 0.7502 0.1349 0.3416 0.0635 0.8259 0.3565 0.7115 0.4860 0.6317 0.8784 0.5964 0.9441 0.7983 0.3802 0.5868 0.2229 0.4474 0.7985

0.2070 0.3902 0.9265 0.6290 0.5362 0.1963 0.9646 0.7347 0.9556 0.3807 0.4835 0.0643 0.0200 0.8202 0.7503 0.6520 0.8367 0.6029 0.8166 0.4661 0.8263 0.5055 0.7089 0.6681 0.2588 0.8605

0.5824 0.8510 0.9861 0.4598 0.4698 0.2711 0.8081 0.9651 0.1870 0.6826 0.0646 0.0429 0.1764 0.9640 0.8300 0.9509 0.9135 0.7236 0.3836 0.7684 0.4761 0.6936 0.8154 0.6948 0.5980

0.6814 0.9690 0.8726 0.4325 0.4861 0.4076 0.9773 0.5114 0.2642 0.2517 0.0190 0.1261 0.5347 0.7396 0.3651 0.3803 0.1103 0.4928 0.6498 0.3965 0.6996 0.7836 0.8444 0.9105

Abbreviations:SNP,single-nucleotidepolymorphism;NPAS3,neuronalPASdomain3. Thereferencenumber,allelesandgenomiclocationofeachSNPareshowntogetherwiththeprobabilitythattheydeviatefromtheHardy-Weinbergequilibrium (p(HW);seeMaterialsandmethods).P-valuesfortheassociationofeithersingleSNPsortwo-,three-andfour-SNPslidingwindowglobalhaplotypeswithcombined diagnoses,bipolardisorderandschizophreniaareshown.P-valueslessthan0.05areinbold.ThefourCARsarelabelledattheextremeleft-handside(seealsoFigure 3).
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Table2Continued Region2MarkersFrequencyActionP-valueRegion4MarkersFrequencyActionP-value 22

23

24

25

26

27

28

Casesi
Controls

53

54

55

56

57

58

Cases

Controls

G

G

T

0.2353

0.1881

SUSC.

0.0258

C

T

C

T

0.2251

0.1726

SUSC.

0.0058

G

T

A

0.1800

0.1155

SUSC.

0.0027

Bipolar

C

T

0.3890

0.3185

SUSC.

0.0085

G

G

G

T

0.2245

0.1781

SUSC.

0.0262

disorder

T

C

0.2311

0.1850

SUSC.

0.0484

G

G

T

A

0.1701

0.1130

SUSC.

0.0044

G

G

c

T

0.2501

0.1945

SUSC.

0.0159

Schizophrenia

G

T

A

0.1623

0.1155

SUSC.

0.0404
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T

c

T
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C

C

0.2480

0.2830

PROT.

0.0401

T
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C

C

C
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G

c

T
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c

c

C

A
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0.2559
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0.0073

c

T

c

0.2402
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T

c

0.3217
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T

c

T
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T

c

0.2158
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0.0316

G

G

c

T

0.2583
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c

c

c
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G

c

T

c

0.2170
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SUSC.

0.0070

C

G

T

c

0.2133
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PROT.

0.0193

c

T

c

T

0.2256
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0.0127

c

c

c

A

0.2100
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PROT.

0.0449

Core

G

c

T

c
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c

c
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PROT.
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G

c
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0.5150

PROT.

0.0094

c

c

c
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0.2522

PROT.

0.0095
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c

G

0.4705
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PROT.

0.0284

c

c

c

A
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0.0094

G

c

G

0.4546
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PROT.
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c

c

c

c

G

c

0.4167
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PROT.

0.0045

G

c

G

c

0.4042

0.4766

PROT.

0.0038

G

G

c

G

0.4040

0.4512

PROT.

0.0444
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c

G

0.4624
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PROT.

0.0324

disorder

G

c

0.4514
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PROT.

0.0216

c

G

c

0.4082

0.4876

PROT.

0.0060

G

c

G

c

0.3949
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PROT.
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G

G

c

G
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G
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c

G

c
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G

c

G

c

0.4138

0.4760

PROT.
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G

c

G
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(P= 0.0020) and bipolar disorder (P= 0.0035) diag¬
noses, respectively.

To investigate these four regions further, we
examined the individual haplotype P-values calcu¬
lated by Cocaphase (Table 2). An intriguing finding
was that for each region, both susceptibility (higher
frequency in case populations) and protective (higher
frequency in control population) individual haplo-
types were observed. The most significant individual
susceptibility and protective haplotypes (listed with
ORs and confidence intervals (CIs)) for each region
were as follows: region 1: susceptibility to bipolar
disorder: markers 15 and 16 (AT), P= 0.0016,
OR = 1.3974 (95% CI: 1.1352-1.7202), and protection
against bipolar disorder: markers 14 and 15 (TT),
P= 0.0014, OR = 0.7107 (95% CI: 0.5772-0.8750);
region 2: susceptibility to bipolar disorder: markers
25-27 (GTA), P= 0.0027, OR = 1.6809 (95% CI:
1.2699—2.2249), and protection against combined
phenotypes: markers 25-27 (CCC), P= 0.0071,
OR = 0.7184 (95% CI: 0.5890-0.8762); region 3: sus¬
ceptibility to combined phenotype, markers 35—38
(CAGC), P= 0.0097, OR = 1.5697 (95% CI: 1.1627-
2.1191), and protection against schizophrenia, mar¬
kers 35-37 (CAC), P= 0.0187, OR = 0.7094 (95% CI:
0.5469-0.9202); region 4: susceptibility to combined
phenotype, markers 54-56 (GCT), P= 0.0012,
OR= 1.4328 (95% CI: 1.1715-1.7524), and protection
against combined phenotype, markers 54-57 (GCGC),
P= 0.0038, OR = 0.7449 (95% CI: 0.6285-0.8829).
When either susceptibility or protective individual
haplotypes with significant P-values were aligned
across diagnostic boundaries, it was possible to
construct larger contiguous underlying haplotypes
for each region (Table 2). This formed the basis for the
selection of eight CAR haplotypes (four susceptibility
and four protective), which were studied in greater
detail.

While the individual haplotype findings for the
four regions are only moderately significant (and did
not remain significant after permutation-based correc¬
tion for multiple testing; data not shown) and of small
effect size, there existed the possibility that they act in
a combinatorial manner to determine an NPAS3-

specific component of psychiatric illness risk. We
applied the PHASE program to predict the most
probable CAR haplotypes at each region for each
individual. For every individual, the number of
protective haplotypes present (maximum eight in
the case of an individual homozygous at each of the
four regions) was subtracted from the number of
susceptibility haplotypes present to give a positive or
negative number termed the 'net genetic load'.

In the first analysis (Figure 2, left), the mean net
genetic load and corresponding standard error of the
mean were calculated and plotted for the control,
bipolar disorder and schizophrenia groups. Two-
tailed, homoscedastic T-tests showed that both
bipolar disorder and schizophrenia case mean net
genetic loads were significantly higher (P= 0.0000010
and P= 0.0000012, respectively) than the control
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Figure 2 The mean net genetic load of the NPAS3 CAR
haplotypes for all individuals with bipolar disorder or
schizophrenia compared to controls (left) and the same
analysis excluding individuals with extreme net genetic
loads of —5 or less or +4 or more (right). Two-tailed T-tests
showed that in both instances, the individuals with bipolar
disorder or schizophrenia had a highly significantly
different net genetic load as compared to controls (see the
Results section), indicating strong gene-wide effect of the
NPAS3 haplotypes on population disease risk. These data
also suggest that outliers are not solely responsible for the
statistical significance. CAR, core associated region; NPAS3,
neuronal PAS domain 3.

mean net genetic load. This finding is essentially a
restatement of the original association findings but
takes all four regions into account simultaneously and
is therefore a gene-wide assessment of NPAS3 con¬
tribution to the risk of psychiatric illness in the
general population. We subsequently repeated the
initial analysis after removing all outlier individuals
with a net genetic load of —5 or less or +4 or more
(n = 27). We reasoned that it was possible that the
significant differences between case and control mean
net genetic loads might have been due to the
disproportionate influence of outlier individuals.
However, the revised mean net load values (Figure 2,
right) remained significantly different between
cases and controls (T-tests as before: bipolar disorder,
P= 0.0005035 and schizophrenia, P= 0.0000347),
leading us to the conclusion that the net genetic load
effect is a property of the entire population. Moreover,
as a corollary, the diagnostic power of extreme net
genetic load values (see below) could not have been
directly predicted by the original positive case-
control association findings in the population.

Secondly, as an objective verification of the in¬
dividual and combined contributions of the CARs to

disease risk, we carried out binary logistic regression
analysis. A combined case group (schizophrenia and

Molecular Psychiatry
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bipolar disorder) was used as the dependent variable
with the separate net genetic load values at each of
the four CARs entered as covariants. Individually,
CARs 2, 3 and 4 significantly influenced disease
status (model P-values 0.032, 0.006 and 0.005,
respectively). When all four CARs were entered into
the analysis, a model P-value of 0.00025 was
obtained. A second model assessing the effect of all
possible CAR interactions on the significance of the
model retained only one interaction significant over
and above the main effects of the CARs themselves. In
the combined case group, the three-way CARl, CAR3
and CAR4 interaction was retained giving a highly
significant model P-value of 0.000085. Overall, the
second model correctly classified disease status in
63% of individuals explaining 1.67% of the varia¬
bility. This latter figure might be increased under a
broader model that does not reduce the number of

independent variables by preselecting CARs or sum¬
marizing haplotype data by means of the net genetic
load score. Individually, CARs 2, 3 and 4 behaved in a
risk-increasing manner (OR= 1.169 (95% CI: 1.014-
1.348), OR = 1.233 (95% CI: 1.051-1.446), OR = 1.18
(95% CI: 1.047-1.33)). However, the CAR1-CAR3-
CAR4 interaction component of the model was
protective in action (OR = 0.78 (95% CI: 0.62-0.981)).

Similar findings were observed using either schizo¬
phrenia or bipolar disorder as the dependent variable,
with one interaction variable being retained in the
final model for each. For schizophrenia, the same
three-way CAR1-CAR3-CAR4 interaction was re¬
tained giving a model P-value of 0.00038. For bipolar
disorder, however, the three-way CAR1-CAR2-CAR4
interaction was retained with a model P-value of
0.00080.

In a third analysis, all individuals were grouped
according to their net genetic load value (theoretically
in a range between —8 and +8, with an additional
'null' group identified containing none of the risk/
protective haplotypes for NPAS3). The relative con¬
tributions of individuals from the control, bipolar
disorder and schizophrenia groups were plotted for
each net genetic load score (Figure 3). This plot
indicated that progressing from low (minus) net
genetic load values to high (positive) values was
correlated with an increase in the proportions of
both psychiatric diagnoses. Although the extremes of
net genetic load are defined by few individuals
(due to fewer haplotype permutations giving rise to
such values), the pronounced skewing of their
diagnoses (-6, all controls; +5, all cases) is remark¬
able. Moreover, we believe that this third analysis,
concerning the effects of genotype assessed in
individuals rather than populations, is an additional
confirmation of the significance of the initial associa¬
tion study findings.

Finally, the predictive power of the net genetic load
across its full range was visualized by plotting
sensitivity and specificity scores (Figure 4). This
confirmed that the cutoffs with the greatest diagnostic
value were at the extremes of the distribution.

■ Schizophrenia

□ Bipolar disorder

□ Control

4 -3 -2 -1 0 1 2 3 4 5 null

Net genetic load of NPAS3 haplotypes

Figure 3 The net genetic load of the NPAS3 haplotypes
affects the relative likelihood of diagnostic outcomes.
Individuals with a defined net load value were categorized
and the relative proportions of their case and control
diagnoses plotted in the form of a stacked histogram. The
'null' category includes individuals with none of the
susceptibility/protective haplotypes. Numbers of indivi¬
duals in the respective load categories were 5, 11, 52, 99,
217, 259, 247, 168, 103, 25, 9, 2 and 12. NPAS3, neuronal
PAS domain 3.

-6/-5 -51-4 -41-3 -31-2 -2/-1 -1/0 0/1 1/2 2/3 3/4 4/5

Test cutoff point

Figure 4 Sensitivity and specificity plots as measures of
the diagnostic power of 11 tests across the range of net
genetic load values. Individuals were divided according to
cutoff points shown on the x axis (e.g., -2/—1 indicates a
comparison between individuals with a net genetic load of
-2 or less and those with a net genetic load of -1 or more).
The sensitivity plot reflects the accuracy of case prediction,
whereas the specificity plot indicates the power to exclude
controls. The accuracy of each measure is influenced by the
test cutoff point selected—the high specificity at low load
values highlights the protective haplotype effects. This is in
contrast to the sensitivity measure, which is greatest when a
high load cutoff value is selected—a consequence of
susceptibility haplotype action.

Discussion

We previously described a familial t(9,14)(q34.2;ql3)
chromosomal translocation, which disrupted the
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NPAS3 gene leading to predicted haploinsufficiency.
Here, we have shown by means of a case-control
association study that distinct low penetrance
susceptibility and protective alleles also exist
for NPAS3. Significant single-marker, global haplo-
type and individual haplotype P-values were
identified, defining four regions that contribute to
altered risk. The alleles in these four regions,
although displaying some relative differences in
contribution to individual case groups, were all
associated to some degree with both schizophrenia
and bipolar disorder diagnoses, suggesting that their
mode of action is one of the altered predispositions
to psychotic illness in the general population. This
is a property shared with other candidate genes
(for example, NRGl24 and DISCI25) and overlapping
linkage hotspots,31 which may reflect their role
in more fundamental biological processes within
the brain—with environmental and other genetic
influences dictating the precise clinical end
point.

Our results require replication in other sample
sets, particularly in light of the failure of the
individual markers to stand up to correction for
multiple testing. However, our results suggest that
these markers exhibit their true power only
when examined in concert. This was revealed by
comparing the net genetic load averages between
cases and controls, assessing the interactions through
logistic regression and examining the distribution
of case and control individuals by net genetic load
score.

Several recent studies have also identified interact¬

ing alleles in the context of altered risk of complex
genetic disorders. Wu et al.32 showed that a multi-
genic analysis of DNA-repair and cell-cycle control
genes was efficient at predicting an individual's risk
of bladder cancer. Johnson et al.33 demonstrated that a
combinatorial study of marginally significant risk
alleles in candidate genes was efficient at predicting
an individual's risk of breast cancer. Mailer et al.34
described the additive action of risk alleles of the
CFH, LOC387715 and CFB/C2 loci in genetic suscept¬
ibility to age-related macular degeneration. Finally,
and most relevant to this study, Baum et al.,35 in their
recent genome-wide association study of bipolar
disorder, carried out a similar analysis, adding
together the risk alleles of the identified genes to
create a value for each individual, which showed
enhanced predictive power at the extreme of the
distribution.

These reports raise the possibility that a proportion
of individuals may have predictable psychiatric
illness based solely on the assessment of the net
genetic load of a set of alleles (a 'meta-diplotype')
located within a relatively limited number of genes.
With an ever-increasing list of candidate disease
genes and alleles capable of refining the sensitivity
of such an approach, its implications for genetic
counselling infrastructure and ethics may need to be
addressed.
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Chromosomal abnormalities and psychosis
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Summary The search for susceptibility
genes for schizophrenia and severe

affective disorder has been enhanced by
the study ofcytogenetic abnormalities
that disrupt genes directly. One such gene

is DISCI and there is increasing evidence
that it may be an important modulator of
risk of psychosis.
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The chromosome count of the human

species was correctly ascertained 50 years

ago and there followed an explosion of
interest in chromosome abnormalities and

their medical associations. Abnormalities
which were visible by light microscopy of
suitably stained chromosome preparations
were found in relatively common syn¬
dromes. Most notable were trisomies of
entire chromosomes, such as chromosome
21 in Down's syndrome and the various
sex chromosome aneuploidies, or major de¬
letions of parts of chromosomes such as the
short arm of chromosome 5 in cri-du-chat

syndrome. There were important techno¬
logical developments in the late 1960s.
New methods for staining chromosomes
in metaphase produced banding patterns
that could be used to clearly distinguish
individual chromosomes and reliably map
the position of internal chromosomal
rearrangements. Altered cell culture
conditions revealed a new form of abnorm¬

ality, an X-chromosome fragile site in men

causing moderate cognitive impairment and
a set of variable physical features including
macro-orchidism. This cytogenetic marker
was a pointer to the later discovery of a

large DNA repeat sequence that was

methylated by cells, silencing the expres¬
sion of an underlying gene and leading to
the cognitive and behavioural outcomes of
the fragile-X syndrome, the most common
inherited cause of learning disability. These

discoveries stimulated research into the

underlying neurobiology of fragile-X
syndrome. Sometimes abnormalities are
restricted to specific tissues. The
'Philadelphia chromosome' is a reciprocal
translocation involving chromosomes 9
and 22 in malignant cells from chronic
myeloid leukaemia. Here two genes have
been broken and the resulting fusion gene

produces a chimeric and pathological pro¬
tein which is the target for drug therapy.
Such 'acquired' chromosomal rearrange¬
ments, occurring only in affected cells, have
been crucial to understanding haemato-
logical malignancies but also provide a

paradigm applicable to constitutional
genetic disorders, including those of
psychiatry.

CYTOGENETIC

ABNORMALITIES

AND THE GENETICS
OF SCHIZOPHRENIA

Schizophrenia remains an enigma but
genetic components undoubtedly influence
its development, with clear evidence avail¬
able from twin, family and adoption
studies. The advent of DNA-based chromo¬
somal markers facilitated the search for sus¬

ceptibility genes, initially by linkage within
multiply affected families. Cytogenetics
played a role from the start and an early
linkage study on chromosome 5 was stimu¬
lated by the discovery of a chromosome
rearrangement in a Canadian family with
schizophrenia. However, most early linkage
studies produced conflicting findings, per¬

haps as a result of locus and allelic hetero¬
geneity. Recently, several susceptibility
genes have been proposed for schizophrenia
- neuregulin (NRG1) and dysbindin
(DTNBP1) have considerable support but
do not account for all the genetic risk.
Other genes must contribute and crucial
clues have been provided by cytogenetic
studies.

An important group of patients are
those with learning disability and schizo¬
phrenia, an association which was origin¬
ally described by Kraepelin. The risk of
schizophrenia is three times higher in
people with mild learning disability than
in the general population and chromosomal
variants and abnormalities are increased

(Doody et al, 1998). Structural magnetic
resonance imaging in these individuals
reveals abnormalities of the hippocampus
and amygdala that are more severe than
in people with schizophrenia alone and
very different from people with learning
disability alone. Chromosomal abnormal¬
ities in patients with comorbidity may shed
light on schizophrenia in general. Velo-
cardiofacial and DiGeorge syndromes are
associated with learning disability and
usually arise from small, relatively frequent
(-1 in 4000 children) deletions on the long
arm of chromosome 22 (22qll deletion
syndromes - 22qllDS). The associated
phenotype is highly variable with congeni¬
tal heart defects occurring in approximately
three-quarters of patients. Approaching
90% have a 3-Mbp deletion encompassing
30 genes. This is a true contiguous gene

syndrome with the clinical phenotypc being
a consequence of reduced expression of a
set of genes (haploinsufficiency). The rela¬
tive risk of schizophrenia in people with
22qllDS is around 25-30, and family
linkage and candidate gene association
studies in non-deletion schizophrenia in¬
dependently point to a locus on 22qll
(Owen, 2005).

Two genes in the interval stand out

through linkage and association findings
as possible candidates for psychiatric
outcomes - catechol-O-methyltransferase
(COMT; involved in monoamine metabo¬
lism) and a mitochondrial enzyme proline
dehydrogenase (PRODH). A common

polymorphism in COMT alters the enzy¬
me's structure and function. Several groups
have shown that COMT genotypes are re¬
lated to prefrontal executive function, and
a longitudinal study identified the low ac¬

tivity allele as a key variable in determining
prefrontal cortical volume decline and the
subsequent development of schizophrenia
(Gothelf et al, 2005). Experiments in mice
deficient in Prodh suggest a role for this
gene in learning and memory through hippo-
campal glutamatergic systems (Paterlini
et al, 2005). Furthermore, epistatic interac¬
tions between Prodh and Comt were

observed at the molecular and behavioural

levels; for example, Comt inhibition
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Table I Studies of DISCI linkage in schizophrenia or schizoaffective disorder and of DISCI polymorphisms and
neuropsychological and neuroimaging phenotypes in schizophrenia and the general population

Study Study type Population Phenotype

Ekelund eta/(2001); Linkage Finland Schizophrenia
Hennah et al (2003);
Ekelund etal (2004)'
Hamshere etal (2005)' Linkage Wales/England Schizoaffective disorder

Thomson et al (2005) Cognitive ageing Scotland Normal population
Gasperoni etal (2003)2 Visual span Finland Schizophrenia (twin study)
Hennah et al (2005) Visual memory; attention Finland Schizophrenia (family study)
Burdick etal (2005) Visual search; working memory USA Schizophrenia
Callicott etal (2005)3 Reduced grey matter in the

hippocampus

USA Population controls

Cannon et al (2005)-1 Short- and long-term memory;

reduced prefrontal grey matter

Finland Schizophrenia (twin study)

1. Studies were positive for linkage.
2. Association with one marker.
3. Association with a common single nucleotide polymorphism that is also overtransmitted in schizophrenia.
4. Combined imaging and psychology study.

exaggerated the effects of Prodh deficiency
on pre-pulse inhibition, a measure thought
to be relevant to schizophrenia. This may

provide a clue as to how two key neuro¬
chemical hypotheses of schizophrenia,
dopaminergic and glutamatergic, may be
linked at a molecular level in 22qllDS.

DISCI AND SCHIZOPHRENIA

Deletions usually remove large stretches of
a chromosome but reciprocal transloca¬
tions between chromosomes, in their bal¬
anced form, can break within narrow

bounds and have been powerful tools in
clearly identifying disrupted genes and link¬
ing these to clinical phenotypes. Where
chromosomal abnormalities are associated

with a clinical disorder in several members
of the same family or are common to sev¬
eral unrelated patients, a causal link is
likely and can be investigated by examining
the DNA structure at and around the break

(Maclntyre et al, 2003). In the late 1960s
extensive population surveys conducted by
the Medical Research Council in Edinburgh
identified an individual with a reciprocal
translocation between chromosomes 1 and
11 (+(1;11)). The segregation of this re¬

arrangement was followed through a

greatly extended pedigree. Clinical studies,
with the investigators masked to karyotype
status, confirmed and extended follow-up
reports of schizophrenia, major depression
and bipolar disorder in translocation
carriers but not in family non-carriers

(Blackwood et al, 2001). Subsequent
analysis showed that the chromosome 1
breakpoint directly disrupted two over¬

lapping genes, termed disrupted-in-schizo-
phrenia 1 and 2 (DISCI and DISC2).
D1SC2, coded on the opposite DNA strand
to DISCI, is transcribed but not translated
and is possibly an RNA gene with some

regulatory role (Millar et al, 2001). DISCI
encodes a novel brain-expressed protein, is
an important modulator of risk for schizo¬
phrenia and severe affective disorder in
people without cytogenetic abnormalities
and may also influence cognition and brain
structure in the general population (Table
1). A frameshift DNA mutation in DISCI,
which produces reduced amounts of a trun¬
cated DISCI protein, has been described in
an American family with schizophrenia and
schizoaffective disorder (Sachs et al, 2005).

WHAT DOES DISCI DO?

DISCI likely has a role in developing and
adult brain in a range of cellular processes,

including microtubule and mitochondrial
function. Interacting proteins include
Nudel (NDEL1), a microtubule-associated
protein that helps maintain neuronal mor¬

phology. The Nudel/DISCl complex inter¬
acts with the protein LIS1, mutations in
which lead to lissencephaly, a disorder of
neuronal migration with disorganised cere¬
bral cortex formation. Studies in mice

of the DISCI orthologue show
strong hippocampal expression throughout

development as well as in the developing
cortex. Peaks of expression occur during
the maximum period of foetal neurogenesis
as well as during puberty in the mouse, and
a similar distribution pattern is seen in the
adult monkey brain. Such findings are in
keeping with our understanding of the
neuroanatomy of schizophrenia.

LINKING SCHIZOPHRENIA

AND AFFECTIVE DISORDERS

Findings in the family with t(l;ll) support
a role for DISCI in both schizophrenia and
affective disorders. Some of the observed

phenotype/genotype relationships may be
related to where DISCI localises within

neurons, with different subcellular isoform
distribution in brains from people with
schizophrenia compared with those with
major depression (Sawamura et al, 2005).

An important new understanding of the
role of DISCI in schizophrenia has emerged
from study of another chromosome ab¬
normality in a patient with severe schizo¬
phrenia in whom a reciprocal balanced
translocation between chromosomes 1 and
16 directly disrupted the phospho¬
diesterase^ type B gene (PDE4B). In itself
this was interesting since the antidepressant
rolipram is a direct inhibitor of PDE4
proteins. However, the unexpected finding
was that the PDE4B protein forms an intra¬
cellular complex with DISCI that appears
to be regulated by cellular cyclic AMP
and protein kinase systems (Millar et al,
2005). This suggests that these genes link
schizophrenia and mood disorders and that
they may identify target proteins for
possible therapeutic interventions.

CONCLUSION

A large body of evidence has accumulated
over the past few years to suggest that
DISCI has an important role in the devel¬
opment of psychosis. It is probable that
the analysis of other rare chromosome
abnormalities using increasingly powerful
tools, including comparative genome hybri¬
disation methods, will give further new in¬
sights into the pathogenesis of psychosis.
We recommend their study as an important
adjunct in psychiatric genetics and urge
clinicians and researchers to identify new

patients with such abnormalities.
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Cognitive Brain Potentials and their Application
D. H. R, BLACKWOOD and W. J. MUIR

Computerised averaging methods have made it
possible to extract and identify the electrical activity
accompanying specific activities of the brain, including
certain psychological processes, from the random
background signals in electroencephalography
(EEG). Event-related potentials (ERPs) and the way
these change under various recording conditions
are a powerful, non-invasive and relatively simple
means of relating psychopathology to underlying
physiology, and by comparing ERPs with imaging
data it should be possible to compare electrical
activity with changes in brain structure and blood
flow in different disease states.

As the name suggests, event-related potentials are
very small voltages generated in brain structures in
response to specific events or stimuli. These tiny
time-locked potentials are selected from the ongoing
EEG activity by averaging epochs of EEG following
repealed sensory stimuli such as a scries of clicks or
flashes of light.

It takes about 20 ms for information to reach the
cortex from a peripheral sense organ, so early ERPs
generated within this time mainly reflect neuronal
activity in the sensory organ itself and in the afferent
pathways of the brain-stem. For example, during the
first 10 ms following a click, ERPs recorded from
the scalp include five peaks representing neuronal
activity in the acoustic nerve, cochlea nucleus,
superior olive, lateral lemniscus and inferior colliculus
(Jewell & Williston, 1971). Similar scries of early
event-related potentials are generated in the optic
pathways following a Hash of light and in the spinal
cord and sensory afferent pathways of the brain-stem
following a somatosensory stimulus. These early
responses are termed 'exogenous' because they are
generated regardless of what the subject is thinking,
and they are quite independent of any response the
subject may subsequently make to the stimulus. They
are extremely useful clinically for detecting disorders
of sensory end organs and the brain-stem, and
are routinely used in audiology clinics and in the
assessment of brain injury and coma (Halliday, 1982;
Chiappa, 198J).

In contrast to these exogenous potentials, ERPs
generated after about 70 ms often reflect the manner
in which a stimulus is evaluated by the subject.
These later components are termed 'cognitive' or
'endogenous' ERPs because their amplitude and

latency may depend on the motivation of the subject
and the cognitive, affective or motor response to that
particular stimulus. One of the first observations of
an endogenous potential was by Grey et at (1964),
who described the contingent negative variation
(CNV) or expectancy wave elicited during a test in
which the subject heard a warning click followed
three seconds later by a light flash and a button-press
response to this. Immediately after the warning
click a negative potential could be recorded from
scalp electrodes and this CNV steadily increased in
amplitude between the two signals, then resolved
once the response (button press) had been performed.
The CNV, which is now believed to incorporate more
than one component, seems to reflect neuronal
activity connected with the appreciation of the
significance of the incoming signal and the preparation
by the subject of a goal-directed act.

At about the same time Sutton et al (1965)
described another late endogenous response, the
P300, generated during the performance of a task
which required the resolution of uncertainty. During
this 'odd-ball' task, the subject is exposed to two
different stimuli (e.g. a high-pitched and a low-pitched
tone), one of which occurs relatively infrequently
and is designated as a 'target'. When the subject's
attention is directed to the target by counting or
pressing a button, a positive potential is generated
some 300 ms after this signal. This P300 response
occurs with auditory, visual and somatosensory
stimuli, and like the CNV it is relatively independent
of the physical characteristics of the stimulus itself.
A P300 response can be generated in the absence
of a stimulus when there is a gap in an otherwise
continuous series of sounds or flashes of light, which
is evidence that this ERP is a reflection of mental
activity and not merely a response to the stimulus
itself.

The very large literature on P300 (Regan, 1989)
has addressed but not yet resolved the question of
which cognitive processes contribute to the generation
of the P300 wave form. The latency of P300 increases
with the difficulty of the task required of the subject
(e.g. having to distinguish three tones rather than two
tones will increase the latency). The amplitude of
P3(X) increases with the unexpectedness of the target
tone (Hillyard & Picton, 1987). The P3(X) is thought
to be a complex mixture of at least three wave forms
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I k.. I Ihe upper trace illustrates a P300 response recorded
from a normal control subject during the performance of an
'odd ball' lest. The subject was asked to count infrequent high-
pitched tones (1500 Hz) randomly embedded in a series of low-pitched
tones (1000 Hz). The averaged EEC response recorded from the
vertex over 750 ms is shown by the doited line and includes a
negative deflection at around 100 ms (Nl) and a positive wave at
about 200 ms (P2). The continuous line is the averaged response
to the high-pitched 'target' tones and includes a large positive
potential at 300 ms (P300) preceded by a negative deflection (N2).
The lower trace recorded from a drug-free schizophrenic subject
illustrates reduced amplitude and delayed latency of P300, such as
is frequently found in schizophrenia and in several forms of
dementia.

and these, together with the Nl, P2 and N2 waves
which precede it (see Fig. 1), probably reflect various
aspects of information processing required for the
recognition, retrieval from memory and judgements
about the significance of a signal. Overall the P300
seems to reflect mental processes that allow us to
anticipate significant events in our environment
and to react to unexpected changes. Recognising a
familiar face in a crowd or being alerted by a slight
change in frequency or loudness of a previously

regular sound (e.g. a ticking clock) are probably
everyday examples of an 'odd-ball' response. It
was therefore an obvious step to record these late
endogenous ERPs, including the P300, in psychiatric-
patients with conditions such as dementia, depression
and schizophrenia, which are associated with
disordered attention, since ERPs might contribute
to diagnosis and provide a method for monitoring
cognitive change in response to specific treatments.
Figure 1 illustrates the P300 response in a control
subject and a schizophrenic.

ERPs in dementia

Goodin ei al (1978) were the first to investigate P300
as a measure of cognitive function in dementia.
Twenty-seven demented patients (9 with pre-senile
dementia and 18 with a wide variety of diagnoses
including metabolic encephalopathies) were compared
with non-demented neurological and psychiatric-
patients and a third group of normal controls.
Dementia, even in this mixed group of diagnoses,
was associated with reduced amplitude and increased
latency of P300 using an auditory odd-ball paradigm.
Many studies have confirmed these initial findings
(PfcTferbaum el al, 1984; Si Clair et al, 1985;
Gordon et al, 1986; Neshige el al, 1988). Polich el al
(1986), also studying a diagnostically mixed group
of dementia patients (including Alzheimer's disease,
alcohol dementia, vascular disease and other
diagnoses), reported a direct association between
P3(X) latency and the degree of cognitive impairment.
However, there arc weaknesses in studies of mixed
groups of dementia patients since correlations
between P300 latency and specific memory deficits
may depend on diagnosis and are, for example,
different in Alzheimer's compared with Korsakoff
patients (Blackwood el al, 1987a).

Subtypes of dementia distinguished by P300

By recording P300 in carefully defined groups of
demented patients some interesting results have
emerged suggesting thai P300 may show different
patterns of change in different diseases. St Clair el
al (1985) recorded auditory P3(X) from a group
of patients meeting strict diagnostic criteria for
Alzheimer's dementia, a group with alcoholic
Korsakoff's syndrome, and normal controls. The
Alzheimer's patients had delayed latency and reduced
amplitude of P300, but surprisingly the Korsakoff's
group as a whole did not differ significantly from
controls, despite showing very severe memory
disturbance.
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Goodin & Aminoff (1986) recorded auditory ERPs
from 22 subjects meeting strict criteria for Alzheimer-
type dementia, 13 patients with Huntington's disease,
and 13 patients with dementia associated with
Parkinson's disease. The results were compared with
those from a normal control group, and the analysis
included four potentials, the Nl, P2, N2 and P300
wave forms recorded from the vertex. Not only did
the three patient groups differ significantly from
controls, but ERP latencies and amplitudes could
distinguish between the three types of dementia. The
ERP changes were judged to be secondary to the
dementing process since asymptomatic but 'at-risk'
members of Huntington's families and non-dementing
Parkinson's patients had normal ERPs. In all
demented groups the peaks of N2 and P300 occurred
much later than in normal controls. The Huntington's
and Parkinson's demented groups (classified by the
authors as having 'subcortical' dementia) differed
from the Alzheimer's group (classified as 'cortical'
dementia) in showing a greater degree of N2 and
P300 prolongation and by greater latency of the
earlier Nl and P2 components. In Huntington's
disease the changes in P2 were significantly greater
than in Parkinson's disease. Hence all three diagnostic
groups could be classified with reasonable accuracy
on the basis of ERPs.

Changes in ERPs suggestive of both 'cortical' and
'subcortical' dementia have recently been reported
in patients infected with HIV (Goodin et al, 1990).
Changes were particularly marked in patients showing
signs of dementia, but 28% of non-demented
patients also had a longer latency period in at least
one ERP component, leading the authors to propose
that ERP may be useful in the early detection of
AIDS dementia and for the selection of patients for
specific drug treatments. Serial recording of ERP
latencies could be used to follow the progress of the
disease and to monitor the response to treatment.

The P300 response has also been shown to change
with the onset of Alzheimer-type dementia when it
occurs in subjects with Down's syndrome in middle
age. In Down's syndrome the behavioural and
cognitive changes of dementia are accompanied by
increased P300 latency and reduced P300 amplitude,
and these changes could be useful in the early
detection of dementia and the measurement of its
course (Blackwood et al, 1988; Muir et al, 1988).

The effect of pharmacological interventions
on auditory P300 has been examined in both
Parkinson's disease and Alzheimer's dementia.
Parkinson's patients have a shorter P300 latency
during their 'on-phase' as opposed to their 'off-
phase' (Starkstein et al, 1989), supporting the
notion that auditory P300 latency may reflect the

activity of dopaminergic systems in the brain. In
visual pathways also, Bodis-Wollner el al (1982)
had demonstrated that delayed ERPs in Parkinson's
disease could be modified by treatment with
/- DOPA.

However, changes in other neurotransmitter
systems may also affect the auditory P300. The
destruction of ascending noradrenergic fibres by
lesions of the locus ceruleus alters the scalp-recorded
P300 in monkeys (Pineda et at, 1989), and P300
latency is increased following the administration of
the muscarinic antagonist scopolamine to control
subjects (Callaway, 1983). Surprisingly, in patients
with Alzheimer's dementia an infusion of the
cholinomimetic drug physostigmine had no effect in
reducing the abnormally delayed P300 (Blackwood
& Christie, 1986), suggesting that the pharmacology
of P300 may vary in different disease states.

P300 in schizophrenia and depression

Pfefferbaum et a! (1984) compared P300 in dementia,
schizophrenia and depression. Patients with schizo¬
phrenia, like the dementia group, had an increased
latency and a reduced amplitude of the auditory
P300, while the depressed group did not differ from
controls. Other studies have confirmed that P300
latency and amplitude could help to distinguish
depression from dementia (Goodin et al, 1978;
Gordon et at, 1986) and changes in P300 and other
long-latency ERPs, especially those which reflect
selective attention (Barrett el al, 1986), are now
well established in schizophrenia. A reduction in
P300 amplitude during auditory detection tasks
has been reported in schizophrenia (Roth & Cannon,
1972; Shagass et al, 1977, 1978; Verleger & Cohen,
1978; Levit et al, 1973; Baribeau-Braun et al, 1983;
Morstyn et al, 1983; Pfefferbaum et at, 1984;
Blackwood et al, 1987b; Romani et al, 1987), in
schizophrenic children (Erwin et al, 1986) and
in relatives of schizophrenic subjects (Saitoh et al,
1984; Blackwood et al, 1990). A number of studies
have also found that P300 latency is increased in
schizophrenia (Pfefferbaum el al, 1984; Blackwood
et al, 1987b: Romani et al, 1987; Ebmeier et al, 1989)
although this has not always been found, possibly
owing to variation in P300 recording techniques. In
particular, the choice of low band-pass filter may
affect P300 latency and an increase in P300 latency
in schizophrenia has been reported only in studies
where a band-pass frequency of 0.5 Hz or above
has been employed (Ebmeier et al, 1989; Selzer
& Asbury, 1990),

The abnormal P300 response in schizophrenia may
be useful as a physiological marker which could help
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to define the clinical boundaries of the schizophrenia
spectrum. P300 latency appears to be independent
of the effects of medication and clinical state since
there was no apparent change in the P300 first
recorded from patients when acutely psychotic and
drug free and then retested several months later when
on medication and relatively free from psychotic-
symptoms (Blackwood et al, 1987b). P300 changes
similar to those in schizophrenia have been found
in subjects with borderline/schizotypal personality-
disorder (Blackwood el al, 1986; Kutcher el al, 1987)
and in a study of large multiply affected schizophrenic
pedigrees, abnormalities of P300 latency and
amplitude were found in relatives of schizophrenic
probands, including many relatives who were entirely
free of symptoms (Blackwood el al, 1990). These
results suggest that along with other measures such
as abnormal eye-tracking responses (Holzman el al,
1974; Matthysse el al, 1986) P300 changes may be
a useful vulnerability trait marker in schizophrenic
families.

Another candidate vulnerability trait thai appears
to show consistent impairment in unmedicated and
medicated schizophrenics is the P50 component of
the auditory event-related response following the
presentation of paired clicks. In normal subjects
this scalp-recorded response some 50ms after the
stimulus is much reduced in amplitude following
the second compared with the first click. Among
schizophrenics little or no reduction occurs and
this has been interpreted as an impaired ability to
selectively filter incoming information (Adler el al,
1982; Freedman el al, 1983). A disorder of P50
habituation is also present among relatives of
schizophrenic subjects. Siegel el at (1984) studied 14
first-degree relatives in nine families of schizophrenic
probands and reported loss of P50 habituation
in approximately half of the siblings and usually
one parent of each proband. They suggest it may¬
be a trait marker for schizophrenia which is also
associated with other alterations in event-related

potentials, including a reduced N100 and P200
amplitude (Freedman el al, 1987; Waldo el al, 1988).

li is clear that several components of event-related
potentials arc abnormal in schizophrenia. Another
example is the auditory P200 component, the positive
potential some 200 ms after a single stimulus, which
is of lower amplitude in schizophrenics compared
with controls ( Jones & Callaway, 1970; Saletu el al,
1971; Roth & Cannon, 1972; Roth el al, 1980;
Pfefferbaum el al, 1984; Shenton el al, 1989).

These ERP findings suggest that several aspects
of information processing are disordered in schizo¬
phrenia, but it is not clear how these physiological
changes relate to underlying pathology. Romani el al

(1987) performed computerised tomography scans
and recorded auditory P300 on 20 schizophrenic
subjects. Although the schizophrenic group had
enlarged ventricles and P300 responses differing in
latency and amplitude from controls, there was no
consistent association between P300 changes and
ventricular size. McCarley el al (1989) reported that
P300 amplitude reduction in schizophrenia was
significantly correlated with enlargement of the
left Sylvian fissure and with ratings for positive
symptoms in schizophrenia.

Conclusions

F.vent-related potentials are easy to record using
procedures which are well tolerated by quite disturbed
patients. They are non-invasive and evidence to
date would suggest that changes in components of
endogenous ERPs may be useful in studying dementias
and as biological markers for schizophrenia, providing
a means for defining schizophrenia-spectrum
disorders. It is a further possibility that studies
using magnetic resonance imaging or measurements
of cerebral blood flow will reveal the anatomical
and neuropathological changes which give rise to the
ERP amplitude and latency shifts, thus linking
brain pathology with disorders of specific aspects of
information processing.
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Genetic studies in schizophrenia, and linkage analysis in particular, must address the
problem of the definition of the phenotype. The identification of a biological trait
occurring more frequently in schizophrenic patients than in the general population,
which is independent of medication and clinical status segregates with the disease
in families and is found in a proportion of unaffected relatives, could increase the
power of linkage analysis by leading to the selection of a homogeneous subgroup of
the disease; providing a more accurate knowledge of mode of inheritance; helping
to identify phenocopies; and classifying asymptomatic cases, thereby increasing
penetrance values. In schizophrenia, several physiological, neuroanatomical,
pharmacological and neuropsychological findings have been reported (1) and
candidate physiological markers include smooth pursuit eye movement and event-
related potentials. Holzrnan et al. (4) reported an impairment of smooth pursuit eye
movement in schizophrenic subjects. Between 50% and 80% of the schizophrenic
population as opposed to 8% of normal controls had eye movement dysfunction
detected by visual inspection of the elcctroocculographic tracing. The use of eye
tracking dysfunction as a trait marker for schizophrenia was suggested by the results
of family studies showing that around 50% of first degree relatives of schizophrenics
had eye tracking dysfunction (5). The pairwise concordance rate for eye tracking
disorder in monozygotic twins discordant for a clinical diagnosis of schizophrenia
was higher than that found in dizygotic twins, suggesting that genetic factors
contribute to the variability of smooth pursuit eye movement. It is proposed that an
underlying "latent trait", a presumed single gene defect, could phenotypically present
itself as schizophrenia or as eye movement disorder or as a combination of both (6).

The auditory event-related potential P300 response generated during a two-tone
discrimination task, is another physiological marker of potential use in genetic
studies in schizophrenia. P300 amplitude is reduced and latency is prolonged in
schizophrenia and these changes are independent of medication and clinical state (2).
Twin studies show a high degree of heritability of the P300 waveform.

This present study was designed to measure auditory P300 response and pursuit eye
tracking in 20 high density schizophrenic families who agreed to take part in linkage
studies (3). Recordings and clinical details were obtained from 196 family members
of whom 45 were diagnosed as schizophrenic. These subjects were compared to a
group of 212 normal controls and 96 hospitalised schizophrenic patients.
Abnormalities of P300 or eye tracking or both were found in members of 17 of the
20 families and there were three families (22 subjects including six with
schizophrenia) in which no member had abnormal P300 or eye tracking. These
possibly represent a subgroup of pedigrees. The main finding of the study was that
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both P300 and eye tracking abnormalities were found in many non-schizophrenic
relatives, amongst whom the physiological markers showed a bimodal distribution
with approximately half of the non-schizophrenic relatives showing eye tracking
dysfunction and/or abnormal event-related potentials. Of the 41 family members
with P300 latency greater than two standard deviations above the control mean, 44%
had major psychiatric illness (bipolar illness, major depression, schizoaffective,
unspecified functional psychosis) and nineteen subjects had no history of any
psychiatric disease. Similarly, eye tracking dysfunction in these families was not
restricted to schizophrenia, but was found in subjects with unspecified functional
psychosis, major depression, minor depression and alcoholism. Out of 107 family
members who had never been psychiatrically ill, 15 had eye tracking dysfunction.
This family study supports the view that event-related potentials and eye movement
disorder may add considerably to the power of linkage analysis in schizophrenia by
helping to define within families the spectrum of illess, thereby improving the
estimate of penetrance and reducing the risk of including phcnocopies as affected
individuals. The usefulness of these physiological markers to genetic studies has
been enhanced by the demonstration that they can detect vulnerability to illness in
high risk individuals. A follow-up study has revealed in two of the families three
individuals who were asymptomatic with abnormal P300s when first seen and who,
on follow-up after five years had developed symptoms of schizophrenic illness.

Further studies have been carried out to relate the P300 and eye tracking
abnormalities to other genetic markers. In one very large family in which
schizophrenia and major mental illness is associated with a chromosome
translocation involving chromosomes 1 and 11 (8). The relationship between clinical
symptoms and physiological abnormalities in translocation carriers and non-carriers
has been assessed in detail and results will be presented. A further approach is to
relate neuropsychological deficits in these schizophrenic families with P300 and eye
tracking abnormalities. Schizophrenic subjects perform less well than controls on
neuropsychological tests sensitive to frontal and temporal lobe impairments. These
tests included the Wisconsin Card Sorting Test, Verbal Fluency, Hebb's Recurring
Digits and Verbal Recall. Relatives who had an abnormal P300 showed a similar
range of neuropsychological deficits as were found in the schizophrenic group and
relatives with a normal P300 response performed as well as the normal control group
(7) and results will be presented. The results suggest that ncurophsyiological and
neuropsychological testing of relatives may help to clarify the mode of inheritance
of schizophrenia in some families.
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Linkage studies aimed at identifying the chromosomal loci for genes
involved in schizophrenia continue to yield conflicting results. However,
investigation of the optimal size and structure of pedigrees, more consistent
ways of using diagnostic schema, newer highly informative probes and an
international collaboration between researchers should enhance the ability
to detect linkage. Important studies have also emerged that use methods
complementary to linkage, such as the direct examination of candidate
genes and the investigation of cytogenetic abnormalities that cosegregate
with illness.

Current Opinion in Psychiatry 1992, 5:2-5

Introduction

The importance of inheritance in producing schizophre¬
nia needs litde in the way of additional testimony. The
difficulties arise when a deeper level of understand¬
ing is sought. Which are the mode(s) of inheritance?
Which phenotypes can be accepted as being within
the schizophrenia spectrum and with what justification?
Where, which and how many genes are involved? How do
they interact with non-genetic factors? Many other ques¬
tions come to mind but answers to them are at present
very thin on the ground. There are some who feel that
solutions will not be found with the methods of analy¬
sis presently used, that schizophrenia is too complex a
disease to be explained by a small number of important
genes, or that the illness is so heterogenous that the col¬
lection of sufficient data to allow linkage to be detected
for each subtype would be impracticable. I believe such
views to be overly pessimistic, and that the last year has
seen greater agreement on the most efficient approaches
to linkage analysis and the successful use of complemen¬
tary strategies such as the screening of candidate genes
directly for mutations and the search for familial cytoge¬
netic abnormalities that co-assort with mental illness.

Linkage studies

The possibility that the long arm of chromosome 5 har¬
bours a gene for schizophrenia has diminished. Crowe
et al [1*] used five probes to screen the entire area
previously reported as linked to schizophrenia [2). Six
sibships multiply affected with schizophrenia and spec¬
trum diagnoses were examined, and the results excluded
linkage for all the phenotype groupings studied.
McGuffin et al. [3**] combined their own results on
Welsh pedigrees with equivalent published data from
Scottish, English, Icelandic, North American and Swedish
families. The combined multipoint analysis convincingly

excluded 5ql 1—13 from linkage to schizophrenia. A test
to see whether the data could be divided into valid sub¬
sets did reveal heterogeneity but, not surprisingly, this
was almost entirely caused by the results of the original
linkage paper from Gurlings group [2], McGuffin et al.
conclude '.. .we consider that true heterogeneity is un¬
likely to exist...we would expect there to be a reasonable
probability of at least a minority of these families con¬
taining the chromosome 5q-linked form of schizophre¬
nia .. there does not appear to be even a hint of such an
admixture.'

Other chromosomal regions with candidate loci for
schizophrenia have also been examined. The dopamine
type-2 receptor locus is on the long arm of chromosome
11 and since dopaminergic abnormality is still one of
the main aetiologica] hypotheses in 'schizophrenia it is
a prime candidate gene. Its possible involvement was
tested in a very large Swedish and a smaller Californian
family by Moises et al. [4**]. Using multipoint analyses
they were able to exclude linkage to the dopamine locus
and also the gene causing acute intermittent porphyria.
The sex chromosomes are another candidate area. Ab¬
normalities such as trisomy X and the XXY karyotypes
have been reported to be more frequent in schizophren¬
ics. Examination of part of the distal long arm of the
X chromosome previously suggested to be linked to
manic depressive illness excluded linkage to schizophre¬
nia in ten informative pedigrees [5]. The more termi¬
nal pseudo-autosomal region of the sex chromosomes
continues to hold the interest of Crow's group [6*], and
using a highly informative single probe mapping to this
region (and truly showing no sex-linkage itself) a large
number of sibling pairs affected with schizophrenia or
schizoaffective disorder were studied along with at least
one of their parents. They made use of an analytic tech¬
nique, originally devised to examine disease associations
with human leucocyte antigens (HLA system), in which
the degree of allele sharing in sib pairs is examined
with respect to the parental origin of these alleles. This
method avoids having to presume a mode of inheritance
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for the illness, by testing whether an assumption of in¬
dependent assortment of such alleles is justified. They
found modest evidence for linkage to the probe but a
prediction of preferential maternal origin of shared alle¬
les was not substantiated. The result awaits independent
confirmation and there will be analytic difficulties in using
other probes in a region with a gradient of sex-linkage.
Debates over whether the disparate findings in psychi¬
atric linkage studies are due to true heterogeneity or, for
instance, due to differences in the phenotype groupings,
sampling strategies, parameter values or the presence of
assortative mating continue. A first step in reducing the
problems is to attempt to standardize the approach to
linkage. Both Goldin et al. [7] and Leboyer et al. [8*]
used mathematical simulations to examine the power of
different family collection methods to detect linkage. Sib-
pair analysis was shown to be a feasible approach only
if the sample was relatively homogenous. For instance, if
only one in four sibling pairs were linked then around
200 pairs would be needed to find linkage with a rea¬
sonable degree of certainty. Nuclear families or small- to
medium-size pedigrees fare better but the most pow¬
erful, as would be expected, are families with a verti¬
cal transmission of illness and large numbers of affected
siblings in large sibships. Goldin et al, however, state
that 'For a disorder like schizophrenia even medium size
pedigrees are difficult to ascertain so that sampling nu¬
clear families may be the best choice'. This is not our
own personal experience and a collection of 40 medium
and large pedigrees have been found in Scotland alone
and we would expect that an international collaboration
could easily meet any family collection requirements. A
more difficult problem is the correct choice of mode
of inheritance. Simple mendelian inheritance as generally
assumed at present with one or a very few genes at work
would seem the most parsimonious model, but it has
been pointed out that multiply affected families would
also be predicted with a multifactorial threshold model,
with the inherited component being polygenic in nature
[9]-
Within families the problems of false positives and false
negatives arise with regards to which disorders are part
of the schizophrenia spectrum and imply a common
genotype and which disorders are distinct. It is an
empirical observation that within large families multi¬
ply affected with schizophrenia other illnesses can oc¬
cur ranging from major psychoses such as schizoaf¬
fective disorder, bipolar disorder, unipolar major de¬
pressive disorder through schizotypal personality disor¬
der to relatively more minor conditions such as alco¬
holism, minor depression, generalized anxiety disorder
and obsessive-compulsive disorder. Also, many clinically
well persons in families must be implied as carriers. Most
studies examining phenotype groupings look only at first-
degree relatives of probands whereas linkage studies usu-
;illy involve multi-generation, multiply affected samples.
To generalize to multiply affected families it is necessary
to assume that phenotypes are homogenous, even if dif¬
ferent modes of inheritance are involved. Siever et al
[ 10*] collected diagnostic information on 242 first-degree
relatives of 56 male patients with personality disorder.

The morbid risk for schizophrenia was only increased in
the relatives of 30 men with schizotypal or paranoid per¬
sonality disorder. The finding complements other stud¬
ies that indicate schizotypal personality disorder to be
part of the schizophrenia spectrum. There is provisional
indication from an adoption study that the borderline
syndrome is also increased in relatives [11], A review of
the whole area [12] concludes that DSM-I1I-R schizoaf¬
fective, schizotypal and paranoid personality disorders
can usefully be considered as part of the schizophrenia
spectrum, but question the inclusion of classical affective
psychoses. The question is important not only with re¬
spect to false positives in linkage analysis, but also to the
presence of bilineality. For instance, in Crowe's [1«] pedi¬
grees, if unipolar illness was included within the pheno¬
type grouping, at least two families could be considered
as showing assortative mating, and the larger the pedigree
size the greater the chance there is a second gene being
brought into the family from outside (e.g. the pedigree
shown in [13]).

Genetic trait markers

One approach to this problem is to search for an en-
dophenotype at a deeper level than clinical symptoms
and signs which can act as a marker for the genotype.
We have been searching for such a marker in 20 large
multiply affected pedigrees [ 14«]. Two psychophysio¬
logical measures, smooth pursuit eye movements and
the P300 component of auditory event-related potentials
were recorded from 213 subjects. The results confirmed
that abnormalities in eye movements and P300 previ¬
ously found in general population were also present in
schizophrenics within these families. More interestingly,
there was a bimodal distribution of both abnormalities in
the non-schizophrenic relatives, and abnormalities were
found in relatives who had never been psychiatrically ill
to a much greater degree than expected. The results in¬
dicate P300 and eye tracking abnormalities may be useful
genetic trait markers and especially useful in correct case
identification in linkage studies.

Family history-positive and family
history-negative schizophrenia
If linkage is found in schizophrenia, we would expect the
gene to be present in at least a proportion of the pedi¬
grees studied. But would this also be true of schizophren¬
ics in general most of whom do not have a family his¬
tory? In other words, can family history-positive cases be
usefully considered separate from family history-negative
ones? In spite of strong advocates [15,16] some consider
the division too naive and that a continuum exists from
genetic to less-genetic causes [17]. However, evidence
is emerging that schizophrenics without a family history
of mental illness have a more frequent history of ob¬
stetric complications, an earlier age at onset of illness,
and a greater tendency to be bom in the winter months
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[18,19]. Such findings may help us understand the place
of these effects in the genetic/environmental interaction.
Certainly there seems to be no phenotypic differences
between those with and without a family history [20],

Alternative strategies
The direct sequencing of candidate genes for mutations
is one way of circumventing assumptions underlying link¬
age. This has been done by Sarkar etal [21"] for one of
the most important contenders — the type-2 dopamine
receptor. They used the polymerase chain reaction to
specifically amplify the coding regions and splice junction
sites of this gene in 14 schizophrenics and found no
base changes. This is consistent with the negative-link¬
age study mentioned above [4"]. As well as candidate
genes such as neurotransmitter receptors other point¬
ers such as chromosomal abnormalities that co-assort

with schizophrenia have been found. Balanced recipro¬
cal translocations can occur where regions of two sepa¬
rate chromosomes are exchanged with each other. These
tend to be stably inherited in the heterozygous form (the
homozygous form produces a partial trisomy and mono¬
somy of affected chromosomes and is often lethal in
utero) and the cloning of the translocation breakpoints
that contain the disrupted loci has played a pivotal role in
the isolation of genes for many major genetic disorders,
including Duchenne type muscular dystrophy and more
recently choroideraemia and neurofibromatosis [22,23].
We have reported a large family in which schizophrenia
and other major mental illnesses are associated with a
translocation involving the long arms of chromosomes
1 and 11 [24"]. Psychiatric diagnoses were recorded
for 16 out of 34 members with the translocation and in
only five of 43 without it. These latter five all had mi¬
nor illnesses. Linkage analysis yielded a maximum lod
score of 4.34 from this single pedigree. The transloca¬
tion is rare and one of the phenotypes (severe ado¬
lescent conduct disorder) is not commonly reported in
other studies of familial schizophrenia but the result is
highly significant and should lead to the isolation of a
gene for one type of inherited mental illness. Certainly
a search should for other constitutional abnormalities of
karyotype, such as deletions [25] and translocations as¬
sociating with schizophrenia, provide a fruitful approach
in finding genes for the illness.

Conclusion

A greater understanding of the genetics of schizophrenia
will probably only be achieved by adopting a variety of
approaches, including linkage strategies, direct mutation
screening of candidate genes and the search for cytoge¬
netic anomalies co-assorting with the disease; all of these
methods have been applied during the last year. Perhaps
most important has been the start of international col¬
laboration in linkage analysis through the medium of the
European Science Foundation. With such pooled effort

the search for genes for schizophrenia should be that
much easier [26],
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Implications of Comorbidity for Genetic Studies of
Bipolar Disorder: P300 and Eye Tracking

as Biological Markers for Illness
D. H. R. BLACKWOOD. C.W. SHARP, M. T.WALKER, G. A, DOODY,

M. F, GLABUS and W, J. MUIR

In large families with affective illness, identification of a biological variable is needed that
reflects brain dysfunction at an earlier point than symptom development. Eye movement
disorder, a possible vulnerability marker in schizophrenia, is less clearly associated with
affective illness, although a subgroup of affective disorders shows smooth-pursuit eye
movement disorder. The auditory P300 event-related potential may be a useful marker for risk
to schizophrenia, but a role in bipolar illness is less certain. The distribution of these two bio¬
logical variables and their association with symptoms in two multiply affected bipolar families
is described.

In a single, five-generation family identified for linkage studies through two bipolar I (BPI)
probands, 128 members (including 20 spouses) were interviewed. The 108 related individuals
had diagnoses of BPI (7), bipolar II (2), cyclothymia (3), or major depressive disorder (19).
Eight others had generalised anxiety (1), minor depression (5), intermittent depression (1), or
alcoholism (1). Sixty-nine subjects had no psychiatric diagnosis. P300 latency (81) and eye
tracking (71) were recorded from a subgroup of relatives within the pedigree. Eye tracking was
abnormal in 11 of 71 relatives (15.5%) and was bimodally distributed. In these 11 relatives, clinical
diagnoses included minor depression (1), alcoholism (1) and generalised anxiety disorder (1).
P300 latency was normally distributed and did not differ from controls. In a second family in
which five of seven siblings have BPI illness, P300 latency and eye movement disorder were
found in affected relatives and in soma unaffected offspring In these large families, clinical
diagnoses of general anxiety, alcoholism and minor depression, when associated with eye
tracking abnormality, may be considered alternative clinical manifestations of the same trait
that in other relatives is expressed as bipolar illness

The importance of genetic factors in the aetiology
of manic depressive illness has been consistently
confirmed, and there is now worldwide interest in
linkage and association studies as a first step toward
the localisation and characterisation of genes
implicated in the development of these disorders.
Given their high prevalence, affective illnesses arc
unlikely to be homogeneous, and several over¬
lapping clinical syndromes may be found, each with
a different genetic basis. Locus heterogeneity can
profoundly reduce the power of linkage analysis
when carried out with a large number of medium-
sized families, and some advantages will be
obtained by studying single, very large pedigrees
containing many cases, all assumed to have the
same genetic cause, providing that the offspring of
marriages between two affected partners are
identified and excluded from the analysis.

The success of linkage analysis depends crucially
on the correct definition of the phenotype, and in
large families decisions must be made about the
relationship between bipolar and unipolar illness
and between, these and other disorders, including
anxiety, alcoholism and cyclothymia. When two
diagnoses are found (say depression and anxiety) in
one member of a family which has been identified
through probands with depression alone, comor¬
bidity could be viewed as the expression of at least
two separate genes, or as the pleiotropic expression
of a single reponsible gene.

Previously a family has been reported in which a
stable reciprocal balanced chromosomal transloca¬
tion t(l;ll) is associated, within a large extended
family, with a phenotype that includes relatives
with schizophrenia, schizoaffective disorder, recur¬
rent major depression, generalised anxiety, and
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adolescent conduct disorder (St Clair et al, 1990).
No cases of major mental illness were observed in
family members who did not inherit the chromoso¬
mal abnormality. Psychiatric illness and the
translocation were clearly linked, and the family
illustrates the varied clinical expression of affective
illness that may arise from a single genetic cause.
Genetic markers such as translocations found to

segregate with illness in large families are relatively
rare. The aim of this study is to examine instead
the relationship between two possible biological
risk factors (the auditory P300 event-related
potential and smooth-pursuit eye movement) and
symptoms.

Biological markers in affective disorder
Gershon & Goldin (1986) set out four basic
criteria for biological markers to be considered
as risk factors for disease: (a) the biological
variable should be associated with the disease at
the population level and clearly separate patients
from controls, (b) family and twin studies should
confirm that the variable is heritable: (c) it should
be a trait rather than a state marker present in the
acute phase and in remission of the illness; and (d)
it should be increased in relatives, including some
asymptomatic relatives who could be considered
'carriers". The first criteria applies to markers that
can be considered direct risk factors for disease,
but we must also consider other possibilities, for
example, biological variables that protect against
the development of illness. A more complex
relationship may exist between a marker and the
clinical expression of a disease, as in the case of
eye movements in familial schizophrenia where
some schizophrenics do not seem to have dis¬
ordered tracking, but some of their clinically
well relatives do. In schizophrenic twin pairs,
discordant for schizophrenia, it is sometimes the
unaffected co-twin who demonstrates eye move¬
ment disorder. This led to the proposal of a
model in which the clinical expression of symptoms
and the biological variable were proposed to be
alternative expressions of an underlying gene
mutation (Holzman el al, 1980; Matthysse et al,
1986).

Eye movement disorder in affective illness
When a subject visually tracks a slowly moving
object, the neurological control of these eye move¬
ments involves both the smooth-pursuit eye
tracking system and higher frequency saccadic
movements. It is well established that some patients

with schizophrenia have an impairment of the
smooth-pursuit system, and a similar disorder has
also been reported in patients with affective
disorders. Shagass et al (1974) showed impairment
of eve tracking in subjects with affective psychoses
and found no significant drug effect. These findings
have since received substantial support from a
number of studies showing an increased prevalence
of eye movement disorder in subjects with bipolar
affective disorder (Salzman et al, 1978; Lipton el al.
1980: lacono ei al. 1982; Kufferie el al, 1990; Abel el
at. 1991; Amador el al, 1991: Friedman et al, 1992).
Levy el al (1985) proposed that lithium treatment
may be responsible for some of the eye movement
disorder found in bipolar illness, bul other studies
have found abnormal tracking in drug-free patients
(e.g. Kufferie et al, 1990). The eye movement
abnormalities found in manic-depressive illness
differ from those found in schizophrenia (Abel el
al, 1992), and there is some evidence from family
studies to suggest that although eye movement
disorder is common in unaffected relatives of
schizophrenic probands, it is much less commonly
observed in relatives of probands with affective
disorders (Holzman et al, 1984).

F300 in affective disorders

The auditory P300 event-related potential recorded
via scalp electrodes is a positive electroencephalo¬
gram (BEG) wave-form generated some 300 nts
after a subject hears an auditory stimulus that
demands their attention. During a typical "odd¬
ball" test a subject is asked to respond by counting
high-pitched tones, which are randomly and
infrequently embedded in a series of low-pitched
tones lhal the subject is asked to ignore. The P300
response is a measure of attention and reflects part
of the orienting response to unusual stimuli. In
contrast to the extensive literature on reduced
amplitude and increased latency of the P300
event-related potential in schizophrenia and in
alcoholism, there are relatively few studies using
event-related potentials in the affective disorders.
Bipolar patients differed from unipolar patients
when tested using an augmenting-reducing para¬
digm with visual stimuli (Buchsbaum et al, 1973),
and auditory P300 amplitude has been found to be
reduced in patients with depression (Levit et at,
1973; Shagass et al, 1978; Roth et al, 1981;
Pfefferbaum et al. 1984; Diner et al. 1985; Thier
et al, 1986). Some studies indicated that the
amplitude of event-related potentials in depression
are related to clinical state (Friedman & Meares,
1979; Blackwood et at, 1987; Gangadhar et al.
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1993). One of the largest studies of auditory P300 in
affective disorders was reported by Muir el at
(1991). A comparison of bipolar depression
(n = 79), unipolar depression (« = 48). schizophrenia
(n 96), psychiatric in-patient controls (n .32) and
normal controls (n = 213) showed thai the latency
of P300 was significantly greater in the schizo¬
phrenic and bipolar subjects compared with the
other three groups. The difference was not due to
age, clinical state or medication. The results support
the distinction between unipolar and bipolar
depression, since P300 latency did not distinguish
unipolar depressed subjects from controls. We have
recently replicated the finding that P300 latency is
prolonged in bipolar depressive illness patients
compared with controls (Souza el at, 1995).

We have examined, in two bipolar pedigrees, the
distribution of clinical phenotypes and the biologi¬
cal variables of auditory P300 and smooth-pursuit
eye tracking. If P300 or smooth-pursuit eye move¬
ments are markers for liability to bipolar affective
disorder in these families, then these markers will
identify family members whose symptoms are
pleiotropic expressions of the genes causing illness
in the family.

Method

Family recruitment

Families were recruited for linkage studies and were
selected if they had at least two index cases with
bipolar 1 disorder. Initial contact was made through
the psychiatrist looking after the index cases, family
members were fully informed about the nature of
the study and were interviewed by a trained
psychiatrist at home or in a hospital clinic. Those
participating in the study agreed to the following:

(a) an interview using the Schedule for Affective
Disorders and Schizophrenia - Lifetime Ver¬
sion (SADS-L; Endicott & Spitzer, 1978);

(b) recording of smooth-pursuit eye movements
and auditory event-related potentials;

(c) venepuncture for molecular genetic studies,
and to type red blood cells and histocompat¬
ibility antigens to confirm paternity.

P300 and eye-tracking data were compared with
normal controls described fully in previous studies
(Blackwood el at. 1991; Souza et a). 1995).

Method of P30O recording

Bipolar recordings were made between silver/silver
chloride electrodes at six sites on the scalp (frontal

[FZ], central [CZ], parietal [PZ], left temporal |T3j
and right temporal [T4] positions) according to (he
international ten-twenty electrode system (Jasper,
1983). Two electrodes measured the electro-oculo-
gram, one at the left supraorbital position and
another at the lateral canthus of the left eye. A
ground electrode was positioned at the left earlobe.
Electrode impedances were less than 2 kfi. The
subjects were informed that they would hear low-
pitched (1000 Hz) tones interspersed occasionally
with high-pitched (1500 Hz) tones, and they were
required to count silently the high-pitched tones.
Recordings were considered satisfactory if the
counting error was less than 10%.

The EEG data were amplified by 10 000 with a
bandwidth of 0.16 to 30 Hz (-3dB). The data
were then sampled via an analogue-to-digital
converter. The sampling rate per channel was
250 Hz. The data sweep commenced with the
collection of 244 ms of prestimulus baseline EEG,
followed by stimulus EEC data. Any data ex-
ceeding±45 ftv absolute size caused rejection of the
whole data sweep for all channels. Data was
smoothed with a bidirectional digital filter with
the characteristics of a 15 Hz ( — 3 dB), one pole,
low pass Butterworth. When applied as a bidirec¬
tional filter there was zero-phase shift, and the
— 3 dB point moves to approximately 10 Hz. The
stimulus probability was set at 1/10 (rare:frequent)
and stimuli were generated in random order. Tones
of 40 ms duration were generated at 1000 11/
(frequent) and 1500 Hz (rare) and were delivered
binaurally at 75 dB SPL through headphones.

P300 latency (ms) at the central lead (CZ) was
measured by the least-mean-square method (Glabus
et at, 1994) and the amplitude (^v) was defined as
the highest point in the curve.

Smooth-pursuit eve movement recording
The method was a modification of that described by
Holzman el at (1984). Briefly, the subject visually
tracks a slowly moving dot as it traverses a
computer screen. The electro-ocuiogram was re¬
corded in the horizontal plane via silver/silver
chloride electrodes attached 1 em lateral to the
outer canthus of each eye, and a reference earth
electrode was attached to the right earlobe.
Impedance was less than 2 k£l, the electro-ocuio¬
gram was amplified x 10 000, the amplifier band
width was 0.016 to 30 Hz, and the signal was
recorded for later analysis on an FM instrumenta¬
tion tape recorder. The target, a round spot
subtending 0.5" of visual arc displayed on a monitor
screen, moved sinusoidaily at a frequency of 0.4 Hz
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subtending an angular amplitude of 30':. The
recorded signal was later digitised at a rale of 100
samples per second to a total of 1024 samples. The
reconstructed signal was displayed on a monitor,
and ten seconds of blink-free signal was selected for
fast Fourier transform. Spectral power density in
the range 0.3 to 0.5 Hz (signal) was compared with
power density in the range of 0.8 to 8.0 Hz (noise).
The natural logarithm of the signal-to-noise ratio
was used as the measure of smooth-pursuit eye
movement, a low ratio indicating increased saccadic
movements and hence greater abnormality.

Results

Figure 1 shows the extended pedigree in which 128
relatives have been interviewed. Of these, 20 were

relatives by marriage and data are presented from
the 108 related individuals. P.300 was recorded from
81 and eye-tracking from 71 relatives. Table 1
shows that 39 individuals had a psychiatric
diagnosis, 9 having bipolar 1 or II, and a further
19 had major depressive disorder. Other diagnoses
included intermittent and minor depression, genera¬
lized anxiety, alcoholism and cyclothymia.

P300 and eye tracking in bipolar family I
Table 2 shows that P300 latency was not prolonged in
relatives with affective disorder compared with 26
controls. Figure 2 shows the normal distribution of
P300 latency in these 81 relatives. Figure 3 shows a
bimodal distribution of eye movement measurement
(signal: noise) in 71 relatives. There is an excess of

individuals with a signal: noise ratio of less than 3.1 (2
s.d. less than the mean of controls; Muir el at, 1992)
and the distribution of these data wasconlirmed to be
bimodal (P<0.001) using the NOCOM programme
(J. Ott, Columbia University).

Diagnoses of relatives with abnormal eye tracking
Table 3 shows that, of the 11 relatives who were
found to have abnormal eye tracking, eight had no
psychiatric diagnosis and the remaining three had
minor depression, cyclothymia with generalised
anxiety, and alcoholism.

P300 and eye tracking in a second bipolar family

Figure 4 shows the distribution of P300 and eye
movement abnormality in a three-generation family
in which five members ofone generation have bipolar
i illness. P300 abnormality was found in two
individuals with bipolar illness. Eye movement
disorder was observed in two of the affective cases.

The only illness diagnosed in earlier generations was
alcoholism. In the third generation, six individuals
were tested: these were all asymptomatic apart from
one case ofgeneralised anxiety disorder, but their ages
ranged from 25 to 30 years and they had not lived
through the risk period for developing affective
symptoms. One member had eye movement disorder.

Discussion

In these two families with bipolar illness, several
other diagnoses were made in family members

Fig. 1 Bipolar family I, Filled symbols are relatives with a clinical diagnosis of bipolar I or bipolar II disorder
disorder. Upper half-filled symbols indicate abnormal eye tracking ( >2 s d. below control meant

or major depressive
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Table 1
Clinical diagnoses in family 1

Diagnosis n

Bipolar 1 1

Bipolar II 2
Major depression 19
Intermittent depression 1
Minor depression 5
Generalised anxiety 1
Alcoholism 1
Cyclothymia 3
No psychiatric diagnosis 69

i » 1 if J Inf h
t 19 2.8 37 48 5.5 6.4

Signal ;no*se

Table 2
P300 latency and eye tracking in relatives with major affective

disorder in family 1

Diagnosis P300 latency (ms) Eye tracking
mean ± s.d. (n) signal: noise

mean ± s.d {n)

Affective disorder (including 350 ±24.4 (19) 4.6±0.71 (19)
Bipolar 1 & II. major
depressive disorder)

Controls 355 ±26.5 (27) 4.9 ±0.92 (145)

n rf ::DH

Fig, 3 The distribution of eye tracking (signal: noise) in 71
relatives in family I. The distribution was bimodal (/><0.00I).

Table 3
Clinical diagnosis and eye tracking in family 1 (71 relatives)

Eye tracking in relatives is compared with 135 controls described by Muir
et aJ (1992). and P300 with 26 controls in Sou/a el al (1995)

Diagnosis Abnormal Normal

eye-tracking eye-tracking
(>2 s.d. from
control mean)

Bipolar I _ 3
Bipolar II — 1

Major depressive disorder 15
Major depressive disorder, alcoholism — 1
Minor depression 1 1
Cyclothymia, minor depression 2
Cyclothymia, generalised anxiety 1

Alcoholism 1 —

No psychiatric diagnosis 8 37
Total 11 60

P300 Laisncy (msec)

Fig. 2 The normal distribution of P300 latency in 81 relatives in
family 1.

including intermittent depression, minor depres¬
sion. generalised anxiety, alcoholism, and cyclothy¬
mia. Eye movement disorder, which was bimodally
distributed in the family, was found in asympto¬
matic relatives and in those with psychiatric

diagnoses including minor depression, alcoholism,
and cyclothymia with generalised anxiety. Thus, eye
movement abnormality in these relatives "at risk"
of bipolar illness may reflect a pleiotropic expres¬
sion of genes responsible for the illness. The
relatives with eye movement disorder and no
psychiatric diagnoses are clearly of interest for
studies of protective factors that might influence the
expression of this underlying trait.

In family 1 no cases of bipolar illness or major
depressive disorder had eye tracking dysfunction.
This observation of a tendency toward an inverse
relationship between eye movement dysfunction and
clinical symptoms in affective disorder is similar to
findings in schizophrenia. A correlation between
normal eye tracking and abnormal morphology of
medial temporal lobe structures 111 schizophrenia



90 BLACKWOOD ET AL

Fig. 4 Bipolar family 2. ALC, alcoholism; BPI, bipolar 1. GAD, generalised anxiety disorder; EMD. eye movement disorder
(signal: noise <2 s.d. below control mean); MOD, major depressive disorder; P300, abnormal P300 latency (>2 s.d. above control
mean).

has been reported by Levy et at (1992). Smeraldi et
at (1987) also reported a significant association
between lateral ventricular enlargement and normal
eye tracking. Holzman et at (1980) observed in
twins, discordant for schizophrenia, a tendency for
the schizophrenic twin to have norma! eye tracking
and the asymptomatic co-twin to have abnormal eye
tracking. The findings in this single family wotdd
suggest that a similar situation may be obtained
with eye tracking in manic-depressive families.

Comorbidity and molecular genetic studies
Molecular genetics should eventually help to
resolve the problem of comorbidity in the affective
disorders by identifying mutations in genes segre¬
gating with illness in families and associated with
illness in the population. Several situations have
been described in which quite different phenotypes
arc associated with the same or closely related
mutations in the same family or between families.
Separate mutations involving the same gene may
cause quite distinct clinical syndromes as illustrated
by mutations in the receptor tyrosine kinase gene
(Hevningen, 1994). The same mutation in a gene
can be expressed in different ways, as in the case of
mutations in the beta-amyloid precursor gene,
leading to the clinically distinct entities of Alzhei¬
mer's disease and early-onset multiple strokes
(Hendriks et at, 1992). There is a lack of a
consistent correlation between the genetic defect
and the diseased phenotype with mutations at the
prion protein gene. The phenotype varies in the

age of onset and in the neuropathology, ranging
from widespread spongiosis to minimal pathology
(Medori et at, 1992). In Huntington's disease the
presence of an unstable trinucleotide repeat
determines a phenotype that varies in age of onset
and extent of rigidity and dementia (Ridley et at.
1991).

A variety of mechanisms could be at play in
producing these widely varying gene expressions;
imprinting, anticipation, and mitochondrial inheri¬
tance could all be implicated, and each of these has
been proposed in some families with manic-
depressive illness. It is of interest that the expansion
of trinucleotide repeat patterns in sequences causing
gene disruption has been shown to be causal in
Huntington's disease, myotonic dystrophy, Kenne¬
dy's disease, fragile X syndrome, spino bulbar
atrophy, and leukopontine encephalopathy. All of
these disorders have neuropsychiatry components
and this genetic mechanism may be relevant to
bipolar illness (Mclnnis et at, 1993).

Conclusion

Molecular genetic mechanisms that operate in
several other neuropsychiatry conditions could
underlie phenotypic variation in bipolar families.
Eye tracking is a candidate to be considered as a
biological risk marker for affective disorder, and
since in bipolar families it is found to be abnormal in
relatives with anxiety states, cyclothymia, and
alcoholism, it may be postulated that this physiological
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disorder reflects the pleiotropic expression of genes
responsible for bipolar illness in these families.
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Genetics advances and learning disabilityt
WALTER J. MUIR

Background Medicine is rapidly
becoming molecular medicine, and little
escapes the grasp of modern genetics.
Most disorders associated with learning
disability have at least a genetic
component influencing their expression;
in many disorders, disturbances ofgenetic
mechanisms play a pivotal role.

Aims Dynamic mutations, imprinting
mechanisms and gene-dosage effects are

explained with reference to genetic
disorders that lead to learning disability.

Method A review of recent important
studies in the genetics of learning disability.

Results A host of new genetic
connections to conditions associated with

learning disability have been made.

Conclusions A basic understanding of
these genetic connections is important for
all learning disability psychiatrists if they
are to follow the rapid changes - already
beginning to influence our practice - that
hold immense promise for the future.

Declaration of interest None.

Learning disability is a descriptive concept,
not a disorder. A long held (and totally
valid) view has been that the conditions
leading to severe and profound learning
disability have identifiable pathologies, inclu¬
ding genetic disorders. Mild to moderate
learning disability by contrast has been seen
as largely sociocultural and multi-factorial/
polygenic in origin. However, an increasing
number of single-gene conditions and
subtle chromosomal rearrangements that
lead to a mild to moderate outcome are

known, and it is important for people with
all degrees of learning disability that we dis¬
cover as much as possible about the causal
relationships involved.

LEARNING DISABILITY AND

GENETICS

Our genome can be altered in many ways.
The term 'mutation' usually implies change
in the nucleotide sequence of single genes,

altering their coding information. Mutation
is one of three vital processes — the others
being recombination and random chromo¬
some assortment at fertilisation — that lead
to the molecular individuality of a person.
Mutations can be advantageous or harmful,
depending on how they adapt the person
for a particular environment. Single nucleo¬
tide changes (point mutations) can be very

deleterious, especially if they occur in key
developmental genes. Point mutations in
the human eye-brain development gene
'sonic hedgehog' can lead to the disastrous
outcome of holoprosencephaly. Mutations
in its Drosofihila larval counterpart lead
to spiky outgrowths (hence the name). Such
nomenclature now gives us desert, Indian,
echnida, even tiggywinkle hedgehog genes

(Johnson &£ Scott, 1998). Many conditions
previously thought to involve large num¬
bers of genes (polygenic conditions) have
now been shown to involve one gene or a
few major genes (oligogenic conditions),
and many seemingly unitary clinical

conditions are genetically heterogeneous
(e.g. tuberous sclerosis). On a larger scale,
many genes can be affected by structural
abnormalities of chromosomes. Duplica¬
tions, with associated effects on gene

dosage, can range from small partial triso¬
mies through to the complete trisomies.

Karyotyping now involves molecular
cytogenetics, with high resolution banding
and fluorescent in situ hybridisation (FISH)
revealing new sub-microscopic chromoso¬
mal rearrangements well below the classical
banding levels (Flint et al, 1995). Deletions
can be too small to detect by classical
methods (examples, include many of the
contiguous gene syndromes, where a micro-
deletion removes several genes), or large
enough to cause complete chromosome
arm loss (e.g. cri-du-chat) or whole chromo¬
some loss (e.g. Turner's syndrome). Other
rearrangements can disrupt gene structure

directly or act by positional effects.
Familial disorders associated with

learning disability often do not show simple
Mendelian inheritance. Partial penetrance,

parent-of-origin effects and anticipation
occur - and in some cases (e.g. fragile-X)
occur together. Advances in our under¬
standing of the molecular mechanisms
involved have been directly due to the study
of disorders associated with learning dis¬
ability, adding important new concepts
such as dynamic mutations, imprinting
and uniparental disomy to human genetics
in general (the meaning of these terms will
be explained below).

The fact that there are more men than
women with learning disability has been
known for over a hundred years, and is
mainly due to X-linked disorders. The X
chromosome is also the best-studied human

chromosome, with detailed genetic maps
available. It is unsurprising then that a

series of conditions associated with learning
disability has been regionally mapped to
the X chromosome. Another major advance
has been the generation of new animal
models useful in studying the neurological
effects of gene mutations. The advent of
transgenics, with its ability to knock out

specific genes or insert specific human
genes in (usually) the lab mouse, and to
alter genes in targeted ways, has revolution¬
ised our ability to correlate genotype and
phenotype. Using such methods, a sur¬

prising amount of information has been
gleaned about genetic conditions that
produce learning disability.

It would be impossible to cover, even

superficially, all recent genetic findings.'See editorial pp. 10— 11, this issue.
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Instead, the focus will be on areas of
current interest that reveal how molecular

genetics contributes to our understanding
of the conditions associated with learning
disability. The application of new methods
to well-described conditions will centre on

Down's syndrome, and dynamic mutations
will he illustrated by fragile-X, while on
the X chromosome several other key X-
linked conditions associated with learning
disability will be discussed. Mention will
be made of neuronal migration disorders
located on autosomes, while the Prader-
Willi and Angelman syndromes will illus¬
trate parent-of-origin effects, imprinting
and uniparental disomies. Contiguous gene

syndromes will focus on chromosome 22
deletions, which may partly explain the
greatly increased rate of psychotic disorders
in learning disability. Finally, there will be a
brief discussion of where developments are

leading in this field.

DOWN'S SYNDROME: NEW

INSIGHTS INTO TRISOMIES

Down's syndrome is the paradigm of a

(usually) non-inherited genetic disorder,
where the effects are thought to be due to
an excessive level of gene transcription
(the dosage effect). To the psychiatrists its
clinical presentation should need no

description.
The density of genes on a chromosome

plays a large part in determining whether a
foetus with a particular trisomy will survive
to term, and the banded morphology of
stained chromosomes is now thought to
have a definite functional basis. Genes clus¬
ter in poorly staining R-bands, especially in
early-replicating R-bands termed T-bands.
Certain chromosomes, such as 19, are very
T-band rich, others of comparable size such
as 18 are comparatively gene poor. The
three most survivable trisomies (21, 13
and 18) are precisely those with the lowest
chromosomal gene densities. An average

chromosome, however, will contain about
4000 genes; even a very fine chromosome
band of 3 000 000 base pairs (3Mbp) may
contain over 100, and almost certainly
one of relevance to brain function. Gene

clustering is relevant to the concept of a
critical region for a condition. Rare indivi¬
duals have chromosome 21 material in

partial trisomy through a duplication or
an unbalanced reciprocal translocation.
Relating the gene content of this excess
material to clinical phenotype may help

the detection of specific genes producing
specific clinical features, although some
features may be due to the interactive
effects of different genes in triplicate rather
than simply to increased dosage of single
genes. Some of these partial trisomies lie
below the level of detection using classical
banding methods. An example is shown in
Figure 1.

Animal models for Down's syndrome,
involving partial or full trisomy of the
animal chromosome syntenic for human
chromosome 21, have not always been con¬

vincing. Recently, however, transgenic mice
have been created with an excess of human
chromosome 21 material inserted into their

genomes. By inserting different stretches of
human chromosome 21 DNA, the pheno-
typic effects of regional trisomy can be
explored (Smith et al, 1997). One such
mouse displaying specific learning deficits
was trisomic for a region containing the
human form of the Drosophila minibrain

gene. This gene immediately assumes a can¬
didate role in human brain development,
although there will undoubtedly be other
genes in this region involved in neurological
functioning. Such techniques should help
the molecular dissection of other trisomies

and disorders with a suspected dosage
effect.

Another genetic aspect of Down's syn¬

drome, one that continues to throw up

puzzles, is the association with dementia.
The role of Alzheimer precursor protein
(APP) is unclear, but some mechanism must
exist to explain why pathology does not

usually appear until the third decade, even

though APP levels arc persistently high
from foetal life. One suggestion is that an

APP-scavenging mechanism fails with age,

leading to plaques. The situation regarding
proposed modifying genes is also confused.
One finding is that the apolipoprotein c4
(APO-f.4) genotype may not have a direct
influence on the causation or course of

Fig. I Black and white reproduction of chromosome 21 fluorescent in situ hybridisation (FISH) painting on a

metaphase from a patient with clinical Down's syndrome but with no abnormality on classical karyotyping. FISH
was performed using a commercial flow-sorted whole chromosome 21 paint library conjugated with biotin,
counterstained with 4,6-diamidino-2-phenylindole. Backgound and repeat sequence binding was eliminated
using total human cot-l DNA and human ribosomal DNA.The chromosome banding pattern can been seen, as

can the signal on chromosomes 21. There is also an interstitial band of chromosome 21 signal near the centro¬

mere of chromosome 13, which represents the small partial trisomy in this patient. An interphase nucleus (also

showing chromosome 21 hybridisation) is present above of the mctaphase.
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Alzheimer's disease, but may instead influ¬
ence the age at which the disease is likely
to occur or progress (Meyer et al, 1998).
This finding may be relevant to age of onset
in Down's syndrome, where recent findings
indicate that individuals may be clinically
spared - if they live long enough, dementia
will develop.

PRADER-WILLI AND

ANGELMAN SYNDROMES:

DELETIONS, UNIPARENTAL
DISOMIES AND IMPRINTING
MECHANISMS

Prader-Willi syndrome, although not
common (one in 10 000-20 000 live births),
has gained a number of notable firsts: it is
the first human microdeletion syndrome
found by high-resolution banding, the first
human disorder where imprinting has been
shown to play a critical role, and the first
human condition where uniparental disomy
contributes to its genesis (Cassidy, 1997). It
also is the paradigm of a behavioural
phenotype with developmental delays
leading to variable degrees of learning dis¬
ability, hyperphagia with severe obesity,
hypogonadism and mild dysmorphic fea¬
tures such as small hands and feet and short

stature. The study of such behavioural
phenotypes, where specific reproducible
constellations of behaviours are assumed
to be conditional on an underlying common

genotype, is becoming an important dis¬
cipline in itself. In Angelman syndrome
(which affects one in 30 000 newborn
babies), moderate to severe learning dis¬
ability is associated with an ataxic gait,
paroxysmal laughter, minimal speech, hand
flapping and seizures.

The usual cause (70%) of Prader-Willi
syndrome is a microdeletion at chro¬
mosome 15q 11 -q 13. The breakpoints are

relatively stable and define a region about
4Mbp in length. Although the micro-
deletion is just visible on high-resolution
banding, the diagnosis is now usually based
on FISH. Detailed mapping using rare
familial translocations and other rearrange¬
ments has shown that the critical regions
for Prader-Willi syndrome and Angelman
syndrome abut one another but do not
overlap; the latter's critical region is more
telomeric (closer to the end of the chromo¬
some). In the normal person the Prader-
Willi syndrome region is known to contain
at least seven gene sequences (including
the neuronal necdin gene) solely expressed

from the paternally derived chromosome
15. A deletion on the paternally derived
chromosome 15 silences these genes, and
Prader-Willi syndrome results. No single-
gene mutations that produce Prader-Willi
syndrome have been found; the syndrome
is likely to be a true contiguous gene

syndrome involving several genes. In
Angelman syndrome the situation seems

simpler. Again, deletions predominate
(causing about 70% of cases) but this time
on the maternally derived chromosome 15.
One gene, UBE3A coding for F6-AP-
ubiquitin protein ligase, is expressed from
both chromosomes in most tissues, but
preferentially from the maternally derived
chromosome 15 in the human brain. Single
point-mutations in this gene produce full
clinical Angelman syndrome, and it may
therefore be a true single gene disorder,
although other genes may modify its
expression (Jiang et al, 1998).

Another mechanism producing Prader-
Willi syndrome (30%) and Angelman syn¬
drome (5%) is uniparental disomy. Here,
both chromosome 15s have apparently de¬
rived from one parent alone. A trisomy will
contain two chromosomes from one parent
and a third from the other. If one chromo¬
some is lost the complement reverts to a

disomy, and in one-third of cases this will
contain two chromosomes from the same

parent. Another (rarer) mechanism could
be a monosomy that is followed by duplioa
tion of the chromosome. In the case of two

chromosome 15s arising from the mother,
there would be a functional silencing of
paternally expressed gene, resulting in
Prader-Willi syndrome. Similarly, if both
chromosomes originated from the father a
functional silencing of maternally expressed
genes would lead to Angelman syndrome.
Uniparental disomy is usually detected by
testing chromosome-15-specific polymor¬
phic markers on DNA from the person with
Prader-Willi syndrome or Angelman syn¬
drome and both their parents. There is
some evidence that the facial features of
Prader- Willi syndrome caused by uniparen
tal disomy are less prominent than those of
Prader-Willi syndrome caused by deletion,
so the degree of gene silencing may differ.

Studying why such genes arc only
expressed from a paternally or maternally
derived chromosome has shed much light
on the control of gene expression and has
revealed a completely new variety of mol¬
ecular disorder - imprinting centre muta¬
tions. Genomic imprinting (Constancia et
al, 1998) is the mechanism by which only

one copy of a gene - that inherited from a

particular parent - is activated or repressed.
It is an epigenetic mechanism of controlling
gene expression, since the underlying DNA
sequence is not in itself disturbed and the
changes are potentially reversible. One
way to form an imprint is by the enzymatic
addition of methyl groups to nucleotides in
the DNA sequence. The classical instance
is the large-scale methylation and packaging
of the second X in women. However,
specific differential methylation patterns of
restricted regions of autosomal DNA are
well known, and the clustering of genes that
are methylated on one chromosome but not
the other (as happens in the Prader-Willi
syndrome/Angelman syndrome region)
suggests a functional relationship between
the different genes of the group. To
establish a parent-specific imprint, in the
first place the imprint from the previous
generation must be cleared in the parents'
germ-line. The imprint is removed from
both chromosomes of the pair early in
germ-cell development; later (perhaps
around or even after birth), parent-gender-
specific differential methylation occurs.

Methylation of DNA sequences may alter
(usually suppress, sometimes enhance) the
binding of transcription or other factors
controlling gene expression. Most human
genes (about 60%) reside under CpG
islands - stretches of DNA enriched in C

and C dinucleotides. Methylation of these
islands usually silences the relevant genes,
and CpG stretches are common in differen¬
tially imprinted regions. In the Prader-Willi
syndrome/Angelman syndrome region, one

paternal-chromosome expressed gene,

SNRPN, is very tightly regulated by methy¬
lation, so that its promoter region and
associated CpG island are completely
differentially methylated in all somatic
tissues. Its main product is a nuclear-ribo-
nucleoprotein-associated polypeptide. Tiny
microdeletions in the immediate vicinity of
the SNRPN gene have been shown to alter
the methylation pattern of the Prader-Willi
syndromc/Angelman syndrome region and
cause the relevant syndrome to occur. Such
imprinting 'mutations' are rare (occurring
in under 5% of the sufferers of either syn¬

drome), but point to the existence of an

imprinting centre involved in imprint
establishment. Imprinting mutations lead¬
ing to Angelman syndrome lie centromeric
to those causing Prader-Willi syndrome,
and both lie just centromeric to SNRPN,
suggesting that the imprinting centre may
have two functional parts, one relating to
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a patcrnal-to-maternal imprint switch and
the other to a switch in the opposite direc¬
tion. In the case of mutations producing
Angelman syndrome, the critical part of
the imprinting centre actually overlaps the
SNRPN gene, and certain exons of SNRPN
in this region encode a transcript with a
function different from that of its main tran¬

script. Whether this is involved in imprint
formation is uncertain, but it shows expres¬
sion specific to the paternally derived chro¬
mosome in the normal brain. The Prader-
Willi syndrome imprinting centre also over¬

laps the SNRPN gene promoter, giving this
gene a possible accessory role in both types
of imprint switch. Some imprinting centre
microdeletions are inherited. In Prader-
Willi syndrome the patient has an imprint¬
ing centre mutation on the chromosome
15 derived from the father. The father is

phenotypically normal but has the imprint¬
ing centre mutation of the chromosome 15
derived from his phenotypically normal
mother, who also has a microdeletion (pre¬
sumably arising de novo here). From the
patient's point of view, both chromosome
15 regions are maternal in their imprint
and there has been a failure of imprint
switching in the father. In inherited Angel¬
man syndrome imprinting mutations, the
opposite holds true.

Three type A y-aminobutyric acid
receptor (GABAa) genes occur in the telo-
meric part of the Prader-Willi syndrome/
Angelman syndrome region. Their imprint¬
ing status is uncertain, but deletion of one

(GABRB3) has been said to increase the
severity of epilepsy associated with
Angclman syndrome (Jiang et al, 1998),
and duplications of the area have been im¬
plicated (Schroer et al, 1998) in some cases
of autism. The incidence of psychosis in
adults with Prader-Willi syndrome (5%)
is raised relative to the general population
rate, and it would be important to see
whether these people also had changes in
their GABA receptors.

THE XCHROMOSOME AND

ITS DISORDERS

Gender-linked disorders are very important
in learning disability, and the X chromo¬
some has been the most studied part of all
the human genome.

Only one X chromosome must be
fully active at one time in any diploid cell.
Inactivation of the second X chromosome
in women is a random process, controlled

by an X chromosome inactivation centre
(Xic). Within the Xic is a gene termed Xist,
encoding an untranslated structural RNA
that coats the X chromosome, which is then
inactivated. The X chromosome seems to

be rich in inactivation promoting signals,
but inactivation will spread in a patchy
fashion across any autosome translocated
onto it. The active X chromosome does

not express the Xist RNA, whereas the
inactive X chromosome continues to do
so. Xist gene deletions completely prevent

inactivation, but DNA deletions in the
immediate vicinity of the Xist gene cause
non-random inactivation on the deletion
chromosome only (Clerc &c Avncr, 1998).
Such sequences may be important in the
counting process, in which inactivation
occurs only if there are two or more Xics
(this maintains X chromosome activity in
Turner's syndrome). It would be interesting
to study Xic effects in other sex chromo¬
some anomalies. XXX, XXY and XYY
karyotypes are relatively common (about
one per 1000 live births for each). Subjects
with Klinefelter's syndrome and XXX have
lowered mean IQs; many therefore fall into
the learning disability range. The X chro¬
mosome is unusual in that most of its genes
show hemizygous expression (from only
one chromosome). However, at least 20
genes, scattered throughout the short and
long arms, escape inactivation; the spread¬
ing inactivation must therefore recognise
regional or individual gene environments.
A number of such genes cluster in one

pseudo-autosomal region on the tip of the
short arm, and another near the tip of
the long arm. These regions show recombin¬
ation within XX or XY pairs, and genes
here are functionally expressed from both
X and Y chromosomes. Hence, any clinical
phenotype in sex chromosome polysomies
is presumably due to dosage effects of
duplications of the pseudo-autosomal and
other genes that escape silencing. Indeed
(excluding the fairly common mosaic karyo¬
types with two or more independent
clonal cell lines), the higher the sex chromo¬
some count, the greater the degree of learn¬
ing disability (in, for example, tetrasomy
and pentasomy X). These conditions are
an obvious target for future molecular
study.

Dynamic mutations
Many inherited disorders do not obey
Mendel's rules. Variable penetrance -

whereby gene disruption confers an

increased susceptibility, not a 100% risk
for a disorder — is common. Sometimes

the disorder is more severe in the younger

generations of a family - a phenomenon
termed anticipation (historically, this term
meant an earlier age at oneset; its present
connotation is more general). In other cases
there is a dependence on whether the dis¬
order is inherited through the male or
female germ line (the parent-of-origin
effect). Most of our understanding of such
patterns has come from the study of specific
forms of learning disability, and one
essential step was the discovery of a

dynamic unstable repeat element and asso¬
ciated gene (FMR-1) underlying fragilc-X
syndrome.

Fragile-X is a relatively common cause
of learning disability (affecting about one
in 4000 men and one in 8000 women); it
shows anticipation, the parent-of-origin
effect, and a very low apparent penetrance
compared with other X-linked disorders.
The phenotype is variable, the most consis¬
tent features being learning disability and,
in affected men, macro-orchidism. Before
the discovery of the gene, diagnosis rested
on phenotype, family history, and a karyo¬
type artefact — a constriction at Xq27.3 (a
fragile site now termed FRAXA) in a per¬

centage of metaphases when the culture
medium is deprived of folate. The degree
of learning disability is usually moderate
in affected men and more variable in

women; a mild degree may also exist in
some female carriers.

A stretch of DNA composed of a re¬

peated triplet of nucleotides (CCG) exists
in the 5'-untranslatcd end of the FMR-1

gene. Men affected with fragile-X have a

large expansion of 230-1000 or more

triplets. The cytosine residues of CG base
pairs are highly methylated here and in
the surrounding DNA areas, including the
CpG island/promoter region essential to

transcription factor binding - hence the
gene is silenced. Rare individuals with spe¬
cific deletions or silencing point-mutations
of FMR-1 have full clinical fragile-X, indi¬
cating that disruption of FMR-1 alone is
enough to produce the condition. With
the dynamic mutation it is the methylation
that is important rather than any direct
effect on gene transcription, since unusual
enzyme defects that prevent gene methyla¬
tion do not result in fragile-X even if a full
expansion is present. Furthermore, experi¬
mental demethylation of the gene restores
full transcriptional activity (Chiurazzi et
al, 1998).
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In the general population the repeat
consists of 6-50 triplets (mean 30). These
can be passed on from one generation to
the next without phenotypic consequences
or change in their size. Triplets are mainly
CGG nucleotides, but about one in 10 is
AGG. A relative lack of AGG sequences

(increasing the run of 'perfect' CGG
triplets) or an increase in the number of
CGC triplets towards the 3' end of the
sequence introduces length instability, in
creasing the risk of a small expansion in
size when passed on in the normal popu¬
lation. This may be one source of a slow
increase in the size of small repeats in the
general population. In the families of
fragile-X patients the situation is different.
'Premutations' of 60-200 triplets occur in
the mothers and in men who must be trans¬

mitting the disorder ('normal transmitting
males'). When transmitted by a mother to
her child, these premutations are unstable
and almost invariably undergo a large
expansion (further CGG triplets are

added). Smaller premutations may expand
by maternal transmission to large premuta¬
tions, and large premutations may expand
to the very large mutation seen in indivi¬
duals with full fragile-X. Like the normally
sized repeat, the breakage of a pure run of
CGGs by AGG stabilises the premutation
(and is another source of variance in the
clinical counselling ol this condition).

The conversion of an unstable pre¬
mutation into a large expansion by passage

through a female meiosis causes the parent-

of-origin effect. The mechanism of the
expansion is uncertain, but interestingly it
is not present in the sperm of men with full
fragile-X. Either the germ line is protected
from full expansion, or sperm with the ex¬

pansion are selectively eliminated, or there
is a true regression in size of the expansion.
Work from Oostra's group (Matter et al,
1997) favours the last explanation, the
further study of which may help us to
understand the mechanisms involved in

changing an expansion's size. Whichever
explanation is correct, there must be some

imprinting mechanism specific to female
transmission that differentiates a premuta¬
tion from a normally sized repeat. Further¬
more, in fragilc-X there is high incidence of
somatic cell mosaicism for both full muta¬

tions, and premutations, and the premuta-

tion-carrying cells are transcriptionally
active, making exact genotype-phenotype
correlations very difficult. The FMR-1 mu¬
tation produces an RNA binding protein
(FMRP, Fragile-X Mental Retardation

Protein) with the widespread tissue distri¬
bution that may play a role in cellular
mRNA transport. The highest FMRP levels
occur in the brain (in the cortex and espe¬

cially the cerebellum) and testes. The brain
in fragile-X shows increased size of the
hippocampal and caudate nucleus and
decreased size of the posterior cerebellar
vermis. The latter may also be reduced in
some people with autism, and links he
tween the conditions have been postulated.

The repeat's population genetics has
also been studied. In some populations
(e.g. in Scandinavia) the new mutation fre¬
quency is low, with evidence for an ances¬
tral founder mutation, a feature unusual
in an X-linked condition. In the UK the

haplotype diversity is wider, with less
evidence for a founder effect. Such popu¬
lation differences in origin and carriage
may imply that different processes arc

responsible for the upward creep in size.
A large Canadian study (Rousseau et al,
1995) lound repeats of 66 or more triplets
in one in 500 women and a similar fre¬

quency for 55-63 triplet repeats, and indi¬
cated that around one in 2900 children

should carry the mutation. Detection and
sizing of the repeat are now carried out
on DNA extracted from a venous blood

sample, but many subjects (particularly old¬
er men with learning disability) remain un¬

classified, correcting this will be important,
especially if the subjects have phenotypic
features or a family history.

Around 12 other dynamic mutations
are known (Richards Sc Sutherland,
1997). The X chromosome (Xq28) fragile
site FRAXE harbours a CGG repeat whose
expansion and associated gene silencing
(FMR2 - the protein is expressed in the
human brain, including the hippocampus)
produce mild learning disability or specific
educational problems. However, the repeat
in this case can expand or contract on
transmission. Dynamic mutations need
not be restricted to triplets. A common

polymorphic repeat of 33 bp is found in
FRA16A, so far without an associated
clinical phenotype; and many more prob¬
ably remain to be discovered.

The Ll-associated conditions: one

gene, many clinical conditions
The genetics of learning disability is the
genetics of ncurodcvclopmcnt. Developing
neurones are controlled and guided in their
physical migrations, in their axon and den¬
drite tree spreading, and in the eventual

establishment or synaptic connections, by
complex cellular signalling mechanisms
involving diffusible factors or direct cell-
cell contacts. An important set of proteins
mediating the latter is the LI group of
neural cell adhesion molecules. Structurally
resembling immunoglobulins, these mol¬
ecules act as both adhesion molecules and

signalling receptors. Human LI gene again
lies on the X chromosome (Xq28); muta
tions cause a wide cpectrum of important
neurological conditions, often with severe

learning disability. The first association
made was with X-linked hydrocephalus,
but mutations in the same gene can cause

complicated spastic paraparesis (type 1),
corpus callosum agenesis, and MASA
(mental retardation-aphasia-shuffling gait-
adducted thumbs) syndromes. These have
been grouped under the acronym CRASH
syndrome (corpus callosum, mental retar¬
dation, adducted thumbs, spastic para¬

plegia, hydrocephalus). Over 85 different
mutations have been described in this gene

alone, and the particular type of mutation
relates to clinical outcome (Fransen et al,
1998). Coding region mutations in the
extracellular domain of LI cause truncation

or absence of the protein, leading to an
extreme phenotype (severe hydrocephalus,
profound learning disability, often early
mortality). Cytoplasmic domain mutations,
by contrast, may only cause partial loss of
functioning and a much milder, variable
disorder without ventricular dilatation.
The clear relationship between genotype
(mutation position within the gene struc¬
ture) and clinical phenotype is fascinating
but docs not allow us, in itself, to under¬
stand the developmental pathways involved
in the different outcomes. I Iowever, mouse

models with complete knock-out of the L1
gene correspond to severe phenotype muta¬
tions (Kamiguchi et al, 1998), and targeted
mutagenesis should allow the creation of
specifically altered LI genes that model
the other phenotypes.

The non-syndromic X-linked
conditions: one clinical condition,
many genes

Many families with multiple individuals
affected by learning disability seem to fit
into an X-linked inheritance pattern.
Nevertheless, imaging and other investiga¬
tions show that gross anatomical brain
development in these individuals is indistin¬
guishable from that of the normal popu¬

lation, and there are few symptoms other
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than learning disability. Clinically, these
conditions arc homogeneous, and they have
earned the title of 'non-syndromic X-linked
mental retardation'. Sufferers form an

important subset of people with learning
disability (0.3% men), and behind the clin¬
ical similarity lies a great deal of genetic
heterogeneity. FRAXK (see above) was the
first such condition to be understood, but
several other non-syndromic X-linked men¬
tal retardation genes have now been found.
One gene (GD11, Xq28) may modulate
exocytosis during synaptic transmission. A
second gene at Xql2 produces a protein
(unfortunately) labelled as oligophrenin
(Billuart et al, 1998). The cluc to finding
this gene was a female with mild learning
disability with a t(X;12) balanced recipro¬
cal translocation where the breakpoint
had disrupted the gene's intron/exon struc¬
ture. Different loss-of-function mutations

in this gene were found in other unrelated
individuals. The protein, a rho-GTPase,
may influence signalling during cell migra¬
tion and axon—dendrite outgrowth. Most
recently, a series of brain-expressed genes
has been identified within Xq21-q24 -

one of which, PAK3, is mutated in all
affected males in a family with non-

syndromic X-linkcd mental retardation,
with carrier females being heterozygotes
(Allen et al, 1998). The PAK3 protein, also
part of the rho-GPTase signalling chain, is
highly expressed in the developing cerebral
cortex and hippocampus. It is certain that
many more genes will be discovered, each
with its own different set of mutations.

AUTOSOMES AND

DISORDERS OF

N EURO DEVELOPMENT

The lissencephalies: disorders of
neuronal migration
Brain sulci and gyri are underdeveloped in
many syndromes associated with learning
disability, such as Down's syndrome. How¬
ever, the most striking degree of under¬
development occurs in the lissencephalies
(the 'smooth brains'), where arrested neu¬
ronal migration in which the normal six-
layered folded cortex does not develop
leads to a profound degree of learning dis¬
ability. One human lissencephaly gene

(the unpronounceable PAFAH1B1 on chro¬
mosome 17p) is disrupted by a hcmizygous
microdeletion in Miller-Dieker syndrome.
Since the deletion is on one chromosome

only and the gene is usually expressed from

both chromosomes, the effect is due to a

reduction in protein level rather than
absence. A mouse hemizygous knockout
model has been created and has thrown

light on many aspects of neural migration
(Hirotsune et al, 1998), but does not show
the severe Miller-Dieker syndrome cortical
phenotype, serving to remind us that mouse
is not always akin to man. Another (X
chromosome) lissencephaly gene produces
the protein doublecortin, which may act
on migration through intracellular calcium-
dependent signalling (Sossey-Alaoui et al,
1998). Clinically its effect is very similar
to Miller-Dieker syndrome.

Microcephaly
Microcephaly is an extremely hetero¬
geneous clinical condition, with a variety
of intrauterine toxins, infections and birth
asphyxia being implicated in individual
cases. However, true recessive micro¬
cephaly is an autosomal-rcccssivc disorder
presenting simply with microcephaly and
learning disability without other severe

neurological features. It has been analysed
in two consanguineous kindreds by a

wholc-gcnomc linkage scan using the
method of homozygosity mapping (Jackson
et al, 1998). In essence, data are obtained
from a large number of closely spaced poly¬
morphic markers covering all chromo¬
somes, and identical stretches of marker
allelles (haplotypes) that are present on
both chromosomes of a pair are identified
in affected individuals. Recessive disorders

require disruption of genes on both chro¬
mosomes of a pair, the smallest interval of
such two-chromosome haplotype-identity
shared between different affected family
members defines the region proposed to
harbour the gene of interest, in this case
on chromosome 8q.

CONTIGUOUS GENE
SYNDROMES: DISORDERS

OF MANY GENES AT ONCE

Fluorescent in situ hybridisation (FISH)
methods, where a DNA probe(s) is directly
or indirectly coupled to a fluorescent
reporter element, have revolutionised karyo¬
typing. The previous resolution limit with
high-resolution banding was about 3 MbP;
FISH can detect much smaller changes
(one method - fibre FISH - teases out
uncoiled interphase chromosomes and can
detect differences in composition at the
kilobase level). A whole series of new and

subtle chromosomal changes has been
unveiled, along with an increasing number
of interstitial microdeletion and duplication
syndromes producing contiguous gene syn¬
dromes. Many of the latter have a related
learning disability, while all involve the
disruption of a series of grouped genes by
the abnormality. Prader-Willi syndrome is
a contiguous gene syndrome that shows
imprinting effects, as does Beckwith-
Weidemann syndrome (duplication of
llpl5). Most contiguous gene syndromes
are deletions with reductions in gene

dosage (haploinsufficiency); examples are
Miller-Dieker (17pl3.3), Langer-Giedon
(8q24.1) and Rubcnstcin-Taybi (16pl3.3)
syndromes.

The diGeorge and velo-cardio-
facial syndromes
These clinically overlapping disorders are
associated with a microdeletion at chromo¬

some 22ql 1 that can be detected using
FISH. They arc frequent conditions (one
in 4000 live births) occurring, for example,
in 5% of children with congenital heart
defects. The pattern of anomalies suggests
abnormal movement of neural crest cells
that migrate into the embryonic pharyngeal
arches. DiGeorge syndrome is associated
with micrognathia, cleft palate, low-set
ears, hypertelorism, short palpebral fissures
and major cardiac abnormalities. Velo-
cardio-facial syndrome is extremely vari¬
able (symptoms include midface under¬
development, bulbous nose, cleft palate,
neonatal parathyroid and thymus pro¬

blems, and conotruncal cardiac abnormal¬
ities), but has a fairly consistent mild
learning disability. The variability occurs
between individual sufferers and even with¬

in the same family. Deletions with different
breakpoints have helped to define the criti¬
cal region of 480 kbp, from which seven

genes have so far been isolated; the latest,
which is expressed in many human tissues
including foetal and adult brains and head
and neck (Funke et al, 1998), is a key
candidate for neuropsychiatry effects.

There has recently been interest in the
association between these syndromes (and
22qll deletions) and the risk of develop¬
ing schizophrenia and learning disability
(Murphy et al, 1998). Deletions have been
claimed in one in 40 of those with both

diagnoses and in one in 200 of those with
schizophrenia alone. Independent studies
have also suggested linkage between poly¬
morphic DNA markers in this region and
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CLINICAL IMPLICATIONS

■ Genetic advances have revealed the molecular underpinnings of many conditions
associated with learning disability. New diagnostic groupings based on genotypes will
place developmental and clinical studies on a firmer biological basis.

■ High-throughput molecular diagnostics will allow the screening of large numbers
of individuals for learning disability conditions in future.

■ The understanding of molecular mechanisms is likely to help the development of
better targeted interventions and possible therapies.

LIMITATIONS

■ It has not been possible to cover all genetic conditions and mechanisms associated
with learning disability in this review.

■ Even with the advent of transgenics, animal genetic models do not always mirror
the human condition.

■ The rapid advances in understanding genetic mechanisms have not been matched
by comparable developments in our thinking about ethical and moral issues.

WALTER J. MUIR, MRCPsych, Department of Psychiatry, University of Edinburgh, Kennedy Tower, Royal
Edinburgh Hospital, Morningsidc Park, Edinburgh EHIO 5HF

(First received 12 July 1999, final revision 15 September 1999, accepted 16 September 1999)

familial schizophrenia. The fact that the
point-prevalence of schizophrenia in people
with mild learning disability is three
times that of the general population is well
known, and comorbid subjects have re¬

cently been shown to have a striking inci¬
dence of family history, with a very
variable phenotype in relatives (l)oody et
al, 1998). This familiality is unexplained,
but chromosome abnormalities such as

del(22) that co-associate with the condi¬
tion may provide important clues in the
search for genes. In fact, chromosome ab¬
normalities have been pointers to the loci
for genes for many genetic diseases, and
the case is strengthened where there is
additional independent evidence of linkage
of the condition to the abnormal chromo¬

some. One such case occurs where two

separate families (Mors et al, 1997) segre¬

gating a pericentric inversion (18) with phe-
notypes of psychotic illness and learning
disability have breakpoints at the two loci
with strong independent evidence of
linkage to both bipolar disorder and
schizophrenia.

THE FUTURE

The polymerase chain reaction (PGR), a
now well-established method, has changed
the face ol molecular genetics, allowing
the specific amplification of DNA from tiny
amounts of material, and has facilitated the
international human genome sequencing
effort. This project is generating massive
quantities of new gene sequences that are
candidates for conditions underlying learn¬
ing disability. Methods permitting the eco¬
nomic screening of thousands of these
genes are being devised. DNA chip-based
assay is an emerging technology in which
gridded microarrays of thousands of
DNAs, cDNAs, PCR products and other
nucleotide sequences can be attached to
small pieces of glass or silicon and analysed
for hybridisation matches with patient sam¬

ples in a massively parallel fashion (Hacia
et al, 1998). Some methods allow the arrays
to be repeatedly re-probed, and multi¬
colour fluorescent reporter systems can be
used to distinguish homozygous and hemi-
zygous gene changes. With a new, highly
abundant category of polymorphic markers
(the single nucleotide polymorphisms),
chips could be used to screen for multiple
sequence variations associated with com¬

plex diseases, and help to identify genes at
work in multigenic disorders. Commercial

interest in chip technology techniques
is high and looks set to revolutionise
molecular diagnostics.

We also need a revolution in our ethical

thinking about the implications of these
changes. To ignore advances would be
therapeutic nihilism; however, moral and
legal safeguards for patients and their
families are urgently needed, as the pace
of change is extraordinary. There is indeed
a danger of creating a 'new eugenics', and
the lessons of Hadamar should never be

forgotten. All learning disability psychia¬
trists should read the report of the Nuffield
Council on Biocthics (1998), where all
issues, including insurance, employment
and education, are discussed.
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♦ SPECIAL SECTION: MANIA AND DEPRESSION ♦

Molecular genetics and the epidemiology
of bipolar disorder
Douglas Blackwood and Walter Muir

The methodologies of epidemiology and molecular genetics
are complementary approaches to identifying risk factors
in bipolar disorder. Genetic linkage studies have revealed
several chromosomal loci likely to contain genes that
increase the risk of bipolar disorder, but major uncertainties
remain about the mode of inheritance of the condition and

the definition of the phenotype. Epidemiological findings
have contributed to both these areas and have led to new

hypotheses about causation. For example, the analysis of
variability of age at onset of bipolar disorder led to studies
of anticipation and a possible role of dynamic DNA repeat
sequence mutations. Future epidemiological studies that
aim to identify risk factors for bipolar disorder at the
population level will be able to measure the interactions of
genome sequence variation with other risk factors in the
domain of demography, childhood experiences, exposure to
adversity and availability of social support.

Keywords: age at onset; anticipation: bipolar disorder; chromosome t;
epidemiology; genetics; linkage; phenotype.

Ann Med 2001; 33: 242-247.

Introduction

Bipolar disorder affects about I % of the population,
creating major public health problems worldwide, but
little is known about its underlying cellular and
molecular basis. The complementary research strat
egies of epidemiology that aims to identify environ¬
mental risk factors, and molecular genetics that
includes linkage, association and cytogenetic studies
and aims to identify changes in gene functioning, have
led to considerable recent advances in psychiatric
genetics. The epidemiology of bipolar disorder, in-

From the lid in burgh University Department of Psychiatry,
Edinburgh, UK.

Correspondence: Douglas Blackwood, MD, Hdinburgh Uni¬
versity Department of Psychiatry, lidinburgh, FMIO 51 IF. UK. F-
inail: dblackwood@ed.ac.uk. Fax: +44 I U 53*^625^.

eluding family, twin and adoption studies, has
established the importance of genetic predisposition,
eg the risk of a first-degree relative of an affected
person is increased 10-fold over that of the general
population (1). It has also established, however, rhat
the inheritance of risk is complex and does not follow
simple mendelian predictions and has given rise to
novel hypotheses on causation. For example, epidemi¬
ological studies of bipolar disorder have confirmed an
effect of generation and birth cohort on the age at
onset of illness, and these observations have led to the
resting of genes with trinucleotide repeat sequences as
functional candidates in association studies. After a

decade of linkage and association studies, the molecu¬
lar genetic approach has identified some chromosomal
regions likely to harbour genes contributing to bipolar
disorder (2) which in turn will lead to the identification
of genes made candidate by position with the prospect
of combining the methodologies of molecular genetics
and epidemiology in large-scale population studies
(3).

The complexities of the mode of inheritance of
bipolar disorder has undoubtedly contributed to the
slow progress in finding genes contributing to risk,
and the complementary methodologies of epidemi¬
ology and molecular genetics will be required to
resolve these uncertainties. Possible genetic models
that should be considered include I) the presence of
substantial locus heterogeneity where many single-
gene mutations can individually give rise to a similar
clinical phenotype and where a single mutant gene
may be the major inherited risk factor in a single
family; 2) those where inheritance shows oligo- or

polygcnicify and illness in an individual is the result of
several addirive or interacting risk factors each of
small effect; and .3) the action of epigenetic processes
rhat modify the expression of genes through changes
in DNA mcthylation or chromatin structure (4-6).
Each of these models (or a combination) must be
considered as a possible explanation ol the overall
lack of consistency in large-scale linkage studies ol rile
past decade and of some of the epidemiological
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findings in bipolar disorder, including agc-at-onsct
variations, parent-of-origin eflects and fluctuating
clinical course (7). Investigation of the cpigcnetic
regulation of expression of critical region of DNA in
candidate genes may he as relevant as the search for
sequence variations in the search for risk factors in
bipolar disorder.

If comparison can he made with other common
complex disorders with inherited risk factors, including
breast cancer, colon cancer, diabetes and Alzheimer's
disease, then some cases of bipolar disorder may be
caused by mutations with large effect and strong
genotype-phenotypc correlations (a mcndclian subset),
but for other cases (caused by an interaction of several
genes of small effect) a quantitative trait locus (Q 11.)
model is more appropriate (8). Studies of families
recruited for linkage analysis provide support for a
mendelian subset of bipolar disorder. If there arc

genes of major effect showing mendelian dominant
inheritance, we will expect to find that a proportion
ot families shows unilineal inheritance ol the disorder,
and if there is locus heterogeneity we also predict that
linkage will be more readily detected in single large
pedigrees than in collections of many small pedigrees.
ISilineality of inheritance is found in a proportion ot
bipolar families tor linkage, hut a substantial pro¬

portion of families shows unilineal inheritance. In one

example, 1800 families were initially screened to take
part in genetic linkage studies, and 20% were found
to show bilineal inheritance, further derailed inter¬
views ot relatives from the group of 46 families
thought suitable for linkage studies revealed that
around half were unilineal and half bilineal (9).

It is striking that some ot the strongest linkage
findings in bipolar disorder have been in single large
pedigrees under assumptions of mendelian inheritance,
for example on chromosomes 4 (HI), 12 (I 1-13), 18
(14), 21 (15) and X (16). Such linkage findings from
large pedigrees have not always been replicated in
genome scans of affected sibling pairs or large
collections ot small families, a finding that is predicted
il substantial locus heterogeneity is present. Studies ot
the psychoses may be informed by studies ol retinitis
pigmentosa and nonsyndromal deafness characterized
by substantial locus heterogeneity where a similar
phcnotype is caused by one ol many different
mendelian loci (17, 18). These loci have largely been
identified by screening large pedigrees combined with
cytogenetic, homology and candidate gene approaches.

Under the assumptions ot the QT1. model of
bipolar disorder, we would expect several genes, each
of small effect, to be additive or interactive in
contributing to risk of illness. It is likely that very

large sample sizes will be required to detect these
small effects, and large-scale epidemiological sample
collections will be required to examine the interaction
of genetic and environmental risk factors.

Key messages

• We are now able to measure the interaction
of genomic variation with interpersonal and
other social exposures in affective disorders.
• Classification based on genomic variation
may challenge traditional psychiatric categories
and boundaries.
• Epidemiological findings of anticipation and
generation effects have raised the possibility of
underlying dynamic mutations in bipolar dis¬
order.

Defining the phenotype

Insights from epidemiology
(icnetic analysis must address major issues of
psychiatric nosology including the boundary between
schizophrenia and affective psychosis. The clinical
diagnostic categories, schizophrenia and affective ciis
orders, as described in l(T)10 and DS.YtIV, have a

high degree of reliability in tiie bands of trained
psychiatrists but have as yet no biological validity.
I win and population studies suggest that the psychoses
are much more heterogeneous than implied hv this
simple dichotomy, for example, a latent class analysis
of symptoms and outcome data from a systematically
ascertained group of patients with a range ol psychoses
in Ireland identified six clinical classes described as

schizophrenia, major depression, hebephrenia, schizo¬
phreniform disorder, bipolar schizomania and schizo-
depression. The risk of schizophrenia was increased in
the relatives of all probands except those with major
depression (19). In another study, a subset of bipolar
families with high rates ot comorbid panic disorder
have been described (20).

A further illustration of a subgrouping ol depres¬
sive disorders by using empirical data comes from a
study based on the Virginia twin register (21).
Symptoms of depression, anxiety, eating disorders and
addictions were recorded from a cohort ot female
twins, and latent class analysis was applied to the data
to derive empirical classifications. Three subgroups of
major depression were recognized (depression alone,
depression with anxiety and depression comorbid with
anxiety, phobias and alcoholism). These classes, based
on symptom analysis, were validated hv differences in
a range of demographic variables not included in the
latent class analysis. This challenges existing diagnostic
boundaries in psychiatry and provides novel clinical
classifications that may usefully be applied in linkage
and association studies, further evidence that existing
nosological schemes in psychiatry do not adequately
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describe the heterogeneity of the psychoses is also
emerging from molecular genetic studies.

Insights from molecular gaieties

There is now robust evidence for linkage of bipolar
disorder to several chromosomal locations including
4p, I2i], ISp, I 2 11| and support for linkage at a
number of other regions (2). Similarly, several chromo¬
somal regions including kg bp, Sp, lOp, I kg ISp and
22q show linkage to schizophrenia (22). An exciting
bur unexpected observation is an overlap ot bipolar
and schizophrenia linkage regions particularly on I Op,
I kg ISp, 22q (23, 24) where linkage has been
reported to both schizophrenia and bipolar disorder,
raising the possibility that some genetic risk factors
contribute to a range of psychotic symptoms giving
rise to phenotypes that cross the traditional diagnostic
boundaries separating schizophrenia and affective
disorders. Although no family studies have reported
an increased incidence ot bipolar disorder in lirst-
degree relatives of schizophrenic probands or in¬
creased schizophrenia in relatives of bipolar probands,
there does appear to be some overlap of predisposition
to schizophrenia and affective disorders in families
(23). An interesting example of a locus that appears to
confer increased risk of schizophrenia and unipolar
and bipolar disorder was found in a single large
pedigree where major mental illness segregates with a

reciprocal translocation t( I: I I )(c|42:q2 I) involving
the long arms ot chromosomes one and eleven (26).
family members who carry the translocation include
seven relatives with schizophrenia, ten with unipolar
depression and one with bipolar I disorder (Blackwood
I), unpublished observations, 2001). The strongest
evidence lor linkage (l.OD = 7.1) was found when
the affected phenorype included schizophrenia and
affective psychosis.

The significant linkage finding in this single family
has been replicated in independent studies including
linkage reports on both schizophrenia and bipolar
families, l ander and Kruglyak (27) have provided a
useful yardstick by which to assess claims lor linkage,
arguing that when significant linkage has already been
obtained an additional study with a I' value of 0.0 1
(or L.OD = 1.2) is evidence tor replication. Replication
ot linkage of the chromosome Iq region with schizo¬
phrenia lias been reported in a Finnish study where a
genome-wide scan of 134 affected sibling pairs with
schizophrenia revealed a maximum I OD score of 2.6
with a marker that lies close to the translocation
breakpoint (2N). A separate study of 20 families with
schizophrenia Irom an isolated Finnish population
reported a maximum LOD = 3.7 at Iq32-4I and there
is overlap of the regions showing linkage in these two
Finnish populations (24). l inkage to bipolar disorder
has also been reported at this chromosome I region.

In a series ol nine extended Scottish families, selected
on the basis that each has at least one relative with
schizophrenia and one with bipolar disorder, a
multipoint I Ol) score of 1.5 was found with markers
spanning the breakpoint region (WJ Muir, f Visscber,
I) St (.lair, S Anderson, I lie, S Morris, 1) ( oia,
S McCiregor, I) I'orteous and 1)1 IR Blackwood, un¬
published observations, 21)00). Linkage ot the micro-
satellite I) I.SI 03, which lies within I Mb ol file
breakpoint, lias been reported with bipolar disorder in
two separate studies. One out of 19 bipolar families
generated a l.OD score ot 2.4 with this marker (30),
and increased allele sharing (/' < 0.0001) in Old Order
Amish bipolar families was reported under one
weighting function (31). A genome-wide scan in 22
bipolar families disclosed elevated 11)1) (identity by
descent) sharing (maximum l.OD = 2.3) in a 30 c.M
region spanning Iq25-q42 extending to the break¬
point region (32). Ii is noteworthy that in I 3 of these
22 bipolar families at least one individual was
diagnosed as having schizophrenia or schizoaffective
disorder.

In the t(1; I 1) translocation carriers it has been
shown that the Iq breakpoint directly disrupts two
novel brain expressed genes, termed DISI and DIS2,
that are candidates for a role in psychosis (33).
Association has also been reported between bipolar
disorder and a polymorphism in tile angiotensinogen
gene mapped to 1.2 Mb ol the Iq42 breakpoint and
may have a role in mood regulation (34). Genome
regions detected by linkage are generally large and
contain many genes. I hese observations are still only
suggestive, and until positional candidate genes are
characterized it cannot be confirmed that the same

genes are implicated in schizophrenia anil bipolar
families because a number ol different genes from the
same region might be involved, and some of the
linkage findings may be false positives. Nevertheless,
it is likely that in the future molecular generics will
help to clarify nosology of the psychoses.

Epidemiology, molecular genetics and the
age at onset of bipolar illness

Age-at-onset (AAO) of a disease is a complex trait for
generic analysis because it is influenced by the
environment and by multiple genes. Epidemiological
observations on AAO in bipolar disorder have raised
important questions about environmental influences
on disease onset, course and outcome and have also
generated specific hypotheses about anticipation and a

possible role for dynamic mutations based on triplet
repeats as a molecular mechanism underlying bipolar
disorder. One ot the most consistent findings in the
epidemiology of depression is that the prevalence of
depression is higher among younger than older people
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(45, 46), and a year-of-birth effect (cohort effect) for
bipolar and unipolar disorders has been well described
in several countries (37-40). These studies have
detected a consistent trend for the AAO of affective
disorders to become steadily younger over the past .50
years, which could be caused by cultural factors, such
as more tolerant public attitudes to mental illness,
coupled with increased availability of effective treat¬
ments leading to earlier diagnosis or to changes in
other as yet unidentified risk factors. The cohort effect
must be viewed together with the phenomenon of
anticipation also observed in bipolar families. Antici¬
pation describes a pattern of inheritance that includes
earlier AAO and increased severity of symptoms in
younger generations and is a feature of several
neurodegenerative diseases of which one of the best
described is Huntington's disease. In this disorder
the underlying mutation is an unstable trinucleotide
repeat sequence whose increasing size in succeeding
generations causes greater disruption to gene function
leading to increased severity of clinical symptoms and
a reduction in AAO (41). Several studies have
reported anticipation in bipolar families even after
controlling tor several possible sources of bias (42—46)
although others have claimed that these results are
confounded by a selection bias as more and better
clinical information is generally available lor diagnosis
in younger patients than in their elders (47).

In a recent study of extended families with
bipolar disorder ascertained for linkage studies, AAO
was analysed by using survival analysis techniques
(4S). The purpose of such analyses is to quantify the
amount of genetic variation that exists in populations
for AAO and to estimate environmental risk factors

simultaneously. In addition, a possible anticipation
effect is rested for. Individuals classified as affected
were diagnosed with bipolar disorder (« = 103) or
recurrent major depressive disorder (n = 68). In add¬
ition to significant effects of sex and year of birth, a

'generation' effect was highly significant, which could
be interpreted as showing an anticipation effect. The
risk of developing bipolar or unipolar disorder in¬
creased twofold with each generation and increased
by approximately 4% per year of birth. A polygenic
component of variance was estimated, resulting in a

"heritability* of AAO of approximately 0.52. In a
single family showing strong evidence of linkage to
chromosome 4p there was strong evidence of a time
trend in the AAO. When either year of birth or

generation was fitted in the model, these effects were

highly significant, but neither was significant in the
presence of the other. I his could point to an environ¬

mental (year of birth) or biological (anticipation)
effect in the reduction of AAO of bipolar disorder,
and these results suggest that mapping quantitative
trait loci for AAO may lead to the discovery of novel
genetic and environmental risk factors influencing the
onset, course and outcome of bipolar disorder.

Reports of anticipation in bipolar disorder led to
the hypothesis that unstable triplet repeats could be a
basis for the disorder, and several studies were carried
our of candidate genes known to contain unstable
CACi repeats (49—51). These, however, produced no
evidence for an association. Another approach was to
use the repeat expansion detection (RI D) method for
the detection of tri-nucleotide repeat expansions from
genomic DNA (52). This method detects the presence
of repeat expansions in the genome bur provides no
information on their chromosomal location. Using
this method, an association between expanded triplet
repeat length and bipolar disorder was reported in
several studies (45, 54 55), and these were largely
attributable to expansions in one ot two loci on
chromosomes 17 or IS. However, other studies have
failed to confirm an increase in repeat expansions
in bipolar disorder (56-58) and have found no
correlation between length of CAC.I repeats and
severity of illness or AAO of disorder (59). It remains
possible, however, that bipolar disorder is hetero¬
geneous and anticipation is found in only a pro¬

portion of families, and this is still an important area
ot investigation.

Conclusion

Molecular genetic studies that aim to identify genes
the expression of which alters the risk of developing
bipolar disorder and epidemiological research into
family, social and demographic risk factors can now
come together for the analysis of gene-environment
interactions in large population-based samples. Epi¬
demiology has made substantial progress in the
common mental disorders of anxiety and depression
and established that a range of variables relating to

demography, socioeconomic status, childhood experi¬
ences, recent exposure to adversity and the availability
of sociai support are risk factors (3). Advances in
molecular generics are increasingly making it possible
to measure the interaction of genomic variation with
interpersonal and other social exposures across the
lifespan in contributing to these disorders combining
biological variables with experiences that arise outside
the individual (60).
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Genetic studies of bipolar affective disorder in large

families

DOUGLAS H. R. BLACKWOOD, PETER M. VISSCHER and WALTER J. MUIR

Background Genetic factors are

known to be important in the aetiology
of bipolar disorder.

Aims To review linkage studies in
extended families multiply affected with
bipolar disorder.

Method Selective review of linkage
studies of bipolar disorder emphasising
the gains and drawbacks ofstudying large
multiply-affected families and comparing
the statistical methods used for data

analysis.

Results Linkage of bipolar disorder
to several chromosome regions including
4p, 4q, lOp, I2q, I6p, I8q, 2lq and Xq
has first been reported in extended
families. In other families chromosomal

rearrangements associated with affective
illnesses provide signposts to the location
of disease-related genes. Statistical
analyses using variance component
methods can be applied to extended
families, require no prior knowledge
ofthe disease inheritance, and can test

multilocus models.

Conclusion Studying single large
pedigrees combined with variance
component analysis is an efficient and
effective strategy likely to lead to further
insights into the genetic basis of bipolar
disorders.
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LINKAGE IN LARGE FAMILIES

Linkage analysis has been highly effective
when used to identify the genes responsible
for monogenic disorders, such as cystic
fibrosis and Huntington's disease, but has
been less consistent when applied to geneti¬
cally complex conditions such as bipolar
disorder, which are likely to be influenced
by multiple genetic loci and by non-genetic
environmental effects (Risch Botstein,
1996). The lack of consistent findings from
genome-wide linkage studies in bipolar
disorder may be due to non-significant
effects being reported or because different
genes and/or different alleles at these genes
are causing illness in different families and
populations. Indeed, the hypothesis that
different relatively uncommon alleles are

segregating in different families would pre¬
dict a lack of consistent findings across

linkage studies based on sibling pairs or
small families, since the power of the link¬
age approach is greatly reduced for diseases
that show genetic heterogeneity (Terwilli-
ger &c Weiss, 1998). Bipolar disorder is
likely to be genetically heterogeneous;
mutations in one of several independent
genes may produce a similar clinical pheno-
type and different mutations in the same

gene may cause a variety of related symp¬
toms. Another possible model is that the
clinical symptoms of the affective disorders
can be viewed as continuous variables,
called quantitative traits, that are produced
by the additive or interactive effects of
mutations in two or more genes. Under this
model, each gene — termed a quantitative
trait locus (QTL) - has only a small effect
on the trait, and symptoms develop as a re¬
sult of the cumulative effects of mutations

in several genes, probably combined with
other internal and external environmental

risk factors. In these situations there is also

an advantage in studying single large pedi¬
grees where the disease is likely to be
caused by a more limited number of inter¬
acting genes and environmental factors.

The study of multiply-affected families
with sufficient power on their own to gener¬
ate significant evidence for linkage remains
one of the most promising strategies to find
genes implicated in bipolar disorder and
other psychiatric conditions that may be
characterised by extreme allelic complexity.
Several chromosomal regions have been in¬
itially identified by linkage analysis in single
families. These include chromosome 4p, re¬

ported in three studies of four extended
pedigrees (Blackwood et al, 1996; Asherson
et al, 1998; Ewald et al, 1998a); chromo¬
some 4q (Adams et al, 1998); chromosome
lOp (Armstrong el al, 1997); chromosome
12q, where bipolar disorder, initially found
to associate with Darier's disease (Craddock
et al, 1994), was found to show linkage in
large pedigrees studied independently (Bar-
den et al, 1996; Ewald et al, 1998b- Moris-
sette et al, 1999); chromosome 16p (Ewald
etal, 1995); chromosome 18q (Freimer et al,
1996); chromosome 21 q (Straub etal, 1994);
and chromosome Xq (Pekkarinen et al,
1995). The Old Order Amish, one of the
largest extended families studied so far, has
yielded several regions of suggestive linkage
(Ginns et al, 1996; LaBuda et al, 1996) and
the intriguing finding on chromosome 4p of
an apparent 'protective' locus in the same

region where linkage to a susceptibility locus
has been identified in other families (Ginns et

al, 1998). All of these studies illustrate some

of the advantages of working with large fa¬
milies. The penetrance and mode of inheri¬
tance may vary between different populations
but can often be defined more clearly with¬
in one family where information about the
presence of anticipation, imprinting and
other factors is also likely to be available.
It is likely that within a single family the in¬
fluence of one or a small number of genes
will be paramount and hence detectable.
However, there are limitations to using large
families. Disease in a family may be derived
not from one but from several founders, or

the disease may be the result of rare genetic
causes that explain an insignificant fraction
of the condition in a wider population. De¬
spite these limitations, identifying any gene

contributing to bipolar illness would be a

significant advance and would point to
other genes related by sequence or function.

FAMILIES
WITH CHROMOSOME
ABNORMALITIES

Karyotype abnormalities associated with
the development of a medical illness can
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GENETIC STUDIES OF BIPOLAR AFFECTIVE DISORDER IN LARGE FAMILIES

CLINICAL IMPLICATIONS

■ Understanding genetic risk factors in bipolar disorder may:

■ Form the basis of a biological classification of the disorder.

■ Guide the search for new drug therapies.

■ Suggest preventative measures.

LIMITATIONS

■ A single family may express an uncommon form of a disease and give findings of
limited application to the general population. An example is that of the BRCA genes
which explain much of the variance in breast cancer in some affected families but less
of the variance in the population as a whole.

■ The resolution for linkage in single families is limited by the relatively small number
of meioses available for study: a typical linkage region will be 5—30 centimorgans.
Linkage disequilibrium methods which essentially use historical meioses may reduce
the mapping resolution to less than I centimorgan.

■ Linkage results in extended pedigrees may be confounded by inbreeding or the
presence of several founders.
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point directly to chromosomal regions that
contain candidate disease genes and have
played a key role in the search for genes
for many genetic conditions. If the anomaly
is inherited, its co-segregation with a speci¬
fic illness can be tested by linkage. More¬
over, if the size of available pedigree is
small then the chance of true association

is increased if the chromosomal abnormal¬

ity lies within a region where linkage or as¬
sociation has been previously reported in
other families.

A balanced reciprocal chromosomal
translocation t( 1; 11 )(q42.1 ;q 14.3) has been
found to co-segregate with several major
psychiatric disorders, including severe re¬
current major depressive disorder and
schizophrenia, in a large Scottish pedigree
(St Clair et al, 1990). A recent follow-up
of this family has identified additional sub¬
jects with the translocation who have devel¬
oped major psychotic illness, including
bipolar disorder (Blackwood et al, 1998).
Systematic physical mapping of the break¬
points of this translocation has revealed dis¬
rupted coding sequences on chromosome 1
that represent candidate genes for the psy¬
choses within this family (Muir et al,
1995; Millar et al, 2000, 2001).

A rare chromosomal abnormality,
inv(l8)(pl 1.3;q21.1), has been described
in separate Danish and Scottish families
(Mors et al, 1997). The inversion is asso¬

ciated with bipolar disorder in one family
and schizophrenia in the other. The break¬
points lie within the linkage regions on
the long and short arms of chromosome
18 and it may be hypothesised that they
have disrupted genes at one or both
breakpoints (Hampson et al, 1999).

STATISTICAL ANALYSES

Model-based linkage analysis in single
extended pedigrees requires prior specifica¬
tion of the mode of inheritance, penetrance
and population frequency of the trait. Since
none of these variables in bipolar disorder
is known for certain, a high rate of false po¬
sitive or negative linkage findings are likely.
Recently, there has been renewed interest in
variance-based methods to detect QTLs for
complex traits (Almasy &C Blangero, 1998).
These methods do not specify any particu¬
lar genetic model but identify regions of
the genome which explain a significant
amount of the phenotypic variation in the
trait. These regions are then the best

estimates for the location of a QTL. When
data from a single large pedigree that
showed significant linkage between bipolar
disorder and markers on chromosome 4p
were re-analysed using a variance compo¬
nent method, the results confirmed that this
more robust approach can be successfully
used for the analysis of data from a single
pedigree (Visscher et al, 1999). The var¬
iance component method, unlike linkage
analysis, can distinguish between polygenic
variation and single-gene effects. In addi¬
tion, this model can include factors and
covariates such as cohort or gender effects
and allow other random effects which
cause the observations to be correlated,
such as a common environmental effect.

Furthermore, variance models can be ex¬

tended to multiple QTLs, making it poss¬
ible to examine for epistatic interactions
between loci in a family, and can be applied
also to multiple traits simultaneously.

CONCLUSION

The dramatic successes of linkage studies in
identifying genes for neuropsychiatry dis¬
orders, such as Huntington's disease and
Alzheimer's disease, have not yet been
matched in the affective disorders. Linkage
strategies based on affected sibling pairs or

many small families have limited power if
the disease phenotype can be caused by var¬
iation in one of many genes in a population.
In diseases with marked allelic complexity
much can be learned by examining single
large families, even when these show atypi¬
cal clinical phenotypes. These include
inbred or geographically isolated pedigrees,
families with chromosomal abnormalities

co-segregating with illnesses, and families
with mental illness and comorbid condi¬
tions such as learning disabilities or deaf¬
ness. In these families the search for

linkage is facilitated because only one or a
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few loci may be responsible for the trait. To
identify even a rare locus could point the
way to other causes of bipolar disorder.
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Nuts and bolts of psychiatric genetics:
building on the Human Genome Project
Kathryn L. Evans, Walter J. Muir, Douglas H.R. Blackwood and David J. Porteous

Schizophrenia and bipolar affective disorder are chronic, disabling illnesses that
together affect 2% of the population. Genetic factors are known to be important in
their development, but there are, as yet, no confirmed susceptibility genes. Here
we discuss important issues in terms of alternative genetic strategies (linkage,
association and/or cytogenetics) in the identification of candidate genes for the
major psychoses. We discuss the impact of the Human Genome Project, the role
of comparative genetics in finding and testing positional candidates, and the
prospects for rational drug design and personalized medicine.

Mental illnesses are among the most common causes of
chronic morbidity worldwide1. Two severe forms,
schizophrenia and bipolar affective disorder (BPAD)
each affect around 1 in 100 individuals, often with
onset in early adult life. In spite of their high
prevalence and decades of research in neurochemistry,
neuropathology, neuropsychology, brain imaging and,
indeed, genetics, the causes of these conditions remain
unknown and treatments mainly empirical.

Both conditions tend to run in families, and the risk
to a first-degree relative ofan affected person is about

ten times that to a member of the general population.
Twin and adoption studies indicate that inherited
factors are responsible for a major part of this increased
risk. For a number of reasons, however, progress
towards identifying genes has been difficult. Diagnosing
psychiatric illness is imprecise because psychiatric
phenotypes are mainly based on symptom profiles
reported by patients. The use ofstandardized diagnostic
criteria23 has ensured good reproducibility ofdiagnoses
between researchers, but there is wide overlap of
symptoms between schizophrenia, BPAD and unipolar
depression (Box 1). In the absence of reliable biological or
genetic markers specific for schizophrenia or BPAD, the
validity ofexisting classification remains uncertain.

Approaches to finding genes underlying psychiatric
disorders

Linkage and association approaches
In linkage studies, the problem ofdiffuse diagnostic
boundaries is usually met by carrying out analyses
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Schizophrenia
Characterized by acute symptoms (delusions,
hallucinations and disorganized thinking, speech and
behaviour) which often respond to treatment.The more
chronic symptoms (reduced emotional responsiveness,
impaired fluency of speech and volition) are a major
cause of long-term social and occupational impairment.

BPADI

Characterized by bouts of major depression and
episodes of mania (elevated or irritable mood).

Delusions and hallucinations can be present in the
manic and depressed phases.

BPAD II and cyclothymia
Similar symptoms to BPAD I, but less severe.

Unipolar depression
For example, major depressive disorder where
depression lasts for over two weeks and changes in
appetite, sleep, concentration, thoughts and energy
lead to serious impairment of almost all daily activities.

under several diagnostic definitions including 'broad'
and 'narrow' definitions of schizophrenia and
subdivisions of BPADI, BPADII, cyclothymia and
unipolar depression in the affective disorders. Although
this practice introduces caveats associated with
multiple testing, it is a necessary procedure because of
the difficulties in defining the boundaries between the
different diagnoses. Furthermore, in common with
other complex common disorders, the terms
schizophrenia and BPAD probably represent a group of
clinically similar conditions with heterogeneous
underlying aetiologies due to different combinations of
many genetic and environmental risk factors.

In the 1980s, some linkage studies gave

encouraging results, but these early reports were
neither confirmed nor sustained when further markers

were tested and/or family data sets expanded to
include additional family members'1. Since then,
linkage studies using several hundred markers
spanning the genome in large family sets have
produced mixed results, confirming that the illness
cannot entirely be accounted for by one or a few major
loci. Two genetic models have been considered to
explain these findings (Fig. 1). The first hypothesis

proposes genetic heterogeneity, such that mutations in
one of a large number of different genes can result in a
very similar phenotype (as is seen, for instance, in
retinitis pigmentosa or nonsyndromal deafness). If this
is the case, then linkage will be more readily detectable
in single extended families where a single major gene is
segregating (most probably in a background of genes of
minor effect). while studies of affected sibling pairs or
groups of small families will fail with the sample sizes
generally available. A second possibility is that these
psychiatric disorders show complex inheritance, in
which the phenotype is the result of additive or
interactive effects of several genes, each of small effect.
Under this quantitative-trait model, disease alleles
conferring risks to siblings of less than two fold are

unlikely to be detectable by current linkage approaches
as this would require unachievable numbers of
families5. Although linkage analysis has failed to
detect loci in a number of study sets, it is striking that
several genome-wide scans, in both single extended
pedigrees and large sets of families and sibling pairs,
have identified loci showing highly significant linkage.
One of the strongest findings is a recent study of 22
extended families with a high rate of schizophrenia.
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Fig. 1. Identification of disease genes in simple and complex disorders.This figure shows examples of different inheritance patterns and how their
properties affect the detection of susceptibility loci, (a) Autosomal-dominant locus, fully penetrant. Linkage analysis can be used to localize the
causative locus and haplotype analysis to narrow down the interval containing the gene; that is, the smallest region where a haplotype is shared by
all of the affected individuals, but not the unaffected individuals, (b) Autosomal-dominant locus, incomplete penetrance. Additional genetic factors
and/or environmental factors segregate in this family, altering the expression of the phenotype. Related diagnosis refers to a milder phenotype
and/or a subset of the defining symptoms. Linkage and haplotype analysis can still be used as described above, but more careful definition of the
affected phenotype is required, (c) Partially dominant autosomal locus of major effect or quantative trait loci? This inheritance pattern is compatible
with both models of complex inheritance described in the text. Linkage analysis will determine whether a single major locus can be detected, in
which case haplotype analysis can be carried out. However, unaffected individuals with part of the disease haplotype cannot be used to narrow
down the candidate region, as their status might be due to a lack of disease penetrance, rather than non-inheritance of the susceptibility gene.



Review TRENDS in Genetics Vol.17 No.1 January 2001

Fig. 2. Positional cloning strategy for a locus at chromosome 4p16 linked to bipolar affective disorder
as a worked example. On average, 1 cM is equivalent to 1 Mb of the human genome, however in this
genomic region 11 cM is equivalent to 7 Mb. Stages A, B, and C are complete for this locus and stage D
is in progress. The core haplotype is that part of the haplotype where the alleles are common to more
than one linked family.This is reliant upon the physical map in the form of a set of partially
overlapping bacterial artifical chromosome (BAC) clones (horizontal magenta lines).The magnified,
solid magenta line indicates the distance over which linkage disequilibrium might stretch (stage E)
and the vertical, blue lines, the individual genes (stage F) that would need to be screened for
functional polymorphisms (stage G). The mutation might turn out to be more obvious than a single
base change, for example, an intragenic deletion or triplet repeat expansion.The C-»A polymorphism
shown would have the effect of introducing a stop codon, but other, more subtle polymorphisms (e.g.
in promoters affecting splicing or message stability) must be considered.

which gave a highly significant linkage [logarithm of
the odds (LOD) score of 6.5] at a locus on 1 q2 X (Ref. 6).
It seems probable, therefore, that susceptibility to
psychiatric illness reflects a mixture of the two genetic
models. We discuss below how those families where

major loci have been identified can be used to identify
susceptibility genes for major psychiatric illness.

Although the lq21 result awaits replication,
multiple positive linkages have been reported for both
schizophrenia and BPAD7. Owen et al.s list the
suggestive and significant loci for a number of
psychiatric disorders, including BPAD and
schizophrenia. An interesting emerging pattern is the
co-localization of linkage regions for schizophrenia
and BPAD9 10. This pattern suggests shared genetic
susceptibility factors for these two diagnostic
categories. This is supported by evidence from family
studies showing:
• the co-existence of both phenotypes in different

individuals in the same kindreds;
• intermediate phenotypes, such as schizoaffective

disorder, within such families;
• transition from one phenotype to another over a

period of time in some patients.
This raises the possibility that, in time, genetic
analyses will resolve many of the present
uncertainties in psychiatric diagnosis, and hence
prognosis. A case in point is the strong, and replicated,

linkage finding on chromosome 4p. The original report
of linkage for BPAD and recurrent unipolar
depression generated a highly significant multipoint-
LOD score of 4.8 (Ref. 11). A number of other
independent groups have provided evidence for
linkage to this region'2"16. A positional cloning
strategy, using this locus as an example, that exploits
the recent advances of the Human Genome Project
(HGP), is outlined in Fig. 2. For this locus, a common,
linked region has already been defined, a physical map
of the ~7Mbp region constructed17 and the search for a
core haplotype begun. This might seem the
appropriate point at which to test candidate genes in
the region of linkage, but, as we now discuss, a better
strategy may be to narrow down the region further.

Candidate gene and association approach
The candidate gene approach to psychiatric genetics is
well tried18, but has met with little real success, perhaps
because it is remarkably easy to construct a hypothesis
around any gene expressed in the brain, including those
transiently expressed during development. By contrast,
testing candidates within a tightly defined region can

pay off. The major histocompatibility complex (MHC)
region on human chromosome 6p has been highlighted
by linkage studies in schizophrenia. NOTCH4, which is
thought to have a neurodevelopmental function in
Drosophila, maps to the MHC region. A strikingly
significant association (P= 0.0000078) between
susceptibility to schizophrenia and two putative
functional polymorphisms at the NOTCH4 locus has
recently been reported19. However, replication tests of
this association in other data sets are needed to validate

this finding.
The MHC region has been studied extensively, is

now sequenced completely and, to the best of current
abilities, all the genes are defined. This best-case
scenario contrasts with the bulk of the human genome

sequence, which is in draft form, containing numerous
small gaps, with only preliminary information on gene
position and structure, and few data on predicted
function. The annotation process will take several more

years of concerted effort, both experimental and
computational. In the meantime, two sequential genetic
strategies can be adopted to narrow down the search
region for positional candidates. The first step is based
upon the reasonable assumption of a common founder
in two or more families from the same stable population
that show linkage to the same chromosomal region. It
should be possible to define a smaller common

haplotype between such affected families by typing
polymorphic markers at high density across the regions
identified within individual families. In the second step
(which is dependent upon the actual population
prevalence of the locus in question), it should be possible
to define a sub-region by testing for linkage
disequilibrium (LD) or association, seen as a distortion
between the allele frequencies in case series and those
of controls from the population where linkage was
demonstrated. With the physical map in place, the
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(b) t(1:11)
YES NO LOD

n = 36 n = 35 score

Schizophrenia 7 0 3.4

Bipolar affective disorder 1 0

Recurrent major depression 10 0 7.0

Conduct disorder with 2 1

anxiety in adolescence
Minor depression 1 3

Alcoholism 0 1

(c)
DISC1

TMTn II TTT
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Fig. 3. Cytogenetic, clinical and molecular genetic analysis of a balanced t(1:11) translocation
co-segregating with schizophrenia and related psychoses, (a) A peripheral blood metaphase spread
'painted' with a ch#1 (red) and a ch#11 (green) fluorescence in situ hybridization probe.The yellow
arrow points to the translocation breakpoints on the derived chromosomes 1 and 11. (b) The number
of cases fitting each diagnosis in translocation and nontranslocation family members. Major
psychiatric diagnoses are in bold. Note that half (only) of the translocation carriers and none of the
nontranslocation carriers have a major psychiatric diagnosis, (c) The magenta line represents the
translocation breakpoint region on the normal ch#1, with the arrow indicating the breakpoint itself.
Horizontal bars, exons ofTRAX (gold), DISC1 (blue) and DISC2 (green); arrows, the direction of
transcription.The hybrid line, in gold and blue, indicates the intergenic transcript betweenTRAX and
DISCl.Thus, transcripts from all three genes are disrupted by the translocation.

annotation of the draft human genome sequence

building, and experimental approaches to transcript
identification, it might then be possible to construct a

(very) short-list ofcandidate genes for direct mutation
scanning and functional testing (Fig. 2).

It could be argued that any susceptibility locus
identified by this approach might be peculiar to a small
sub-set of'at risk' individuals and families, and
therefore make only a very small contribution to the
overall cause of the conditions. A counterjustification
for family based approaches is that this approach is well
proven for other genetically complex neurological
disorders including retinitis pigmentosa, nonsyndromal
deafness, epilepsy and Alzheimer's disease, where the
identification ofsusceptibility loci has provided
valuable windows into the underlying physiology.

Cytogenetic approaches
Linkage analysis tends to define broad genomic
regions. By contrast, cytogenetic abnormalities tend to
delineate smaller candidate regions. There are
numerous examples of human disorders where
chromosome translocations, deletions or insertions
alter gene expression, either by direct disruption or by
positional effects and lead to the same or a similar
phenotype to that caused by point mutation20. A single,
sporadic observation can be interesting and worthy of
speculative investigation, but demonstration of
causality requires one of the following:
• finding multiple cases of a rare cytogenetic

abnormality associated with the development of
the condition;

• co-localization of the cytogenetic abnormality with
a candidate gene or region of positive linkage or
association;

• familial co-segregation (linkage) of the cytogenetic
abnormality with the condition.

An example of the last category is a t(l;l 1) balanced
reciprocal translocation found to co-segregate with
major psychiatric illness including schizophrenia
through multiple generations in a large Scottish
pedigree21 (Fig. 3).

Clinical follow-up found illness in additional
translocation carriers within the family and the LOD
score for linkage between major mental disorder and
the chromosome abnormality is now 7.0 (Fig. 3)22 The
t(l;l 1) breakpoint directly disrupts not one, but two,
novel overlapping genes, DISCI and DISC2, that are
expressed in the brain and are located on chromosome
1 (Ref. 23). As yet, little is known of their function or
inter-relation. Sequence prediction programs indicate
that DISCI has a globular N-terminal domain and an
oc-helical C-terminal domain that has the potential to
form a coiled-coil by interaction with other, undefined,
protein(s). DISC2 appears to encode a non-coding
RNA molecule that is antisense to, and by inference,
might regulate the expression of DISC 1. Immediately
upstream of DISC 1 lies TRAX, for which there is
evidence for intergenic splicing to DISCI (Ref. 24).
This single family and the effect of the translocation on
theTRAX-DISCl/DISC2 locus might be dismissed as
a curiosity were it not for the fact that this region of
chromosome lq is also implicated in linkage studies of
cases of mental illness without detectable chromosome

abnormalities25. The challenge now must be first, to
determine the function of this gene complex and the
biological consequence of the translocation event, and
second, to determine whether there are examples of
functional variants (point mutations or other genetic
alterations) in nontranslocation cases of psychosis.

Impact of the Human Genome Project
The two examples above illustrate what is now

possible working from families towards gene
identification in psychosis. This has only become
realistic with the recent and rapid advances arising
from the HGP (http://www.sanger.ac.uk/HGP).

Four complementary features of the HGP - physical
maps, annotated sequence, sequence variation and
comparative genomics - each at a different stage of
execution, join to give a sense or promise to psychiatric
genetics and, indeed, all investigation of common
complex disorders. Complete and accurate physical
clone maps of each chromosome region establish the
order of linked genetic markers, define the size of the
critical region and aid the identification of positional
candidate genes. Contigs are a source for the isolation
of new polymorphic markers, and they facilitate high-
resolution mapping of genes relative to linked or
associated markers and provide a physical template for
transcript-identification procedures. The annotation of
raw DNA sequence is not trivial. Although annotation
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will no doubt improve as the total learning set expands,
it is unlikely to substitute completely for laboratory
experimentation. We will derive great benefit from
parallel genome sequencing efforts in experimental
organisms more amenable to functional analysis.

The availability of the human genome sequence

provides a starting point for the identification and
characterization of individual sequence variation,
including variation that confers susceptibility to
psychiatric illness. DNA sequence variation in the form
ofsingle-nucleotide polymorphisms (SNPs) are

remarkably common, occurring on average once every
1000 bp between any two individuals picked at random
from the population26. The SNP Consortium
(http://snp.cshl.org/), a unique collaboration between
academic institutions and industry, aims, by the end of
2001, to produce a freely available, generic map of
-300 000 SNPs distributed evenly across the genome.
This will facilitate efficient genome-wide association
studies, replication studies and meta-analyses and has
the potential to become a standard tool for individual
pharmacogenetic and population stratification studies26.

There has been considerable debate about the

number of SNPs that would be required for a successful
whole genome scan, but current estimates range from
lper3kbtolperl00kb27.Thisis because the extent
of LD in the human population is relatively unknown,
and varies at different chromosomal locations. There
are less data available on variation between different

populations, but initial studies suggest, contrary to
some previous predictions, that LD in relatively
isolated populations might not be substantially greater
than those in more mixed populations28. Given the
unknown extent of LD in a particular genomic region,
reliable high-resolution physical maps are vitally
important to establish precise marker order, allowing
efficient planning of association studies and reliable
detect ion of LD gradients. Notwithstanding the global
contribution of the SNP Consortium, focused searches
for functional SNPs: that is, those that alter the
product or expression ofone or more genes in candidate
regions will still be necessary.

Summary and future directions
Do genetics and genomics hold all the answers? Some
commentators challenge the whole reductionist
approach of genetics applied to psychiatry, dismissing
it as a distraction from the importance of social and
cultural influences29. In truth, studies of genetic
modulation and/or genetic variation are perfectly well
suited to explore environmental influences, and to
move beyond mere description towards a mechanistic
and mathematical understanding of biological
connectivity and emergent properties.

For the immediate future, a key task is to identify
candidate loci and functional polymorphisms through
family-based and case-control studies. Locus-by-locus
assessment of relative risk, epistasis, pleiotropy and
penetrance can then follow. Identification of each and
every genetically defined locus also identifies a

relevant biological pathway that, by inductive
reasoning or experimental study, might lead directly to
the nomination of other candidates. Interpreting the
biological function of nominated genes and the effects
of mutation will call upon a suite of tools encompassing
bioinrormatics, biochemistry, structural biology,
physiology, functional imaging and behavioural
studies. The example of Alzheimer's disease and the
family based discoveries of APP, PS-1 and PS-2 best
illustrate this principle; their discovery has unlocked
doors to the pathophysiology of dementia, quite
disproportionate to their population prevalence as

genetic risk factors. There is every reason to expect
similar breakthroughs in the major psychoses.

Intriguingly, animal studies could have a key role
in understanding these most human of conditions.
There is abundant evidence of ancient similarity in
genome structure and function across the phyla30. It
is fascinating to witness the growing evidence for
conservation of function and modules of behaviour in

species as diverse as the nematode, the fruitfly and
the laboratory mouse. These organisms give us the
unrivalled opportunity to test empirically the effect of
gene modulation through natural variant, random
and site-directed mutagenesis, or transgenic studies.

To model quantitative traits in general, and
neurological traits in particular, the onus will be to
devise experimental regimes to tease out cause and
effect, genetic interaction and environmental
influence. This will require:
• refinement of classical transgenic methods to

create both subtle, sequence-specific genomic
modifications and conditional (tissue-specific
and/or temporal) mutants;

• establishment of allelic series (both natural and
induced mutations);

• intercrossing of independent mutations (at one or
more loci) all with careful control of genetic
background and of environmental exposures.

Focusing upon the laboratory mouse, a number of
encouraging studies have already be reported. For
example, Flint etal.3> identified three loci for the
psychological trait of emotionality in a second generation
(F2) intercross of'high' and 'low'emotionality strains of
mice, originally selected from a cross between the
C57LB/6J and BALB/cJ strains. Similarly, Caldarone
etal.32 report quantitative trait loci for contextual
fear-conditioning that complement findings from gene
knockout studies. Mouse knockout studies have linked

the N-methyl-D-aspartate (NMDA) receptor complex
directly to synaptic plasticity, long-term potentiation,
learning and memory33. In keeping with the credo 'don't
just ablate, modulate', mice completely deficient in
NMDA receptor expression die perinatally, but, when
engineered to retainjust 5% ofnormal expression, they
survive to adulthood and then display a range of
pronounced behavioural abnormalities (increased motor
activity, stereotypy and defects in social and sexual
interactions) that resemble some features of the
schizophrenic phenotype. Intriguingly, these deficits are
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ameliorated by treatment with the dopaminergic and
serotonergic antagonists haloperidol and clozapine that
are used to treat the symptoms ofschizophrenia. The
tentative conclusion is that this mouse may serve as a
useful model ofschizophrenia. Most recently, Nolan et
al34 described an important, phenotype-driven
approach that is complementary to the genotype-driven
approaches illustrated above. They generated large
numbers of novel mouse variants by chemical
mutagenesis and screened these for a variety of
phenotypes, including analogues ofpsychiatric
dysfunction, generating 500 new behavioural mutants
in the first round. The post-genomic promise of a

merging ofgenotype- and phenotype-driven approaches
is truly exciting.

To summarize, the clinical evidence in favour of a

biological predisposition to psychiatric illness and to
individual variation in genetic vulnerability is
compelling. Many early studies were under-powered or
undermined by diagnostic uncertainties. The field has
moved on, however. Very convincing primary evidence
and encouraging evidence for replication has recently
emerged for a number of loci. The credibility of the field,
however, will only be assured when definitive answers
to their precise nature and number are forthcoming. In
this regard, psychiatric genetics is in a very similar boat
to most areas of complex genetics. The only real
difference between solving the problem for psychiatry

over cardiology, for example, is the paucity of robust,
agreed endophenotypes. These will surely come, but
perhaps only after the first gene discoveries are made.

Finally, genetics is providing some explanation for
the perplexing and problematic issue ofdifferential
drug response in psychiatric patients. This is now
recognized to be dependent in part upon intrinsic,
genetically controlled levels of drug metabolism35. A
polymorphism in cytochrome P450 CYP2D enzyme
accounts for the adverse response to tricylic
antidepressant in a proportion of depressives and might
arguably become a standard assessment in patient
management26,35. Similarly, a recent report suggests
that clozapine response in schizophrenic patients can be
predicted with about 75% success on the basis of typing
multiple polymorphisms in the serotonin transporter,
histamine H2 and the serotonin receptors, 5-HT2A and
5-HT2C (Ref. 36). But understanding the pharmacology
of current antipsychotics and antidepressants is just
the beginning. These drugs have had a major impact on
treatment, but their serendipitous discovery explains
the lack of specificity and unacceptable side-effects.
Beyond pharmacogenetics, the real challenge to the
pharmaceutical industry is to convert gene discovery
into biological understanding, which, through
computational and experimental biology, can lead to
target discovery followed by rational drug discovery and
optimized patient prescription.
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Linkage studies of mental illness have provided suggestive evidence of susceptibility loci over
many broad chromosomal regions. Pinpointing causative gene mutations by conventional
linkage strategies alone is problematic. The breakpoints of chromosomal abnormalities
occurring in patients with mental illness may be more direct pointers to the relevant gene
locus. Publications that describe patients where chromosomal abnormalities co-exist with
mental illness are reviewed along with supporting evidence that this may amount to an
association. Chromosomal abnormalities are considered to be of possible significance if (a)
the abnormality is rare and there are independent reports of its coexistence with psychiatric
illness, or (b) there is colocalisation of the abnormality with a region of suggestive linkage
findings, or (c) there is an apparent cosegregation of the abnormality with psychiatric illness
within the individual's family. Breakpoints have been described within many of the loci
suggested by linkage studies and these findings support the hypothesis that shared
susceptibility factors for schizophrenia and bipolar disorder may exist. If these abnormalities
directly disrupt coding regions, then combining molecular genetic breakpoint cloning with
bioinformatic sequence analysis may be a method of rapidly identifying candidate genes. Full
karyotyping of individuals with psychotic illness especially where this coexists with mild
learning disability, dysmorphism or a strong family history of mental disorder is encouraged.
Molecular Psychiatry (2003) 8, 275-287. doi:10.1038/sj.mp.4001232
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Introduction

While the aetiology of most psychiatric disorders
remains obscure, there is convincing evidence (from
family, twin and adoption studies) that inherited
factors are important in the pathogenesis of both
schizophrenia1 and major affective disorder.2 How¬
ever, it has so far proved difficult to identify these
factors, for a variety of reasons. Chromosomal
abnormalities in those with mental illness are a

valuable resource: they can help us redefine pheno-
types, identify candidate genes and refine areas of
linkage.3 One difficulty is the uncertain validity of
psychiatric diagnoses, despite the use of standardised
diagnostic criteria.4,5 The absence of reliable biologi¬
cal or genetic markers specific for schizophrenia or
affective disorders continues to call into question the
validity of existing classification systems. Linkage to
the same chromosomal region has been reported for
both schizophrenia and bipolar disorder at several
loci, supporting the notion that some genetic risk
factors give rise to phenotypes that cross the tradi¬
tional diagnostic boundaries.'1,7 There is also evidence
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of an overlap between the genetic contributions to
depression and anxiety."

A further difficulty is the lack of clarity as to the
mode of inheritance of psychiatric illness, and like
other common dicordors tho inhoritanco of pcychia
trie illness is likely to be complex with Mendelian
and non Mondolian subcotG." An alternative hypoth
oois proposes that tho additive or interactive offecta of
several genes, each of small effect (the quantitative-
trait model), results in the observed phenotype.
Indeed, it is likely that genes of small size effect
operate." This complexity may help explain why the
results of linkage studies have sometimes been
difficult to interpret. The initial optimism was
generated by positive schizophrenia linkage studies,1"
and was tompcrod by lock of independent replica
tion.11 Although it should be possible to achieve
statistically robust linkage results using nonpara-
motric ('model froo') approaches, such as the affected
sib pair method, the numbers of individuals studied
may havo to bo increased to now and unprecedented
levels to achieve adequate power. The most recent
genome scans, although not individually generating
'significant' results, have shown repeated support for
several loci in both schizophrenia12 and bipolar
disorder.1" Interestingly, some of these loci appear to
be shared by both disorders,14,15 While chromosomal
regions may be consistently identified as suggestive of
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linkage, they are broad genomic regions (~20—30 cM)
and need to be further refined.

Association studies do not rely on knowledge of the
mechanism of transmission of a disorder, can detect
genes of small effect, and can identify narrower
regions of interest. However, at present, it is imprac¬
tical to screen the entire genome by association and
therefore candidate genes must be selected. Given our
limited knowledge of the pathophysiology of mental
illness, it is unfortunately possible to construct a
hypothesis that almost any brain expressed sequence
may bo involved in a mental dicordor. In any caaoi the
human genome sequence is in draft form and at
present undergoing considerable annotation. It con¬
tains numerous small gaps and, although there is
preliminary information on gene position and struc¬
ture, there is little data on predicted function.

Examination of individuals with chromosomal
abnormalities and mental illness may be a way of
overcoming some of these difficulties. It has been
established in many other medical conditions with a
genetic basis that chromosomal aberrations, cither by
direct gene disruption or by positional effects, can
produce identical or similar phenotypes to those
caucod by point mutations and thoir oxistenco has
greatly facilitated the physical mapping and cloning
of candidate genes.ls■17 Unfortunately, chromosomal
analycic is raroly undertaken in adults with psychia
trie disorders, unless perhaps they have a concurrent
learning disability (this is the UK synonym for mental
retardation) or a physical dysmorphism. However, the
rate of chromosomal abnormality is substantially
increased in those with learning disability, and may
be as high as 19% in those with mild learning
disability.1" There is a well-described and familial
link between schizophrenia and mild learning dis¬
ability and an increased rate of chromosome abnorm¬
alities within this specific population.There is also
ovidonco that tho schizophrenia may be the primary
disorder in this link.20 When a chromosomal abnorm¬

ality is dotoctod in somoonc with a psychiatric illness,
it may be considered noncoincidental and related to
the illness if one or more of the following criteria are
met: (a) the chromosomal abnormality is rare and
there are independent reports of the abnormality
being associated with psychiatric illness; (b) there is
colocalisation of the abnormality with a region of
suggestive linkage findings; or (c) there is cosegrega-
tion of the abnormality with psychiatric illness
within the patient's family."

In a large Scottish family schizophrenia and
affoctivo dicordor cosogrogato with a balanced rcci
procal translocation between chromosomes 1 and
ll.21 In this pedigree, the linkage between the break¬
point and psychotic illness is highly significant with
a Lod score of over 7.0.15 Two brain-expressed genes
{DISCI and DISC2) have been identified as disrupted
directly by the chromosome 1 breakpoint.22 As yet,
little is known of the function of these genes;
however, there is confirmatory linkage from an
independent population.2" The strongest evidence

for linkage (Lod of 3.2) comes from a marker located
within DISCI, making this one of the most likely
current candidates for a susceptibility gene for a
psychotic disorder.

In a recent study of families near Barcelona with a
high prevalence of panic disorder, social phobia and
joint laxity, cytogenetic analysis revealed an inter¬
stitial duplication of chromosome 15q24-26 co-
segregating with illness. Eventually, a Lod score of
5.0 was generated when those with panic disorder,
agoraphobia, social phobia and joint laxity were
included. Those findings were then replicated in 70
unrelated patients: the chromosomal duplication was
present in 97% of individuals with panic disorder/
agoraphobia but only in 7% of a control group of 189
individuals.24 This is the first strong evidence defin¬
ing a region of genetic susceptibility for a non-
psychotic psychiatric condition that may affect up
to 10% of adults at some time in their life.25

Given the uncertain validity of psychiatric diag¬
noses, the methodological difficulties of linkage and
association studies, the proven U3cfulnc33 of chromo
somal aberrations in medical disorders, and the
promising findings mentioned above, it seemed that
an up to date review of reports of chromosomal
abnormalities that coexist with psychiatric illness
combined with an analysis of associated evidence,
supporting or otherwise, was worthwhile. In the few
papers published in this area, previous authors have
concentrated on schizophrenia, bipolar disorder or
the sex chromosomes.20-2" This report builds on those
studies and takes a broad overview of all chromoso¬
mal abnormalities reported in relation to psychiatric
illness.

Method

Literature reports of chromosome abnormalities and
psychiatric illness were gathered from Medline (19GG
to October 2001), the online database of Chromosomal
Variation in Man (www.wilcy.com/lcgacy/product3/
subject/life/borgaonkar/), and from other related re¬
views.20-2" Medline searching used one or the other of
the following keywords: affective disorders, bipolar
disorder, depression, manic depression, mental dis¬
orders, mood disorders, paranoid disorders, psychotic
disorders, schizoaffective disorder and schizophre¬
nia; combined with the terms: aneuploidy, chromo¬
some aberrations, chromosome abnormalities, fragile
chromosomes and sex chromosomes. Articles in

languages other than English without translations
wore not included. Reports of negative findinga were
included. Papers that reported patients with learning
disability or mental retardation as an additional
diagnosis were included, but those with autism alone
were excluded.

The presence of a chromosomal abnormality was
considered significant if one or more of the following
criteria was met: (a) there were reports of independent
cases of a rare chromosomal abnormality associated
with psychiatric illness; (b) there was colocalisation
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of the abnormality with a region of positive linkage,
or; (c) familial cosegregation of the abnormality with
psychiatric illness was demonstrated; when the co-
segregation was shown to be statistically significant
these were given greater weight.

Results

Table 1 summarises the results of the literature
review. Chromosomal loci identified by aberrations
that met the criteria mentioned above (several
Independent Cases, IC; LinKage support, LK; Co-
Segregation, CS; significant Co-Segregation, CS*) are
indicated. They, and others of note, are then dis¬
cussed.

Chromosome lq
A balanced translocation t( 1; 11) segregates with major
mental illness in a large Scottish family.15 The
maximum Lod score (7.1, among the highest ever
reported for a psychiatric disorder) was obtained
when those with schizophrenia, bipolar disorder or
recurrent major depression are classed as affected.
Furthermore, schizophrenia linkage studies from
Finland generated confirmatory results near the
lq42.1 translocation breakpoint, with Lod scores of
2.6 and 3.7, respectively.2"'5" A further study in a
Finnish population showed confirmatory linkage
(Lod of 3.2) to a marker intragenic to DISCI, a gene
disrupted by the translocation.25 Linkage studies of
bipolar disorder have suggested evidence of a nearby
susceptibility locus at lq32.51

Chromosome 5q
An unbalanced translocation of the segment 5qll.2-
13.3 into lq32.3, producing a partial trisomy of 5q,
segregates with schizophrenia and multiple physical
abnormalities in a small pedigree.52 Initial positive
linkage findings1" were not replicated.55

In another report, a patient with schizophrenia,
dysmorphic features, moderate learning disability
and an interstitial deletion at 5q22 was described.54
Two schizophrenia linkage studies35,38 suggest invol¬
vement in the region 5q22-31.

Chromosome 7q
A boy with childhood onset schizophrenia, autism
and a reciprocal translocation t(l;7)(p22;q21.3) was
described.57 Other family members with the translo¬
cation displayed language delay, impulsive behaviour
and substance abuse. Subsequently, two linkage
studies58'39 suggested evidence of schizophrenia sus¬
ceptibility loci in the 7q21-22 region.

Chromosome 9p
Initial reports in Sweden4"'41 and Japan42'45 suggested
an increased incidence of the common pericentric
inversion, inv(9)(pllq!3), in schizophrenic popula¬
tions; however, this finding has been disputed in
Japan44 and has yet to be confirmed in a European
population. The inversion is properly considered as a

heterochromatic chromosomal variant rather than
abnormality and is relatively common in the general
population.

Chromosome 9q
Two dysmorphic patients with unusual de novo
chromosomal abnormalities affecting the terminal
part of 9q were reported: one with schizophrenia
and the other with schizoaffective disorder.47,48 Two

schizophrenia linkage studies have given modest
support for linkage at the terminal breakpoint,
9q34 4<>,5"

Chromosome lOp
Axelsson and Wahlstrom41 reported a case of 'para¬
noid psychosis' in a patient with the rare inversion
inv(10)(pl2q21). Three schizophrenia linkage studies
using different techniques in separate populations
have had suggestive results in the 10pl2 region.5"'51"52
There is also suggestive linkage to this region in
bipolar pedigrees.55

Interestingly, there have been case reports of
phenocopies of the velo-cardio-facial syndrome
(VCFS, also known as Shprintzen Syndrome, Di-
George Sequence, and 22qll deletion syndrome; see
section Chromosome 22q) associated with interstitial
deletions at 10pl3.54,55 It should be noted however
that psychiatric disorder in these patients has not yet
been reported.

Chromosome llq
A small pedigree in which a t(9; 11) translocation
cosegregated with affective disorder was described:
five translocation carriers had bipolar disorder and
one had early onset recurrent depression, leaving
only one unaffected carrier.45 Subsequent investiga¬
tion extended the pedigree and further defined the
breakpoints as t(9;ll)(p24;q23.1)48 but revealed four
unaffected carriers of the translocation, weakening
the case for a susceptibility locus at the breakpoints.
Linkage studies have not added support to the
suggestion of a locus at either breakpoint.12,15 How¬
ever, very recently, the chromosome 11 breakpoint
has been shown to directly disrupt a gene, DIBD1
predicted to code for a brain-expressed mannosyl-
transferase.12" Initial linkage and linkage disequili¬
brium analyses in two series of bipolar families,
however, was not supportive of a more general role in
bipolar disorder.

Chromosome 13q
A small pedigree with an unusual inverted insertion,
inv ins(13)(q21.3q32q31), appearing to segregate with
psychosis and learning disability was described.58
Significant linkage support for a susceptibility locus
at 13q32 has been reported in schizophrenic pa¬
tients58 and, interestingly, linkage approaching sig¬
nificance (Lod of 3.5) has been generated at the same
site in bipolar disorder patients.51

Molecular Psychiatry
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Chromosomal rearrangements or anomalies associate with psychiatric disorder

Abnormality Diagnosis Comments CM

Fragile site

Fragile site

Reciprocal translocation,
t(l;ll)(q42;ql4.3)

Complex abnormality,
inversion and reciprocal
translocation involving
chromosomes 2 and 11

reciprocal translocation,
t(2;18)(pl 1.2;ql 1.2)
Insertion, insertion of
2qll.2-q21.1 into 8p21.3
leading to a
partial trisomy of 2q

Fragile site

Bipolar disorder

Schizophrenia, bipolar
disorder and recurrent

major depression

Schizophrenia and learning
disability

Schizophrenia

Schizoaffective disorder,
psychotic illness and
learning disability

Schizophrenia

Inversion, inv(4)(pl5.2q21.3) Schizophrenia

Reciprocal translocation,
t(5;6)(pl3;ql5)
Unbalanced translocated

segment from 5pl4.1 into
14q32.3 leading to a partial
trisomy of 5p
Unbalanced translocated
segment 5ql 1.2-13.3 into lq
leading to a partial trisomy
of 5q
Interstitial deletion,
del(5)(q22q23.3)
Reciprocal translocation,
t(6;ll)(ql4.2;q25)

Reciprocal translocation,
t(7;8)(pl2;p23)

Reciprocal translocation,
t(l;7)(p22;q21.3)

Paranoid psychosis

Schizophrenia

Schizophrenia

Schizophrenia and mild
learning disability
Schizoaffective disorder and
mild learning disability

Mosaic trisomy

Schizophrenia

Schizophrenia
(childhood onset), autism
and learning disability

Schizophrenia and 'organic
brain syndrome'

See 7q21.3
7 of 19 schizophrenic patients
screened; number of controls
affected is not stated
4 of 10 bipolar patients tested LK
See 5qll.2
Translocation segregating LK/
through 5 generations Lod CS*
score highest (7.1) when
individuals with
schizophrenia, bipolar
disorder or major depression
are considered affected
One case

One case, translocation not

segregating with illness
Mother with schizoaffective
disorder and borderline
learning disability; daughter
had psychotic episode, was
dysmorphic and had learning
disability
2 sib pairs with illness and 2
others. Mother with fragile site
and 2 affected children, well
herself
One case of schizophrenia.
Proband's mother had
inversion and schizotypic traits
see 4pl5.2
One case

One case of schizophrenia;
sibling with translocation had
severe epilepsy

Partial trisomy segregating CS
with schizophrenia and
multiple physical
abnormalities
One case LK

2 carriers psychotic, 2 suicidal
while 2 carriers unaffected
See 5pl3
Inherited translocation;
other family members
with translocation
were well
One case; LK
other translocation
carriers displayed
paranoid traits, language
delay and substance
abuse
One case; other family
members not karyotyped
See 2qll.2
See 7pl2
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Table 1 (continued)
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Site Abnormality Diagnosis Comments CM Reference

8q24

9pll

9pl2

9p21

9p24
9q31.2

9q32

10pl2
11

llql4.3
1 lq23.1

llq23.3

llq25
12ql5
13

Fragile site

Pericentric inversion,
inv(9)(pllql3)

Pericentric inversion,
inv[9l(pl2ql3) Probably
same inversion as above

Fragile site

De novo paracentric inversion,
inv(9)(q31.2q34.3)
Interstitial deletion,
del(9)(q32q34.1)
Inversion, inv(10)(pl2q21)

Reciprocal translocation,
t(9;ll)(p24;q23.1)

Partial trisomy 11,
dup(ll)(q23.3q25)

Reciprocal translocation,
t(l 3; 14)

13ql3

13q21.3

13q32
14qll,2
14ql4
14q32.3
15qll

Reciprocal translocation,
t(13;14)

Inversion and insertion, inv
ins(13)(q21,3q32q31)

(a) Deletion, del(15)(qllql3)

(b) Uniparental disomy of
chromosome 15

Schizophrenia

(a) Paranoid psychosis
(b) Schizophrenia
(c) Schizophrenia and
learning disability
(d) Schizophrenia

(e) Schizophrenia

Schizophrenia

Schizoaffective disorder

Schizophrenia and learning
disability
Paranoid psychosis

Bipolar disorder, unipolar
depression

Recurrent major depression
and moderate learning
disability

(a) Schizophrenia and
borderline learning disability
(b) Schizophrenia and
learning disability

Depression

Psychosis and learning
disability

Psychosis and learning
disability

Severe affective disorder
with psychotic features and
learning disability

50 schizophrenic patients
screened. 36% showed fragility
vs 6% of controls
In 13 of 134 patients
Mother and son both affected
One case

Incidence of inv 9 double

population rate in 250
schizophrenic patients. These
inversions are generally
regarded as heterochromatic
variants
Incidence of inv 9 same as
population rate

50 schizophrenic patients
screened. 82% showed fragility
while found in 8% of controls
see llq23.1
One case, dysmorphisms
present
One case, dysmorphisms
present
One case

See 2

See lq42
Of 11 carriers, 5 had bipolar
disorder and 1 had unipolar
disorder Chromosome 11

breakpoint directly disrupts a
candidate gene DIBD1
De novo duplication but family
history of depression from both
parents
See 6ql4.2
See Xq24
One case from a survey of 30
child psychiatry in-patients
Inherited translocation not co-

segregating. These are
examples of the very common
Robertsonian translocation
which are probably best
regarded as non-significant
variants
One patient in series Prob.
Robertsonian translocation as

above
3 of four carriers had learning
disability, of whom two had
psychosis
See 13q21
See 18q22.1
See 13ql3
See 5pl4.1
3 cases of psychosis
accompanying Prader-Willi
syndrome
7 of 28 adult cases of Prader-
Willi syndrome had psychotic
affective illness; 5 had

IC/LK

IC/LK

LK

CS

107

41

43
19

42

44

107

47

48

41

46, 126

27

108

105

109

56

110

63
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Table 1 (continued)

Site Abnormality Diagnosis Comments CM Reference

15ql2 Deletion, del(15)ql2

15ql3.3 Partial unbalanced derivatives
leading to partial trisomy 15q
and 18q stemming from a
reciprocal translocation
t(15;18)(ql3.3;q22.3)s

15q24 Interstitial duplication,
dup(15)(q24q26)

16q22 Fragile site

17pl2

18pll

18pl 1.1

18pll.3

18qll.2
18q21.1
18q22.1

18q22.3
19pl3

21

Fragile site

Ring chromosome
r(18)(pllq23)

(a) Derivatives of a t(18;21)
translocation resulting in
del(18)(pll.lpter) and
dup(21)(pll.lpter)

(b) Reciprocal translocation
t(18;21)(pll.l;pll.l)

Pericentric inversion,
inv( 18)(p 11. 3q21.1)

Reciprocal translocation
t(14;18)[ql 1.2 ;q2 2.1)

Fragile site

Trisomy

Atypical bipolar disorder,
autism and severe learning
disability
Bipolar disorder and
schizoaffective disorder

Panic disorder, agoraphobia,
social phobia, simple phobia
and joint laxity

Bipolar disorder, Tourette
syndrome and learning
disability
Paranoid psychosis

Manic-depressive psychosis
and learning disability

Schizophrenia and mild
learning disability

Schizophrenia, psychotic
episodes and paranoid traits

Schizophrenia and bipolar
disorder

Schizoaffective disorder

Schizophrenia, autism and
learning disability

(a) Depression

(b) Bipolar disorder

uniparental disomy, one
had a deletion and another
an imprinting centre
mutation
One case, no family history 111

57

24

Two related individuals with LK

dysmorphisms, one with
bipolar disorder had 15q
partial trisomy and one with
schizoaffective disorder had

18q partial trisomy
Duplication segregating CS*
through 7 families; Lod score
highest (5.0) when individuals
with panic disorder,
agoraphobia, social phobia and
joint laxity are considered
affected

Fragile sites not replicated at 112
later date

In 4 of 134 psychotic 41
patients
Mother and daughter with 113
illness and ring chromosome;
father schizophrenic
One individual with 114

schizophrenia, learning
disability and dysmorphic
features. Twin (believed to
be normal) unavailable for
analysis
Two brothers and mother of (a),
all with balanced translocation
and schizophrenia, paranoid
traits and psychotic episodes,
respectively
One case with schizophrenia IC/LK
in Scotland; one case with
bipolar disorder in Denmark
See 2pll.2
See 18pll.3 IC/LK
One case LK

64

Seel5ql3.3
Monozygotic twin brothers;
one with schizophrenia, one
with autism and learning
disability. One further brother
with schizophrenia, another
unaffected

Higher rates of unipolar
disorder and lower rates of

bipolar disorder than in other
patients with learning
disability
Reviews 6 cases of bipolar
disorder and one case of

unipolar mania in individuals
with trisomy 21

67

115

71

116
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Site Abnormality Diagnosis Comments CM Reference

21p Deletion, del(21)(pll)

21pll.l
22qll Interstitial deletion

45.X/46.X iso(Xq) mosaic
45,X/46,XX mosaics, also
47,XXX, 47XXY

47,XXX

45,X; 47,XXX; 47.XXY

45,X/46,XX mosaic and
47.XXY

45,X/46,XX mosaic

45.X/46XX mosaic

(c) Bipolar and unipolar
disorder

(d) Depression

Bipolar disorder

(a) Schizophrenia with
paranoid delusions
(b) Schizophrenia and
schizoaffective disorder
(c) Bipolar disorder,
schizoaffective disorder,
depression and dysthymia

(d) Schizophrenia, bipolar
disorder and depression

Bipolar disorder
Schizophrenia

Schizophrenia and
schizoaffective disorder

Schizophrenia or bipolar
disorder

Schizophrenia

Schizophrenia

Schizophrenia

Xp22.33 46, X, t(X;Y)(p22.33;pll,2) Schizophrenia-like psychosis

Review of literature suggesting
increased rates of depression
and decreased rates of bipolar
disorder

depression at population rate
in 164 patients
Mother and daughter with
deletion and illness However,
possibly a short arm variant
See 18pll.l
In 12 of 90 patients with IC/LK
clinical VCFS
In 4 of 14 subjects with IC/LK
clinical VCFS
(i) 7 children with bipolar II IC/LK
disorder out of 15 aged 5—16
(ii) 10 adults, of which 6 with
bipolar I or II, two with
schizoaffective disorder,
one with major depression
and one with dysthymia
50 adults with VCFS:15 IC/LK

psychotic including 12
schizophrenic, 1 schizo¬
affective and 1 bipolar. 6 with
unipolar disorder
Case report
Survey of schizophrenic
patients and review of multiple
studies. 4 of 77 female

schizophrenic patients had
X/XX chromosome mosaicism.
Small increased incidence of
47,XXX and 47.XXY
karyotypes in schizophrenic
populations
One case of each

Danish psychiatric and
cytogenetic registers were
cross-checked. There was a

nearly significant decrease
in incidence of illness
with 45,X: while there
was no association of illness
with 47,XXX or 47.XXY
From a sample of 250 patients,
3 with mosaic karyotypes and 2
patients with 47.XXY were
detected
One case with schizophrenia
and mosaicism; daughter with
schizophrenia but normal
chromosomes
2 cases of mosaic X/XX
described. Literature review

suggesting 11 cases of X/XX
mosaicism in 6483

schizophrenic women
karyotype involves insertion of
Y material into X chromosome

117

118

72

77

80

79

78

119
28

120

86

42

121

122

123
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Table 1 (continued)

Site Abnormality Diagnosis Comments CM Reference

Xq24 reciprocal translocation,
t(X;12)(q24;ql5)

Bipolar disorder and learning One case LK
disability

87

Y 47.XYY Schizophrenia One case 124

45,X/46,XY mosaic Schizophrenia Multiple urogenital and
neurological abnormalities

125

47.XYY Schizophrenia or Bipolar Danish psychiatric and
disorder cytogenetic registers were

cross-checked. There was a

nearly significant increase in
incidence of illness with
47.XYY

86

Ypll.2 See Xq21.3

Chromosomal abnormalities associated with psychiatric disorder. Entries in italics are negative findings. Column five
(Criteria Met, CM) indicates if there is supportive evidence of an association through one or more of the following
mechanisms: (1C) several Independent Cases of a rare chromosomal abnormality associated with a particular illness, (LK) co-
localisation of the cytogenetic abnormality with a region of positive LinKage, or (CS) familial Co-Segregation of the
cytogenetic abnormality with the condition. CS* indicates that the co-segregation reached statistical significance. Learning
disability is the UK synonym for mental retardation.

Chromosome abnormalities and mental illness
DJ Maclntyre et al

Chromosome 15q
Two interrelated patients with dysmorphisms and the
unbalanced derivatives of a reciprocal translocation
t(15;18)(ql3.3;q22.3), one with bipolar disorder and
the other with schizoaffective disorder, were re¬

ported.57 Both had partial trisomy of chromosomes
15 and 18. Several schizophrenia linkage studies have
given modest support to a susceptibility locus in the
region 15ql3-14,5"-"" while others have failed to
replicate those findings in separate populations.81,62
Although slightly proximal to the region of highest
linkage, the association between Prader-Willi syn¬
drome at 15qll-13 and affective psychotic disorder
and especially the recent striking finding of an
apparent excess of uniparental disomy cases is
noteworthy."5

In a study of families in which an interstitial
duplication, dup(15)(q24q26), cosegregated with
panic disorder, social phobia, agoraphobia and joint
laxity, a Lod score of 5.0 was recorded. In an
extension of the original study the duplication was
found to be present in 97% of 70 unrelated panic
disorder patients but only in 7% of a control group.24

Chromosome 18p
Cross-referencing Danish and Scottish cytogenetic
registers revealed two unrelated individuals with
the rare pericentric inversion, inv(18)(pll.3q21.1),
one with schizophrenia and the other with bipolar
disorder."4 There is supportive linkage to the 18pll
region in bipolar disorder"'"5 and in schizophrenia.""

Chromosome 18q
At a slightly terminal location to the breakpoint in
the two cases mentioned above, a woman with
schizoaffective disorder and the translocation

Molecular Psychiatry

t(14;18)(qll.2;q22.1) was reported."7 Two more in¬
dividuals, one with bipolar disorder and the other
with schizoaffective disorder, both with unbalanced
derivatives of a translocation t(15;18)(ql3.3;q22.3),
were described.57 In summary, chromosomal break¬
points at 18q21.1, 18q22.1 and 18q22.3 have been
reported. There has been linkage support for the
suggestion that susceptibility loci for bipolar dis¬
order""-7" and schizophrenia"" reside in the region of
18q21—22.

Chromosome 21

Although the published literature in this area is
limited, there is some evidence that individuals
with trisomy 21 (Down's syndrome) are at a decreased
risk of developing bipolar disorder compared with
other learning-disabled individuals or the general
population.71,27 This finding could be explained if a
major susceptibility locus for bipolar disorder, a
recessive disease allele, is present on chromosome
21. A case report of a mother and daughter with
chromosome 21p deletion and bipolar disorder72
adds some support to the suggestion that this locus
might be on 21p. However, most linkage studies7"-7"
have indicated that if there is a locus for bipolar
disorder on chromosome 21, it lies in the region
21q21.

Chromosome 22q
Initial interest was generated in this region when a
paediatric craniofacial surgeon noticed high rates of
psychiatric disorder, particularly schizophrenia, in
patients with VCFS,77 a condition characterised by
distinctive dysmorphology, cardiac abnormalities and
associated with small interstitial deletions of chromo¬
some 22qll.2. This deletion has an estimated
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prevalence of 1 in 4000 live births, making it one
of the most common genetic disorders. Further
studies have confirmed a high incidence of schizo¬
phrenia and bipolar disorder7"'"" in patients with
VCFS and a survey of 100 schizophrenic patients
discovered two with previously undiagnosed 22qll
deletions."1 Several studies have reported linkage to
markers near the VCFS region in schizophrenia,"""7
and in that area and slightly telomeric to it in bipolar
disorder."4'85

Sex chromosome aneuploidy
There have been several studies published in the
literature that found an excess of sex chromosome
aneuploidies in psychiatric patients. However, these
studies were either small or relied on the inaccurate
method of sex chromatin screening by buccal smear.2"
A Japanese study that reported an excess of X
chromosome mosaicism in schizophrenic patients42
was not replicated when an age-matched control
group was used.44 The only large-scale study so far
cross-checked the Danish Cytogenetic and Psychiatric
Central Registers, and found no evidence of increased
risk for schizophrenia or bipolar disorder in people
with sex chromosome aneuploidies."" When schizo¬
phrenia and bipolar disorder were grouped together,
there was evidence, approaching statistical signifi¬
cance, of a decreased risk in those with Turner's
syndrome and an increased risk in men with the
47.XYY karyotype. The latter finding is not easily
explainable.

Chromosome Xq
A patient with bipolar disorder, learning disability
and an unusual translocation t(X;12)(q24;ql5) was
reported."7 There have been several bipolar studies
reporting linkage to markers in the Xq24-27 re¬
gion;""'"" however, these findings have not been
consistently replicated.1"

Fragile sites
There are reports of associations between schizo¬
phrenia or bipolar disorder and numerous fragile
sites (see Table 1); however, none of these have
been consistently replicated. Furthermore, except
at lq32, linkage studies have not added support
to the suggestion that any of these sites are
possible susceptibility loci. It is therefore possible
that these fragile sites either represent artefacts
or are coincidental findings of no clinical signifi¬
cance."0

Discussion

That there are genetic components to psychiatric
disorders is not in question. Eventually, the chromo¬
somal regions harbouring the genes responsible will
be identified and then the genes themselves will be
cloned. The questions are, which regions and how
will the genes be identified?

As the volume of data generated by linkage studies
accumulates, several chromosomal loci that are likely
to be involved in schizophrenia, and several likely to
be involved in bipolar disorder, are emerging. Chro¬
mosomal abnormalities have been reported in pa¬
tients with schizophrenia or bipolar disorder at many
of these sites. In two families, genes have already been
cloned that are directly disrupted by chromosomal
translocations. DISCI and DISC2 are disrupted at
lq42 in a large Scottish family segregating for
schizophrenia and severe affective disorder. As
mentioned, there is linkage support for this locus
both within this family and from independent
studies. In a separate study the gene DIBD1 coding
for a mannosyltransferase enzyme has been found
disrupted by a translocation involving llq23 in a
family segregating for bipolar disorder.12" However
there is, as yet, no further confirmation of its
importance. Both these findings are recent and much
work still has to be done to identify mutations in
other patients with illness. The most likely effect of
such direct gene disruption is gene silencing and thus
haploinsufficiency. This implies a dosage effect that
could be produced by a variety of direct or regulatory
dysfunctions in affected individuals without cytoge¬
netic rearrangements. Even if the genes were even¬
tually shown to be risk factors only in the families
segregating for the chromosome abnormalities, they
will generate new candidates through definition of
interacting proteins, for example, by the yeast-2-
hybrid method. Another important study has reporled
an abnormality responsible for nonpsychotic panic
disorder and agoraphobia. Provisional susceptibility
loci for psychiatric disorders that have been identi¬
fied by chromosomal abnormalities are summarised
in Table 2.

The reports reviewed in the present study support
the hypothesis that some genetic susceptibility f
actors are shared by schizophrenia and bipolar
disorder: some families have a chromosomal abnorm¬

ality that cosegregates with both psychotic and
affective disorder;15 some independent cases of rare
abnormalities have been reported where one indivi¬
dual has schizophrenia and the other has bipolar
disorder;"4 and, lastly, patients with similar chromo¬
somal deletions appear to have much increased rates
of schizophrenia and bipolar disorder.7" It would
therefore seem logical, in the first instance, to
concentrate the search for susceptibility loci on those
areas that seem to be common to both conditions,
using individuals with chromosomal aberrations to
help narrow the search. Furthermore, it would seem
prudent to attempt to detect chromosomal aberrations
in as many of those with psychiatric disorder as
possible. It is unrealistic to expect cytogenetic
analysis to be performed on all psychiatric patients.
However, there are several groups in whom screening
for cytogenetic abnormality should be seriously
considered, particularly those with (a) strong
family histories of psychiatric disorder, (b) mild
learning disability or a strong family history of
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Table 2 Susceptibility loci for psychiatric disorders identi- advance our search for the aetiology of psychiatric
tied by chromosomal breakpoints illness.

Region Diagnosis (DSM-IV)

lq42 SZ/BP/major depressive disorder
5q22—23 SZ

7q21 SZ

9q34 SZ

10pl2 SZ/BP

13q32 SZ/BP
15ql3 BP/schizoaffective disorder
15q24 Panic disorder/agoraphobia/social phobia
18pll SZ/BP

18q21—22 BP

22qll—13 SZ/BP

SZ: schizophrenia; BP; bipolar disorder. For abnormalities
co-segregating in families only those where the association
was reported as statistically significant are listed.

learning disability, or (c) the presence of physical
dysmorphisms.

Chromosomal banding studies can quickly locate
the gross morphological areas disrupted by chromo¬
somal aberrations."1 Recently, the draft human
genome map has become available"2'"3 and mapping
of a set of bacterial artificial chromosome (BAC)
clones across the genome has been completed."4 It is
therefore possible, using fluorescence in situ hybri¬
disation (FISH), to rapidly define the point in the
genome that has been disrupted by a chromosomal
aberration, and hence identify candidate genes.

Once candidate regions have been identified,
association studies using microsatellite markers or
single nucleotide polymorphisms (SNPs) can be used
to map chromosome areas in linkage disequilibrium
with the causative gene and thereby identify risk
haplotypes"3'"5 including those for psychiatric illness.
Once a disease haplotype has been identified,
candidate genes in the vicinity can be screened for
mutations and the function of the disease gene
involved can be further investigated by animal
studies. For example, knockout mice have linked
the N-methyl-D-aspartate (NMDA) receptor complex
to synaptic plasticity, long-term potentiation and
memory."" Complete absence of NMDA receptor
expression is not compatible with viability, but those
with 5% of normal expression survive to adulthood
and display pronounced behavioural abnormalities
that resemble some features of the schizophrenic
phenotype; these abnormalities are ameliorated by
dopaminergic and serotoninergic antagonists that are
used to treat schizophrenia, and may indicate that
this type of knockout mouse could serve as a useful
model for schizophrenia.

In conclusion, chromosomal aberrations have been
reported in many of the linkage 'hot spots' that are
candidate susceptibility loci. If we look for these
fortuitous indicators and take advantage of them,
using powerful cytogenetic techniques, we can
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Children, neurological soft signs
and schizophrenia
In their recent article, Leask et al (2002) re¬

confirm the presence of neurological soft
signs as a significant childhood finding
among people who later develop schizo¬
phrenia in adulthood. In some earlier work
using a similar, bias-proof follow-back
design we had identified developmental pro¬
blems (a pragmatic equivalent of soft signs),
weaknesses in speech and language and
difficulties in peer relationships as the stron¬

gest childhood precursors of adult schizo¬
phrenia, indeed easily more relevant than
family history of psychosis or demographic
characteristics.

As interest is developing in prodromes
of psychosis and its early onset, we also
have a far better-defined group of children
who incorporate all the above parameters
and factors. In our child psychiatric clinical
practice, we are seeing increasing numbers
of children with soft neurological signs
and disturbed peer relationships who are

diagnosed with Asperger syndrome. In
effect, it would appear that even though
neurological signs are not a central criter¬
ion, they are universally present and in
exactly the areas Leask et al identified.

Could it be that these youngsters are in¬
deed the most primary candidates for future
schizophrenia? It would logically follow;
and then our notions on continuities may
need revising and, perhaps more relevantly,
a target population may be identified where
preventive input could be crucial. I would
welcome comments from readers.

Ambelas, A. (1992) Preschizophrenics: adding to the
evidence sharpening the focus. British Journal of
Psychiatry, 160, 401 404.

Leask, S. J., Done, D. J. & Crow.T. J. (2002) Adult
psychosis, common childhood infections and
neurological soft signs in a national birth cohort. British
Journal of Psychiatry, 181, 387 392.

A. Ambelas Child and Adolescent Mental Health

Services,Westcotes House,Westcotes Drive.
Leicester LE3 0QU, UK

Authors' reply: Dr Ambelas raises the im¬
portant relationship between the premorbid
characteristics of individuals who later

develop schizophrenic illnesses and the
syndrome first described by Hans Asperger
as 'autistic psychopathy' in childhood
(Asperger, 1944). Asperger related his clin¬
ical picture to Bleuler's concept of autism in
schizophrenia and wrote that, 'All but the
last mentioned feature (dereistic thinking)
can be found in the type of personality dis¬
order to be described here'. But 'While the

schizophrenic patient seems to show pro¬

gressive loss of contact, the children we
are discussing lack contact from the start'.
Investigating this association, Tantam
(1988) found that 18 (21%) of 86 people
with Asperger syndrome later developed
some form of psychosis.

The status of Asperger disorder/
syndrome (DSM-IV (American Psychiatric
Association, 1994) and ICD-10 (World
Health Organization, 1992)) within the
class of autistic spectrum or pervasive
developmental disorders (DSM-IV) has
been much debated. These disorders are

characterised by delays or deficits in social
relatcdness, reciprocation, and understand¬
ing social interactions. The term pervasive
developmental disorders was first intro¬
duced in DSM-III (American Psychiatric
Association, 1980), with Asperger disorder
only separated from other pervasive devel¬
opmental disorders in DSM-IV. Pervasive
developmental disorders not otherwise
specified constituted the majority of cases
in the DSM-IV field trials. Further sub¬
divisions of pervasive developmental disor¬
ders are likely in revisions of DSM resulting
from empirical evidence and consensus of
opinion. Thus, Ambelas's target of a 'pri¬
mary candidate' at this stage might be the
broader class of pervasive developmental
disorders, excluding autism, rather than
Asperger syndrome per se.

Cohort studies such as the National
Child Development Study (NCDS) cast
some light on the issue. The epidemiology

is arguably similar, with S+ schizophrenia
having a lifetime prevalence of 8 per
10 000, and in the NCDS at age 7 the gen¬
der split was 20:13 (i.e. 1.5:1). While Ehlers
& Gillberg (1993) using their own criteria
estimated a minimum prevalence of 3.6
per 1000 children (7—16 years of age) and
a male to female ratio of 4:1, using more
liberal criteria their prevalence was 7 per

1000, with a gender split of 2.3:1.
Most authors agree with Tantam that

the core of Asperger syndrome consists of
disabilities in communication, socialisation
and non-verbal expression, with conspicu¬
ous clumsiness and special interests. Cohort
studies suggest that there are indeed deficits
in at least some of these areas in children
who go on to develop schizophrenia in
adulthood. In the NCDS, we found these
children more often rated as over-anxious

and hostile in their relationships with adults
and other children, and this was both more

marked and present earlier in boys (Done
et al, 1994). At ages 7, 11 and 16, their
teachers noted the children were mis¬

pronouncing words more often than the rest
of the cohort. At 11, there were increased
rates of speech difficulties, and at 16 they
were poor on English ability. There are

therefore difficulties in communication,
although it is not clear that these are com¬

parable to the 'odd, pedantic, stereotypic
speech' that is described in Asperger syn¬
drome. Interestingly, at each age they were

delayed in reading ability, although such
deficits are not recorded as characteristic
of Asperger syndrome. At age 11, girls but
not boys among those who later developed
schizophrenia were rated as withdrawn
(i.e. distant, cut-off from people, avoiding
communication), evidence perhaps of
difficulties in non-verbal communication.

However, at age 7 the girls in all respects
manifested normal social behaviour, sug¬

gesting that girls who, in adulthood, develop
schizophrenia might display a characteristic
developmental trajectory (i.e. a decline
in social relatedness and reciprocation
between childhood and adolescence).

Perhaps the most interesting parallel is
the one to which Ambelas draws attention,
between the increase in neurological soft
signs that we have observed and the clumsi¬
ness and stereotypy of movement that is
described in Asperger syndrome - a clue
to the neurological basis or bases of the
two clinical pictures. At age 7, the children
who, in adulthood, developed schizo¬
phrenia were more likely to be rated as

having difficulties in coordination, and at
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age 16 were more likely to be described as

clumsy. Delays in learning to stand, walk
or speak are linearly related to later risk
of schizophrenia (Isohanni et al, 2001) as
also was delay in potty-training, a finding
that corresponds to an increased incidence
of failures of continence observed in the

NCDS cohort.

Each of these findings suggests some

commonality between features of pervasive
developmental disorders (including Asper¬
ger syndrome) and those that precede
schizophrenia, notwithstanding obvious
differences in methods of data collection.

There remains the question of time course
to which Asperger drew attention - the
features of Asperger syndrome are present

early, whereas those of schizophrenia show
an element of progression. This difference
is exemplified by a progressive decrease in
language scores preceding the onset of
schizophrenia (Fuller et al, 2002).

The key question is why does this
constellation of features come together?
One finding from the NCDS sample points
to the neurological substrate. At age 7,
children who, in adulthood, develop schizo¬
phrenia were more likely to be rated as
ambidextrous for handwriting by their
mothers and were less lateraliscd on a

square ticking task at age 11. There is
evidence that lateralisation is a major deter¬
minant of the acquisition of words as well as
of other aspects of cognitive ability (Crow et
al, 1998). We propose that development of
hemispheric dominance for the components
of language is relevant to the similarities of
the conditions described by the term Asper¬
ger syndrome and those that precede the
onset of schizophrenic psychoses, as well
as to differences in their time course. Thus,
language - the core characteristic of the
species - with its context in social inter¬
action and its matrix in the lateralisation
to the two hemispheres, is the function that
varies between individuals and accounts for

the similarities between the early develop¬
mental anomalies that were identified by
Asperger and those that can now be seen
as precursors to psychotic illness.
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Genetics of early-onset depression
We were very interested to read the recent,

thought-provoking editorial by Andrews et
al (2002) on the prevention of depression in
young people. However, we arc concerned
that they have understated the important
role of genetics in early-onset depression.
Contrary to their assertion that the children
of parents with depression are likely to be
at heightened risk for psychological rather
than genetic reasons, available evidence
suggests that childhood-onset depression
represents a strongly genetic subtype of
affective disorder (Neuman et al, 1997;
Sullivan et al, 2000). Up to 50% of pre¬

pubertal children with depression eventually
develop bipolar disorder (Geller et al, 2001)
and recurrent, early-onset depression (de¬
fined as two or more episodes before age

25) is recognised as a malignant form of
affective disorder characterised by high
genetic loading, frequent recurrence and
poor long-term outcome (Zubenko et al,
2001). Furthermore, one recent study sug¬

gests that the inheritance of depression in
these families is compatible with a single
major locus (Maher et al, 2002).

Preliminary findings from our own

study of early-onset depression in a univer¬
sity population support the view that early
age at onset defines a subgroup at very high
genetic risk. Using the Family Interview for
Genetics Studies (FIGS; National Institute
of Mental Health, 1999), 76% of the sub¬
jects seen so far (36 out of 47) report at
least one first-degree relative with affective
disorder, with 87% (41 out of 47) reporting
either a first- or second-degree relative af¬
fected. The mean age at onset in this group
is 15.6 years (s.d.=2.6).

Population-based interventions are un¬

likely to reduce the prevalence of depres¬
sion in young people as long as we have
an incomplete understanding of how genet¬
ic and non-genetic risk factors interact to

bring about the depressive phenotype. In¬
terventions such as the cognitive therapy
programme described by Clarke and collea¬
gues (Clarke et al, 2001) might be cost-
effective strategies if they can be targeted
to high-risk groups. Unfortunately, we are
not yet in a position to reliably identify
those individuals at high risk.
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Authors' reply: Smith et al worry that we
have underestimated the role of genetics in
early-onset depression. They draw our at¬
tention to the published evidence for the
importance of genetic factors in prepubertal
depression, which itself is a marker for
adult bipolar disorder, although not neces¬

sarily a marker for major depression (the
topic of our editorial). From their own

data, they report that three-quarters of 47
subjects who had a depressive episode by
a mean age of 15 had a first-degree relative
with an affective disorder. Strong evidence
indeed of familiarity, but not necessarily
of a genetic cause. Despite their certainty,
many of us have problems with the precise
nature of the evidence supporting genetic
factors in major depression, in part because
of the dimensional nature of depression,
and in part because of the extensive
comorbidity.

We opined that the heightened risk of
depression in young people whose parents
had depression was likely to be 'more psy¬

chological than genetic' and referred the
reader to the review by Beardslee et al
(1998). We provided evidence that inter¬
vention programmes for adolescents can re¬
duce by half the probability of depression in
the future. Smith et al argue that universal
interventions are unlikely to be effective
until we have complete understanding of
how genetic and non-genetic factors inter¬
act to bring about the depressive pheno-
type, and that interventions targeted to

high-risk groups should be deferred until
we can reliably identify those individuals
at high risk.

We strongly oppose this thinking. Most
interventions in medicine are introduced
before there is a complete understanding
of the aetiology of the disorder, and usually
before there is precise information as to
which individuals will respond. Simply to
know that an intervention can produce a
reliable and significant benefit is sufficient
to warrant implementation. We believe
that this is the situation in regard to the
prevention of major depression in young

people.

Beardslcc.W. R.,Versage, E. M. & Gladstone,T. R.G.
(1998) Children of affectively ill parents: a review of the
past 10 years. Journal of the American Academy of Child
and Adolescent Psychiatry, 37. 1134 1141.

G. Andrews, M. Szabo, J. Burns School of
Psychiatry. The University of New South Wales,
Sydney 2052, Australia

Depressive symptoms
and cognitive decline

In their recent paper, Paterniti et al (2002)
reported that depressive symptoms predict
cognitive decline over a 4-year period. This
is a well-designed and well-written study
that replicates a previous finding from
similarly well-designed studies. Negative
findings on this question, however, arc also
common in the literature, including a re¬

port from the same French group a few
years ago (Dufouil et al, 1996). I would like
to point out some relevant issues
overlooked by Paterniti et al.

First, I find it unfortunate that the
paper cites few negative reports, with no
mention in the discussion of the many long¬
itudinal studies that have reported no
association between depressive states and
subsequent cognitive decline (Dufouil et
al, 1996; Prince et al, 1996; Cervilla et al,
2000). It is particularly surprising that
Patcrniti et al quote the study by Chen
et al (1999) as reporting that 'depressive
symptoms are predictive of cognitive
decline', when in fact they found that
dementia predicted the onset of
depressive symptoms but not the other
way round.

Second, it is regrettable that Paterniti
et al overlooked the only study to date
addressing the very same question but for
a considerably longer follow-up period
(Ccrvilla et al, 2000). Longer follow-up
periods could help to distinguish between
psychopathology shared by depression and
dementia (e.g. difficulties with memory
and concentration, or apathy), as pointed
out by a previous study by some co-authors
of Paterniti's paper (Dufouil et al, 1996).
Indeed it could be argued that if depressive
symptoms have a real capacity to predict
cognitive decline, the latter should be ex¬

pected to become more apparent as the
study's follow-up period lengthens. This,
in fact, has not happened in our cohort
(Prince et al, 1996; Cervilla et al, 2000)
and I believe this adds potentially unique
information to Paterniti et af s discussion.

Finally, it is also regrettable that Pater¬
niti's group did not explore the repeatedly
reported interaction with gender in consid¬
ering whether depressive symptoms predict
cognitive decline (Prince et al, 1996; Cervil¬
la et al, 2000). Indeed, the latter studies
have reported that if an association exists
between depressive symptoms and cogni¬
tive decline, this seems to be the case in
men only (Cervilla et al, 2000), or in men

of above-median premorbid IQ (Prince
et al, 1996).
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Preventing suicide
In his editorial, De Leo (2002) cites import¬
ant papers of the past 8 years. He does not
mention that over 100 years ago the great

sociologist, Emile Durkhcim (1897), stated
that the suicide rate reflected patterns of so¬
cial relationships within communities and
that individual mental disorder had little

bearing on this behaviour. His view has
never been effectively refuted.

De Leo does, however, observe that
'socio-economic events' such as wars and

economic fluctuations may 'provoke ef¬
fects' that 'would be incomparably bigger
than any well-targeted anti-suicide initia¬
tive'. He recognised that in most Western
countries, there is currently a 'remarkable
decline' in youth suicide, which cannot be
attributed to suicide prevention activities.
Over the past 50 years, there have
been synchronous, international trends in
suicide (La Vecchia et al, 1994). All of these
events are probably due to sociocultural
influences rather than fluctuations in the

prevalence of mental disorders, and
substantiate Durkheim's view.

De Leo states that suicidal behaviour

attracts little interest among contemporary
psychiatrists, as judged by the low number
of contributions to suicidology journals.
But this would seem to be the wrong yard¬
stick. If Durkheim's view is accepted, the
most profitable approach to the prevention
of suicide would be the creation of full

employment and supportive environments,
and the reduction of family breakdown
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and drug misuse. Such an approach would
call for increased attention from sociolo¬

gists, economists, clergy, educators and
governments. In the defence of psychia¬
trists, in the psychiatric literature there is
considerable interest in suicide prevention
among people with mental illnesses.

De Leo sees promise for suicide preven¬
tion in antidepressants, functional neuro-

imaging and psychometric testing, but
surely this would apply only in the clinical
setting. It is important to reveal the alterna¬
tive to identifying and intervening with
people at high risk (which has been de¬
scribed as ineffective and even wasteful),
that is, the public health approach, in
which efforts are made to reduce the
risk of suicide across the community
(Rosenman, 1998).
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S. Pridmore Department of Psychiatry, Royal
Hobart Hospital, 48 Liverpool Street, Hobart TAS
7000, Australia

Author's reply: Sociocultural factors are of
great importance in suicide, and the delib¬
erate manipulation of the sociocultural
milieu (social engineering?) would evoke a

meaningful change in suicide mortality.
However, this concept is theoretical and,
like most approaches to suicide prevention
among high-risk individuals, lacks rigorous
scientific evidence. It is important to point
out that while Emile Durkhcim's theories

have never been effectively refuted, neither
have they been supported by convincing
empirical evidence.

My main contention is that the preven¬

tion of suicide, like other types of preventa¬
ble death, requires a multifaccted approach
that should incorporate interventions speci¬
fic to high-risk individuals as well as public
health approaches. As far as I am aware,
this principle guides all existing national
strategies, including the recently launched
National Plan in England (September
2002). There is little doubt that strategies

exclusively targeting high-risk subjects
would produce only minimal reductions in
mortality rates. Dr Pridmore maintains that
counteracting unemployment and drug mis¬
use, and improving community cohesive-
ness, would be profitable approaches to
population-based suicide-prevention tac¬
tics. Once more, although shareable on
the basis of common sense, convincing
evidence for the effectiveness of these inter¬

ventions is non-existent. For example, I
recently reported in this journal on the
impact of a telephone support service on
suicide mortality among the elderly (De
Leo et al, 2002). The supportive environ¬
ment provided by that service had a signifi¬
cant impact only among female clients.
Elderly men, who suffer from far higher
rates of suicide than women, reported very
little benefit. Similarly, full employment
would surely positively affect suicide
attempt rates, but maybe not suicide
mortality.

The multi-disciplinary approach to sui¬
cide seems to me the conditio sine qua non
under which prevention of this human tra¬

gedy can be effectively pursued. Given their
professional exposure to suicidal individ¬
uals, psychiatrists are often in a privileged
position to positively interfere with a suici¬
dal process. To do it more consistently and
on a larger scale, they should contribute
more to suicide research, particularly with¬
in multi-disciplinary teams in collaboration
with psychologists and sociologists, demo¬
graphers and anthropologists. Complexity
of causes requires complexity of remedies;
there are no short cuts.

De Leo, D., Dcllo Buono, M. & Dwyer, J. (2002)
Suicide among the elderly: the long-term impact of a
telephone support and assessment intervention in
northern Italy. British Journal of Psychiatry, 181. 226 229.

D. De Leo Griffith University, Australian Institute
for Suicide Research and Prevention, Mt Gravatt

Campus, 4111 Queensland, Australia

I read De Leo's (2002) editorial on prevent¬
ing suicide with interest. However, I would
like to raise a few concerns. In spite of
much development and understanding in
both biological and psychological causes
for suicide, the prevention of suicide
remains an imperfect art. However, the
comparison of suicide prevention with that
of ischaemic heart disease seems inap¬
propriate. The risk factors for ischaemic
heart disease are well known, stable and

quantifiable. Ideally, risk factors used
for predictive purpose should be stable,
whereas in suicide, clearly, most are not

(Hawton, 1987). Therefore, when risk fac¬
tors are not stable it will be difficult to ap¬

ply the same analogy to suicide prevention.
The risk factors for suicide are different

for community- and hospital-based popula¬
tions. We have made progress in pharmaco¬
logical interventions in hospital-based
populations with lithium in bipolar dis¬
orders (Kallner et al, 2000) and clozapine
in schizophrenia (Meltzer &c Okayli,
1995), which have been shown to reduce
suicide rates. However, the risk factors in
community-based populations are different
and a number of psychosocial risk factors
have been reported to be significantly asso¬
ciated with the risk of suicide. We need to

understand local perspectives and regional
factors that influence suicide rates. There

is a need for qualitative studies to
examine these issues; the factors thus
identified should then be explored in
epidemiological studies.
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preventing suicide? British Journal of Psychiatry, 181,
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B. Ravi Shankar Department of Psychiatry,
Christian Medical College, Vellore 632002, India

Author's reply: While the ability to prevent
suicide is far less advanced than the preven¬
tion of heart disease, in my editorial the
analogy highlighted the need for a multi-
faceted approach to anti-suicide strategies.
I made the point that a single preventive
measure would not be effective in reducing
suicide mortality, as evidenced through the
prevention of other types of death such as
ischaemic heart disease. In the case of sui¬

cide, for example, the worldwide optimal
treatment of depression would bring only
a minimal reduction in suicide rates (further
details available from the author upon re¬

quest). None the less, fighting depression
is generally perceived as the K constant of
suicide prevention in existing national
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Schizophrenia (SCZ) and bipolar affective disorder
(BPAD) (formerly termed manic-depressive illness) are
severe, disabling psychiatric illnesses that feature promi¬
nently in the top ten causes ofdisability worldwide (Lopez
and Murray 1998). Each will affect about l% of the pop¬
ulation in their lifetime. The cost of providing treatment
for mental illness in the UK National Health Service is es¬

timated at 10% of total expenditure. The total costs (med¬
ical, social, economic) are estimated at £32 billion per an¬
num for the population of 50 million in England (Bird
1999; see also www.mentalhealth.org.uk). World Health
Organization predictions indicate that major depression
will be second only to heart disease in terms of disability-
adjusted life years (DALYs) by 2020 (Lopez and Murray
1998). Research into the causes of these devastating dis¬
orders and the development of improved interventions is a
high scientific, social, individual, and public health prior¬
ity. Unfortunately, these remain Cinderella disorders com¬
pared to cancer and heart disease, both in terms of gov¬
ernmental and societal recognition and national and
international research support. Despite their high preva¬
lence and, indeed, decades of neuroscience research, little
is known with certainty about their cellular and molecular
bases. Consequently, treatments remain largely empirical
and palliative. This apparent impasse, however, justifies
neither complacency nor despondency, because the one
consistent, replicable finding is that family, twin, and
adoption studies demonstrate a major genetic component
in both SCZ and BPAD (Merikangas and Risch 2003). A
decade ago only a handful of genes for monogenic disor¬
ders had been positionally cloned through linkage studies.
Over the past five years, as the Human Genome Project
and associated tools have developed, that number has
soared to over 1000. As the Human Genome Project
passes from formal completion to full development as a
universal biological tool, we can expect accelerated
progress in tackling the much more difficult task of genet¬
ically dissecting the common complex disorders including
major mental illness.

EVIDENCE FOR A GENETIC COMPONENT
TO SCZ AND BPAD

The risk to a first-degree relative of a person affected
by SCZ or BPAD is an order of magnitude higher than

that of the general population (from ~l% to 10- 15% life¬
time risk for each disorder) (Kendler and Diehl 1993;
Merikangas and Risch 2003). Further evidence for the
high heritability of SCZ and of BPAD comes from twin
and adoption studies. Concordance rates for monozygotic
twins are around 50% for SCZ and 60-80% for BPAD.

Importantly, these concordance rates are much higher
than for dizygotic twins (10-15%), and the biological risk
is unaffected by adoption. Several chromosomal regions
that may harbor susceptibility genes for SCZ and for
BPAD have been identified by a range of genetic strate¬
gies (Owen et al. 2000; Potash and DcPaulo 2000; Riley
and McGuffin 2000). There is also growing evidence that
relatives of sufferers are at higher risk of other psychiatric
diagnoses within the schizophrenia affective disorder
spectrum (Kendler et al. 1998; Wildenauer et al. 1999;
Berrettini 2000; Valles et al. 2000). This suggests that
some genetic risk factors may contribute to a range of
psychotic symptoms that cross the traditional diagnostic
boundaries of SCZ and affective disorders. In part, this
may reflect the fact that diagnosis ofpsychiatric illness is
an imprecise science; psychiatric phenotypes are almost
entirely based on profiles of behavioral indices and com¬
munication patterns. The use of standardized diagnostic
criteria (such as the Diagnostic and Statistical Manual of
Mental Disorders, DSM-1V. published by the American
Psychiatric Association, and The ICD-10 Classification
of Mental Health and Behavioural Disorders, published
by the World Health Organization) has ensured good re¬
producibility of diagnoses between researchers, but there
is wide overlap of symptoms between the diagnostic cat¬
egories of SCZ, BPAD, and recurrent, major (unipolar)
depression. In the absence of reliable biological or ge¬
netic markers specific for SCZ or BPAD, the validity of
existing classification remains uncertain. It would be a
major advance if genetic studies yielded molecular diag¬
nostic methods that could not only resolve some of the
present uncertainties in psychiatric diagnosis, but also in¬
form treatment choice and disease prognosis. Until such
time, we can only speculate that variability in individual
diagnoses reflects a combination of genetic (and possibly
allelic) heterogeneity, polygenic inheritance, and varia¬
tion in individual life trajectories/environmental expo¬
sures. Nevertheless, post-genome science most certainly
offers the best hope for determining the biological basis
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of these devastating conditions and for developing effec¬
tive, evidence-based treatments.

GENETICS OF COMPLEX DISEASE AND THE
PARTICULAR CHALLENGES FOR

PSYCHIATRIC GENETICS

The most appropriate way forward in dissecting the ge¬
netics of common disease is subject to much debate (Ter-
willigerand Weiss 1998; Evans et al. 2001a; Botstein and
Risch 2003). The most pragmatic is to follow both main
schools of thought as they each have strengths pertaining
to different underlying genetic models. The first focuses
on variants, which may be rare in the population, but
which have detectable, individual effects. For these, the
methods that worked well for single-gene disorders, a
combination of molecular cytogenetics, family linkage
studies, and candidate gene studies, can be transferred di¬
rectly. It is. however, worth commenting on how prob¬
lematic the last of these options is for the psychiatric ge¬
neticist. Unlike the common genetic disorders of the
other major organs, such as cancer or heart disease, cel¬
lular pathology in the brain of SC'Z and BPAD patients is
poorly defined, and brain biopsies arc rarely available.
With perhaps a third of all known genes expressed in the
brain and a plethora of neurodevelopmental and neuro-

physiological theoretical constructs to choose between,
the number of possible candidates is perhaps greater than
for any other class of organic disorder. Add to these con¬
siderable problems the more general issue of incomplete
penetrance, and the full magnitude of the task will be ap¬
preciated. The age at first diagnosis for SCZ is typically
in late adolescence/young adulthood, slightly later for
BPAD, indicating a biological (and genetically influ¬
enced) developmental window for expression or, possi¬
bly and related to this, an age-dependent susceptibility to
lite changes and exposures. The severity and individual
response to illness are also highly variable. The history of
ding medication will likewise be variable and may result
in pathological side effects. The field would benefit
greatly from a set of validated biomarkers.

Linkage studies are dependent on the availability ofin-
formative families, and application to complex traits can
be problematic, because it may be hard to define a genetic
model that explains the observed inheritance pattern.
Replication of linkage results is needed to provide credi¬
bility to initial linkage reports, which arc likely to over¬
estimate the size of effect, whereas subsequent studies
should reflect the true size of effect (Lander and Kruglyak
1995; Terwilliger and Weiss 1998; Botstein and Risch
2003). Lander and Kruglyak (1995) provided a generally
accepted yardstick by which to assess claims for genome-
wide linkage. They recommended that a LOD of 3.3 be
taken as primary evidence for significant linkage ac¬
counting for multiple testing issues. Where that value was
matched or exceeded, they argued that additional studies
with p values of 0.01 (or LOD = 1.2) can be taken as ev¬
idence for replication (as testing is of a prior hypothesis).
Failure to replicate does not necessarily imply an initial
report is a false positive; it may reflect lack of power in
the replication study, population heterogeneity, diagnos¬

tic differences, or statistical fluctuation (Lander and
Kruglyak, 1995). We explain below the extent to which
these yardsticks have been matched.

A second school of thought argues from a theoretical
and experimental perspective for a polygenic model to
explain the genetic variation in complex traits. By virtue
of their frequency in the human population, the argument
goes that the origins of common genetic disease in hu¬
mans most probably lie in common and ancient sequence
variants and in multiple variants of additive action. As
Risch and Merikangas( 1996) pointed out, ifthe genotype
relative risk (GRR) is small (as predicted by the common
ancient variant hypothesis), then unachievable numbers
of simplex families (sib pairs or trios) would be required
to reach genome-wide significance (see also Botstein and
Risch 2003). On the other hand, association studies, the
formal comparison of allele frequencies in cases and
matched controls, do have the power to detect even a very
modest GRR with realistic numbers ofunrelated samples.
The association mapping strategy is powerful and attrac¬
tive, yet problematic. It relies on the scored variant, typi¬
cally a single-nucleotide polymorphism (SNP), of which
there are some 3 million known examples to choose be¬
tween in the public domain (http://www.ncbi.nlm.nih.
gov/SNP; http://snp.cshl.org), being a functional (dis¬
ease-causing) variant itself or, much more likely, in link¬
age disequilibrium with a causative variant. It is becom¬
ing apparent that linkage disequilibrium is unevenly and
unpredictably distributed across the genome (varying by
over two orders of magnitude) and that although some
studies have shown that a limited number of common

haplotypcs occur across ethnically diverse populations
(see, e.g.. Gabriel et al. 2002), other studies have shown
that there are a limited number of haplotypes in any one
population, but that there is significant variation in hap¬
lotypes between populations (see, e.g.. Kauppi et al.
2003). This emphasizes the importance of case-matching
control strategies that avoid the confounder of population
stratification (Clayton and McKeigue 2001). Of course, it
is feasible to simply increase the number and density of
SNPs tested, but this raises both cost and the statistical
problem of multiple testing. The problems inherent in
map-based association studies have prompted others to
promote a sequence-based strategy that focuses on varia¬
tion within coding elements as an empirical way to reduce
cost, a rational way to reduce the problem of multiple
testing, and a logical way to maximize the probability that
causal SNPs will be discovered and typed (Botstein and
Risch 2003). We and others would extend the logic to in¬
clude regulatory elements, identified empirically or high¬
lighted by virtue of comparative genome analysis. There
is thus no doubt about the importance of association stud¬
ies as part of the end game in positional cloning in com¬
plex trait genetics, but the value ofextended family-based
studies should not be underestimated.

As already alluded to. there are several alternative fam¬
ily-based linkage approaches, which typically test segre¬
gation in multiplex families (multiple affecteds in three-
or more generation families), affected sib pairs or trios
(one affected and both parents). To identify susceptibility
loci for highly heritable, genetically complex diseases
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such as SCZ or BPAD, appropriate study design is essen¬
tial. This topic has been the subject of intense debate as to
which of the two main family-based strategies should be
employed: large numbers of small families, or smaller
numbers of large extended families. The differential effi¬
cacy of the two depends on the distribution of genetic risk
for the disease of interest. If the risk loci are common in
the population and have a small effect on disease risk, the
small-families strategy is preferred, largely because the
overall sample size can be maximized. On the other hand,
if the susceptibility loci are more genetically heteroge¬
neous (multiple susceptibility loci), the best strategy is to
identify larger, extended families. Such large families
minimize heterogeneity by collecting large numbers of
related individuals, most of whom share the same disease
risk alleles. Although collecting large numbers of small
families may seem a cost-effective strategy, if hetero¬
geneity is expected (as in the case of SCZ and BAPD), the
power to detect susceptibility loci will be limited. This
point was made clearly by MacGregor ct al. (2002) in re¬
sponse to Levinson et al. (2002): it is true that a very large
(n ~ 900) sib pair collection has 80% power to detect link¬
age with a LOD >3 if75% of families are segregating mu¬
tations at the gene of interest, but realistically, the power
drops to 40% even if there is only 50% heterogeneity, and
to just 5% power at a still modest level of 33% hetero¬
geneity (MacGregor ct al. 2002). Thus, unless selected
from a single population isolate, the power to replicate
linkage detected in multiplex families is quite limited,
even with very large sib pair collections. This theoretical
analysis justifies our decision to adopt a twin-pronged ap¬
proach to the difficult task of identifying susceptibility
genes for SCZ and BPAD, through genome-wide surveys
for cytogenetic lesions in probands and through genome-
wide linkage studies on multiplex families.

The usefulness of this approach is exemplified by the
genetics of Alzheimer's disease (AD) (http://www.ncbi.
nlm.nih.gov:80/entrez/dispomim.cgi?id= 104300). The
high incidence of AD in individuals with Down syndrome
(DS) implicated a gene or genes on Chromosome 21 and,
subsequently, a mutation was found in the Chromosome
21 amyloid precursor protein (APP) gene in an early-on¬
set extended AD family. Linkage analysis in other early-
onset families then also implicated the presenilin I (PS1)

gene. Presenilin 2 (PS2) was then discovered by virtue of
its homology with PS I. Linkage analysis identified a lo¬
cus on 19q 13.1 -q 13.3, and subsequent association studies
identified the apolipoprotein E (ApoE) gene from this re¬
gion. The ApoE4 allele has been shown to be a significant
risk factor in both familial and sporadic AD. Downstream
of these genetic discoveries, research has linked the prese-
nilins to the v-secretase activity that regulates APP pro¬
cessing (Hardy and Israel 1999) and has shown that the
learning deficit in mice that overexpress human mutant
APP can be rescued by immunization with APP antibod¬
ies (Chen et al. 2000; Janus et al. 2000). Thus, the genet¬
ics of AD illustrates the value of combining cytogenetics,
linkage, and association to dissect late-onset, neurological
disorders of complex behavioral phenotype and inheri¬
tance pattern and connecting these to the characteristic
pathology through biological study.

GENOME-WIDE STRATEGIES FOR
MAPPING SUSCEPTIBILITY GENES:

MOLECULAR CYTOGENETICS

Genetic Evidence for the DISCI Locus
as a Risk Factor in Psychosis

We first reported evidence for linkage (LOD = 3.3) be¬
tween a balanced reciprocal translocation between human
Chromosomes 1 and 11 and major mental illness (SCZ,
schizoaffective disorder, and recurrent major depression) in
a single Scottish family (St Clair et al. 1990) as the Human
Genome Project was formally launched. Follow-up investi¬
gations of the reciprocal translocation identified the two
breakpoints as t( I ;l I) (Iq42;ql4) (Muir ct al. 1995). Posi¬
tional cloning of the breakpoint identified two novel genes
disrupted by the translocation on Chromosome I
(DISC1/DISC2, for disrupted in .schizophrenia I and 2)
(Fig. 1, top) (Millar et al. 2000b). A third gene, TRAX, un¬
dergoes intergenic splicing to DISC I and may affect DISC 1
expression (Fig. I, top) (Millar et al. 2000a). There are no
genes near the breakpoint on Chromosome 11. A clinical
follow-up on the family (Blackwood et al. 2001), which de¬
scribed additional family members with psychosis, reported
a LOD score of 7.1 when subjects with recurrent major de¬
pression, BPAD. or SCZ were classed as affected (Fig. 2).

Figure I. The genomic organization of the DISCI
locus and predicted protein structure of DISCI.
(Top) Schematic of the transcriptional orientation
and exon/intron structure of TRAX (open boxes) ly¬
ing immediately ccntromcric (5 ) of DISCI, the
exon/intron structure of DISC 1 (solid black boxes),
the antiparallc! and antisense position of DISC2
(hatched box) and, as a dotted vertical line, the po¬
sition of the l( 1:11) translocation breakpoint. (Bot¬
tom) Schematic view of the predicted protein struc¬
ture of DISCI, indicating the amino-tcrminal
globular head domain (solid gray ellipse), including
putative nuclear localization signals (open ellipse),
a scrine/phenylalaninc-rich domain (hatched el¬
lipse), and seven domains (solid black boxes) with
coiled-coil-forming potential within the carboxy-
tcrminal tail domain (open).

TRAX

nil in

DISCI :

III II I
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t(1;11)
YES NO
N=36 N=35

I Schizophrenia 7 0

Bipolar affective disorder 1 0

Recurrent major depression 10 0

Conduct disorder with anxiety in 2 1
adolescence
Minor depression 1 3

Alcoholism 0 1

ch1

Figure 2. The t(l:i I) translocation and segregation with psy¬
chosis. Diagram of the t(l;l I), which breaks at chlq42 and
ch 11 q14. The diagnosis of patients (ascertained blinded to kary¬
otype status) is tabulated. The LOD score for SCZ alone is 3.4
and for SCZ plus BPAD and recurrent major depression is 7.1
(Blackwood ct al. 2001).

The most parsimonious explanation for the correlation
between the t( 1; 1 I) and psychosis is as a consequence of
D1SC1/DISC2 gene disruption (Millar et al. 2003b), but
brief mention should be made of an alternative explana¬
tion proposed by Klar (2002), who seized on the observa¬
tion that about half of the t(l:l 1) subjects developed a
major psychotic diagnosis, and about half did not. Klar
(2002) proposes an elegant, if elaborate, hypothesis that
requires three hypothetical genes, DOHI, SEG, and
RGHT. DOHI is required for brain laterality specification
and is active on one chromatid, but switched off on the
other by imprinting; SEG exists on the same chromo¬
some, but is unlinked to DISC 1; and a trans-acting factor,
RGHT (right hander), utilizes SEG to govern nonrandom
segregation of sister chromatids at the critical period of
development when brain hemisphere asymmetry is deter¬
mined. It is then hypothesized that the translocation sep¬
arates DOHI from SEG. The net consequence of the
t( I; 11) according to this scheme is that 50% of individu¬
als carrying the translocation will have abnormal brain
laterality and develop psychiatric illness, and the other
50% will be normal. The clinical picture is not so simple.
This five-generation family has been under clinical ob¬
servation and care for over 30 years (Blackwood et al.
2001). Overall, 62% of t( 1; 1 1) carriers are affected, but if
the youngest generation is set aside (many of the individ¬
uals not yet having reached the average age ofonset at the
time of ascertainment), the figure rises to 70% of translo¬
cation carriers being affected. When the P300 event-re¬
lated potential (P300 ERP), a trait marker of risk, is taken
into account, the proportion of affected translocation car¬
riers increases still further (Blackwood ct al. 2001). The
P300 ERP is considered to be a measure of the pace and
efficiency of information processing in the brain and is
abnormal in translocation carriers, with or without a ma¬

jor psychiatric diagnosis. This indicates the presence of
central nervous system abnormalities in all translocation
carriers, including those who are clinically unaffected,

and is thus inconsistent with the strand segregation hy¬
pothesis. In contrast, the proportion of clinically affected
translocation carriers and the P300 ERP data are consis¬
tent with our model ofdominant inheritance coupled with
reduced penetrance and variable expressivity dependent
on the action of modifiers (genetic and/or environmen¬
tal). Indeed, we propose that disruption of DISCI and
D/SC2, plus the actions of genetic and environmental
modifying factors, are sufficient to explain the psychi¬
atric illness arising from inheritance of the t( I; 11) chro¬
mosome (Millar et ai. 2003b). In support of this argu¬
ment, the relative risk of the t( I; 11) is equivalent to that
of the monozygotic co-twin of an affected individual.

Replication of the Genetic Evidence for the DISCI
Locus as a Risk Factor

The most convincing independent genetic evidence so
far for the involvement of the TRAX/DISC'I region in
mental illness has come from the Finnish population. Ini¬
tial linkage evidence was found in an internal isolate of
Finland (LOD = 3.7) and a common haplotype spanning
6.6 cM reported in 3 of the 20 families multiply affected
with SCZ and schizoaffective disorder (Hovatta et al.
1999). A later analysis of 134 sib pairs collected from
throughout Finland gave additional support for the same
1 q32.2-q41 region on Chromosome I with a maximum
LOD of 2.6 for a diagnostic class that included SCZ,
schizophrenia spectrum disorders, and bipolar and unipo¬
lar disorders (Ekelund et al. 2000). Fine mapping of both
Finnish populations resulted in maximum LOD scores for
SCZ and schizoaffective disorder at DIS2709, a mi-
crosatellite located in intron 9 of DISC I, in both the com¬

bined sample (Zlnax ~ 2.71) and outside the internal iso¬
late (Z„,ax - 3.21) (Ekelund et al. 2001).

Other data implicating this region in psychosis have
come from linkage analysis in families of diverse ethnic
origin. Detera-Wadleigh ct al. (1999) reported a maxi¬
mum LOD of 2.67 in a 30-cM region spanning Iq25-
Iq42 in bipolar families, some of whose members were
affected by SCZ or schizoaffective disorder. Gejrnan et
al. (1993) reported a maximum LOD of 2.39 at DIS103
(lq42.2) in one North American family with bipolar dis¬
order. Most recently, a suggestive nonparametric linkage
score (NPL = 2.18), equating approximately to a LOD
score of 1.2, has been reported in Taiwanese families with
diagnoses of SCZ, schizoaffective disorder, and other
non-affective psychotic disorders (Hwu et al. 2003). Our
own studies have also found evidence for linkage in a
subset of BPAD families in Scotland (S. MacGregor et
al., unpubl.).

Finally, as discussed earlier in the context of the t( I; 11)
clinical follow-up study, the use of endophenotypes in
molecular studies may overcome the effect of reduced
penetrance on the ability to detect linkage and association
and help to resolve the affected status of family members.
In this context, it is worth mentioning that Gasperoni et
al. (2003) undertook a QTL analysis of spatial working
memory, an endophenotype for SCZ (Cannon et al. 2000;
Glahn et al. 2003). Gasperoni et al. (2003) provide evi-

5 t(1;11)
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dence of linkage and association between D1S283 at
chlq42 and variation in spatial working memory between
individuals affected by SCZ and their unaffected co-
twins (p = 0.007 andp = 0.003. respectively). This marker
was the most telomeric of the markers tested and lies in
I q42.2 approximately 1 Mb ccntromeric to DISC I.

In light of the growing evidence of independent linkage
of Iq42 to major mental illness, we have reanalyzed data
initially published in Devon et al. (2001). In that study,
we described 15 SNP variants in the DISCI gene, of
which 4 were carried forward for an association study,
but no evidence for statistically significant association
with any one SNP, or pair of consecutive SNPs, was
found (Devon et al. 2001). There is, however, weak evi¬
dence of association (p - 0.0034; p = 0.044, corrected for
multiple testing) of a 3-SNP haplotype and BPAD. None
of the other 3 or 4 SN P haplotypes showed significant as¬
sociation with BPAD or SCZ (data not shown). This pre¬
liminary finding provides tentative evidence of associa¬
tion in the Scottish population between BPAD and
polymorphisms in D1SC1/D1SC2. Further higher resolu¬
tion association studies stratified by clinical phenotype
may allow us to define more specifically the nature and
effect size of DISC1/D1SC2 variants.

Biology and Predicted Function of DISCI

Full-length DISCI is composed of 13 exons and covers
over 50 kb of genomic sequence and is subject to alterna¬
tive splicing. The full-length or long (L) transcript uti¬
lizes all 13 exons. A commonly spliced variant of full-
length DISCI, the long variant (Lv) transcript, utilizes a
proximal splice site in exon 1 I, thereby reducing the tran¬
script by 66 nucleotides. Additional DISCI transcripts
have been identified by RT-PCR and Northern blotting,
and protein isoforms consistent with these alternative
splice forms have been detected by Western blotting.
DISCI transcripts are detected in all tissues tested (Millar
et al. 2000b), and similarly, DISCI protein shows a
widespread pattern of expression.

In silico analysis was performed on the protein se¬
quence of the human L DISCI isoform (Millar et al.
2000b; Taylor etal. 2003). DISCI consists of amino-and
carboxy-terminal domains (Fig. I, bottom). The two ter¬
mini approximate to exon boundaries, with the first two
exons encoding the amino terminus and the remainder of
the gene encoding the carboxyl terminus. The two termini
can also be distinguished on the basis of secondary struc¬
ture prediction and levels of conservation between
species. The amino terminus is made up of one or more
globular domains, with two nuclear localization signals
(NLS) (Ma et al. 2002; Taylor et al. 2003). The amino ter¬
minus shares no homologies with any known proteins.
Conversely, the carboxyl terminus consists of a-helical
and looped structures, interspersed with regions of
coiled-coil-forniing potential. Similarities exist between
the carboxyl terminus and structural proteins or proteins
involved in transport and motility (Millar et al. 2000b).
However, the similarities are within the coiled-coil re¬

gions and are unlikely to be functionally relevant. Due to

the modular structure of the coiled coils, these regions are
anticipated to represent the protein interaction domains of
DISCI (Taylor etal. 2003). In addition, three leucine zip¬
pers are present within the carboxyl terminus (Ma et al.
2002) and may also have a role in mediating DISC I pro¬
tein interactions (Fig. 1, bottom).

DISCI orthologs have been identified in mouse, rat,
and fish species (Ma et al. 2002; Ozeki et al. 2003; Tay¬
lor et al. 2003). The overall gene structure is maintained,
and there is evidence for alternative splicing in mouse,
rat, and pufferfish. DISCI is poorly conserved across
species, with the amino terminus being less well con¬
served than the carboxyl terminus. The amino terminus
shows 52% identity and 63% similarity, and the carboxyl
terminus 61% identity and 78% similarity, between hu¬
man and mouse (Taylor et al. 2003). The amino and car¬
boxyl termini are conserved, as are the amino-terminal
NLS and carboxy-terminal coiled-coil regions, suggest¬
ing that these arc functionally important.

Preliminary evidence for protein protein interactions
comes from Ozeki et al. (2003), who reported the results
of yeast two-hybrid studies, using full-length and trun¬
cated DISCI protein as bait. They identified NudE-like
(NUDEL), a cytoskeletal protein expressed in the cortex,
as a strong interactor with DISCI. Our own results sup¬
port the NUDEL interaction and identify several other
potential interactors of known neuronal function (Millar
et al. 2003a).

To further investigate the function of DISC 1. we have
raised antibodies to both the amino and carboxyl termini
of the protein. The subcellular distribution of DISCI is
cell-type-specific and most likely reflects the cell shape
and concomitant organization of the cytoskeleton (data
not shown). DISC 1 is predominantly, but not exclusively,
expressed in the mitochondrion (Ozeki et al. 2003; James
et al. 2004). In differentiated neuroblastoma cells, DISC I
redistributes to the shafts and tips of developing neurites,
suggesting potential involvement of DISCI in neurite
outgrowth (Fig. 3).

Other Cytogenetic Rearrangements
Associated with Psychosis

The potential opportunities provided by rare chromo¬
some aberrations, such as those used to pinpoint single-
gene disorders in the first phase of the Human Genome
Project (Collins 1992) and as described here for SCZ in
the t( I; 11) family, have led to the widespread use of kary¬
otype screening of psychiatric patients. Many karyotypic
rearrangements have been defined at the visual, "Giemsa-
band" level, but relatively few as yet at the molecular
level (for review, see Maclntyre etal. 2003). We have ex¬
tended our studies to 12 additional cases and families in
whom chromosome rearrangements are associated with
diagnoses ranging from SCZ to BPAD as well as "co-
morbid" diagnoses where SCZ is coupled with learning
disability (US: mental retardation) (B.S. Pickard et al., in
prep.). Nearly all of the constituent chromosomal break¬
points from each of these abnormalities have now been
mapped and their genomic environments searched for
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Figure 3. DISCI protein expression in differentiated neuroblastoma-derived cells. DISCI anti-peptide antibody staining (red) with
anti-actin staining (green) and DAPI-slained nucleus (blue) shows that DISCI protein is concentrated at the branch points (arrowed)
and growing ncurite tips (arrowed) ofneuroblastoma-derived SH-SY5Y cells induced to differentiate in the presence of rctinoic acid.

candidate genes. Emerging data from the Human
Genome Project have been instrumental in this process in
two ways. First, the physical map of BAC and PAC
clones has provided cytogenetically cross-referenced
molecular probes for fluorescence in situ hybridization
(FISH) to patient chromosomes, positioning the break¬
points to ~200-kb windows (Fig. 4). Second, the colla¬
tion, positioning, and annotation of expressed sequence
tags (ESTs) and defined gene transcripts have allowed the
rapid identification of potential candidate genes. Of 11
abnormalities where breakpoints have been experimen¬
tally defined, 8 directly disrupt or are predicted to posi¬
tively influence at least one gene. The remaining 3 have
breakpoints positioned where perturbations of nearby
genes could be postulated. One such gene, NPAS3, en¬
codes a transcription factor expressed in the central ner¬
vous system (Kamnasaran et al. 2003; B.S. Pickard et al.,
in prep.). Intriguingly, its close homolog, NPAS2, has
been implicated in synaptic long-term potentiation (LTP)
and the cellular energy-state-dependent modification of
circadian rhythms (Garcia et al. 2000; Reick et al. 2001;
Rutter et al. 2001; Dioum et al. 2002). Recently, DIBDI
(for disrupted in bipolar disorder 1), encoding a compo¬
nent of the pathway responsible for adding carbohydrate
moieties to membrane-bound and secreted proteins, has
been cloned by a similar strategy from a family where
BPAD was prevalent (Baysal et al. 2002). These suc-

Figure 4. FISH of a mctaphase chromosome spread from a pa¬
tient with SCZ and mild learning disability (US: mental retarda¬
tion). The red signal is obtained from a Chrotnosome-2 "paint"
probe mix. The gap in the long arm of one Chromosome 2 rep¬
resents the insertion of a portion of the short arm of Chromo¬
some 5. This is highlighted by the yellow yeast artificial chro¬
mosome (YAC) probe which spans the point of insertion on
Chromosome 2. Placing this YAC onto the Human Genome
Project BAC/PAC physical map led to the identification of a
Chromosome-2 gene disrupted by the insertion event.
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cesses have been mirrored in the study of other complex
neurological/psychiatric conditions such as autism (Vin¬
cent et al. 2000; Tentler et al. 2001; Sultana et al. 2002)
and speech and language development (Fisher et al. 1998;
Lai et al. 2001). where chromosome abnormalities have
pinpointed individual susceptibility genes. Functional
studies of these and other candidate genes resulting from
this approach are certain to shed light on the develop¬
mental and molecular pathways and processes that go
awry in mental illness, as well as suggesting rational
choices for future population-based association and mu¬
tation detection studies.

GENOME-WIDE STRATEGIES FOR
MAPPING SUSCEPTIBILITY GENES:

LINKAGE STUDIES IN
MULTIPLEX FAMILIES

Genome-wide linkage studies in multiplex families
have been criticized because of inconsistent replications
in genome scans of affected sib pairs or large collections
of small families. As discussed above, failure to replicate
could be due to lack of power of existing sample sets to
detect alleles of small effect, and/or to the presence of
substantial locus heterogeneity. Thus, it remains to be de¬
termined where the balance lies between the models of
Mendelian inheritance with genetic heterogeneity and a
fully quantitative model. In BPAD, significant linkage
has been reported in extended pedigrees on Chromo¬
somes lq,4p, 4q, I2q, 18q, and 21 q (Potash and DePaulo
2000). The original 4p report came from our genome-
wide linkage study in a large Scottish pedigree (F22) that
segregates major affective disorder (Blackwood ct al.
1996). A whole-genome scan of F22 found significant
linkage to Chromosome 4p 16 (LOD score = 4.8). Subse¬
quent to that report, a number of other groups have also
found evidence for linkage of major psychiatric illness to
this region. Detera-Wadleigh ct al. (1999) carried out a
genome-wide scan of 22 BPAD families, and their largest
family (F48) generated a LOD of 3.24. Asherson et al.
(1998) found linkage (LOD = 1.96) in schizoaffective
family CF50. Ewald et al. (1998) reported linkage in
BPAD families (LOD = 2.0). Williams etal. (1999) found
increased allele sharing (LOD = 1.73) in SCZ. Poly-
meropoulos and Schaffer (1996) described LODs be¬
tween I and 2 in a BPAD family. In our follow-up stud¬
ies of 57 Scottish families, we found evidence for linkage
in a second Scottish BPAD family (F59, LOD = 1.15).
The LOD score in this family comes very close to meet¬
ing the replication criteria proposed by Lander and
Kruglyak (1995), but the maximum possible LOD score
is limited by the small size of the family. It is not possi¬
ble to estimate accurately the proportion of BPAD fami¬
lies linked to 4p, but a first approximation is 4%, based on
the figures currently available; i.e., 2/58 in a Scottish
sample, 1/24 in a Welsh sample (Asherson et al. 1998),
and 1/22 in a US sample (Detera-Wadleigh et al. 1999).

The high LOD score of 4.8 generated by the linked
markers in F22 indicates that the disease haplotype is
very likely to contain a susceptibility locus for psychiatric
illness. Further statistical evidence for this conclusion

Family r22 rs9 cfm ms

LOD score 4.8 L2 2.0 3.2

Minimal Region I

Minimal Region II

Figure 5. Genetic linkage to psychosis to Chromosome 4p 16.
The figure shows the LOD scores and a representation of the re¬
combination intervals for each of four 4pl6 linked families.
Their diagnostic features arc. respectively: F22 and F59, major
affective disorder; F50, SCZ and schizoaffective disorder; F48,
SCZ and major affective disorder. A BAC and PAC clone con-
tig of 6.9 Mb with a single gap (estimated size 150-350 kb) cov¬
ers all of Minimal Region I, plus proximal and distal sequence.
A contig for the entire 20-Mbp region is curated in a custom ver¬
sion of AccDB.

comes from variance component analysis of the same
data, which found significant evidence (LOD = 3.7) for a
BAPD locus in the region (Visscher et al. 1999). Family
F48 is also of a size that by itself can generate a signifi¬
cant LOD score (Lander and Kruglyak 1995). The use of
smaller families that do not have the ability to generate
significant LOD scores is a higher risk strategy, due to the
increased likelihood of false positives. However, if such
families contain affected individuals with recombination
events that are complementary to those of the larger fam¬
ilies, this allows the division of the candidate region into
subregions with different priority levels, as described for
Chromosome 4p in Figure 5. The proximal and distal
boundary of the candidate region is defined by the re¬
combination breakpoints in F22 (see Fig. 5). Subregions
have been prioritized for candidate gene analysis on the
strength of evidence provided by the other linked fami¬
lies. On this basis. Minimal Region 1 is perhaps the most
promising, being common to three out of four families
(all of Celtic origin), followed by Minimal Region II (3/4,
including F48 of Ashkenazi Jewish origin).

As a platform for genome annotation and association
mapping (collaboration with Dr. Mark Ross, Sanger In¬
stitute, UK.), we combined large-insert genomic library
screening with computational analysis to construct and
curate in ACeDB (Eeckman and Durbin 1995) and SAM
(Soderlund et al. 1997) a 6.9-Mb contig (consisting of
460 overlapping BAC and PAC clones) that encompasses
and extends proximal and distal to Minimal Region I
(Evans et al. 2001b). Advances in the Human Genome
Project mean that these can now be largely constructed in
silico. However, it was our experience that successive
builds of the human genome (http://genome.ucsc.edu/
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cgi-bin/hgGateway) resulted in quite major changes in
the public domain view of the region, which were incon¬
sistent with the physical map built "in-house" by detailed
STS mapping. A small gap in the contig, estimated at
150 -350 kb. still remains to be convincingly tilled. This
region is repeat-dense and underrepresented in YAC,
PAC, and BAC libraries (K..L. Evans et al., unpubl.).

A clone contig of the region facilitates the effective use
of genomic sequence to construct a transcript map and to
conduct comparative genetic analyses that focus on the
search for DNA sequence variants within coding or regu¬
latory regions (Scmple et al. 2002). We have set up our
ACeDB database to display the automated results ofexon
and gene prediction programs and BLAST searches of
EST databases and genomic sequence from human and
other organisms, assisting recognition of both regulatory
and coding regions, as well as prediction of biological
function. The assembled evidence is being used to direct
laboratory work to confirm these annotations and gener¬
ate reagents for biological analyses, including accessing
multiple, full-length cDNA libraries (in collaboration
with Dr. Kate Rice and colleagues, Sanger Institute, UK).
The physical and transcript maps form the basis for SNP
discovery and association studies. The rest of the shared
haplotype region has been built in silico from the Golden
Path (http://genome.ucsc.edu/cgi-bin/hgGateway) and by
in-house annotation and experimentation.

The most parsimonious explanation for the conver¬
gence of linkage evidence on Minimal Region I in the
families of Celtic origin is a founder mutation. If there is
a founder mutation common to more than one family, this
will be flanked by a region ofhaplotype sharing that may
vary in extent between families, but will include a func¬
tional variant that is common to and specific to all cases.
With this in mind, we have looked for evidence of allele
sharing between families. We have preliminary evidence
for allele sharing in Minimal Region 1. but definitive ev¬
idence awaits a much higher density of marker analysis.
We have drawn upon the public domain SNP databases
(dbSNP at NCB1, http://www.ncbi.nlm.nih.gov/SNP and
the SNP Consortium, http://snp.cshl.org), but in practice,
a significant proportion arc uninformative in our samples.
We are therefore undertaking SNP discovery, focusing on
coding and putative regulatory regions in affected and
control chromosomes from the linked families, and test¬
ing these SNPs for allele sharing between families prior
to large-scale association analysis (Le Hcllard et al.
2002). To enhance our capacity for SNP discovery and
the power to detect associations with rare SNP variants
(Thomas et al. 2004), we have adapted a somatic cell hy¬
brid approach (Douglas et al. 2001) to derive haploid
reagents for key probands and random cases.

A strength of our overall strategy is that the case and
control samples, like F22 and F59, are drawn from the
Scottish population, which has a low attrition rate (<2%
per annum) and which, from HLA analyses, is thought to
be one of the most genetically homogeneous populations
in Europe (Cavalli-Sforza and Piazza 1993). This mini¬
mizes the possibility of admixture and increases the pos¬
sibility of detecting a true association. The association

study is being carried out in two phases. The first phase
involves screening a subset of the sample in the form of
parent offspring trios to allow selection of SNPs that rep¬
resent haplotype blocks. The construction of this prelim¬
inary LD map also allows an examination of the extent to
which all haplotype blocks in the Scottish population
have been covered. Within haplotype blocks, SNP selec¬
tion for phase 2 favors those that show preliminary evi¬
dence for association. In the second phase, association
analysis is carried out on a much larger set of unrelated
cases and controls, allowing replication of the first data
set with high power to detect significant association. This
two-stage strategy has a number of advantages: Replica¬
tion is important in ruling out false-positive association
results; the need for correction for multiple testing is re¬
duced, as only a subset of markers are genotyped on the
second set, and savings of both DNA and money are
made. Our ACeDB database has been extended to facili¬
tate the management and analysis of the data generated by
association studies.

Once an associated region has been identified, candi¬
date variants are prioritized by their predicted effect on
protein function and the extent to which they are shared
by linked families. We have invested in establishing lym-
phoblastoid cell lines for a large number of patients so
that we have the capacity to undertake proteomic studies.
If the region identified contains large numbers of vari¬
ants, it may be necessary also to look for evidence for as¬
sociation with illness in other populations, particularly in
populations that display lower levels of linkage disequi¬
librium, thus decreasing the number of associated vari¬
ants. Prioritization of the variants will be followed by (1)
assessment of individual and population attributable risk.
(2) identification and analysis of gene(s) function, (3)
study of how function might be affected by the variant(s),
and (4) identification of biochemical pathways, which
should also identify targets for the development of novel
treatments and additional candidates for further genetic
study.

CONCLUSIONS

There have been several fa 1 se dawns in the early his¬
tory of psychiatric genetics, but there is growing confi¬
dence, backed by persuasive statistical findings and bio¬
logical associations, that there is at last cause for cautious
optimism (Botstein and Risch 2003; Merikangas and
Risch 2003). The recent evidence for linkage and associ¬
ation to the neuregulin (NRG1) gene by Stefansson and
colleagues (2002, 2003) at deCODE Genetics both sup¬
ports our position on the value of genome-wide studies of
multiplex families and emphasizes the need for func¬
tional evaluation of gene discoveries.

Our own results provide clear statistical evidence for a
BPAD locus of major effect in family F22 and persuasive
evidence for replication in other families. The task of
defining the locus in molecular terms is still challenging.
It remains to be seen whether this locus represents a rare
or common variant in the Scottish population and, indeed,
other populations. If there is a founder effect, then alleles
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sharing between (distantly related) families narrow the
locus. On the other hand, allelic heterogeneity, as seen of¬
ten in Mendelian disorders, may be valuable for confirm¬
ing a candidate gene but poses additional, statistical chal¬
lenges for discovery (Pritchard 2001). Nevertheless,
within the overall framework of the Human Genome Pro¬

ject (Lander et al. 2001) and the steady impact of emer¬
gent genomic technologies, we can be confident that this
is now a tractable problem.

The cytogenetic approach, which was so successful in
the early stages of the Human Genome Project in pin¬
pointing single-gene disorders, has, in our opinion, re¬
ceived insufficient attention as a strategy for dissecting
complex genetic disorders. This is all the more surprising,
given the fact that somatic rearrangement has been the
single most productive approach to gene discovery in
cancer and that phenotypically complex disorders of the
nervous system such as Down syndrome, neurofibro¬
matosis, AD, autism, and specific language disorder have
all benefited from a cytogenetic approach. The explana¬
tion may reside in part in a passionate debate over the un¬
derlying genetic model for SCZ and for BPAD. In the ab¬
sence of empirical evidence, however, it is unwise to
settle on a preferred model or oblige the data to tit that
model. Our empirical evidence from molecular cloning of
a balanced t( I; 11) breakpoint in a multigeneration family
with a high loading of psychosis points to DISCI as a
very promising candidate gene. This finding, made
through molecular cytogenetics, has been replicated by
conventional family- and population-based studies in
both Finland and Scotland. Bioinformatic analysis of
DISCI identified potential structural and interaction do¬
mains, but few clues as to function (Taylor et al. 2003).
Protein-protein interaction studies (Millar et al. 2003a;
Ozeki et al. 2003) will be important in establishing the bi¬
ological pathway(s) in which DISCI acts. Immunocyto-
chemical studies point to a possible role in neurite out¬
growth (Fig. 4) (James et al. 2004). The emergence of a
growing list of equally interesting genes identified by
molecular cytogenetic studies in other families further
vindicates the general approach. Combining the avail¬
ability of a BAC contig with high-resolution fluorescence
in situ hybridization techniques to analyze metaphase
chromosomes is a low-tech solution to genome-wide
screens that, on our evidence, are likely to bring valuable
benefits to other researchers and, we conjecture, are en¬

tirely applicable to other common, complex genetic dis¬
orders.

Figure 6 summarizes our broad hopes for where this re¬
search will eventually lead. We aim through family- and
population-based studies to be able to nominate candidate
genes for biological study and to feed a rational drug-de¬
velopment pipeline. The gene variants so discovered will
also be valuable in the near term as molecular diagnos¬
tics. for disease surveillance, for monitoring response to
treatment, and for treatment choice. Low compliance and
adverse drug reaction are major problems in psychiatry.
This is one specific and important area where the suc¬
cessful application of pharmacogenetic principles (Roses
2000) would be of immense value. If the gene-to-drug

Population /
Families

Rational drug
Drug N

rionlgn | [ j |] ) Discovery 1
y' Pipeline yj

Figure 6. Putting it all together. Summary of the overall re¬
search objectives. Family- and population-based studies are
used to nominate candidate genes for biological study and ra¬
tional drug development. Gene variants can be used as molecu¬
lar diagnostics, for disease surveillance, for monitoring re¬
sponse to treatment, and for treatment choice. If the
gene-to-drug pathway is successful, this opens the possibility of
tailored drug prescription of evidence-based medicines.

pathway is indeed successful, this opens the possibility
for tailored drug prescription of rational medicines. The
ethical, legal, and social issues that are fundamental to all
applications of the new genetics are nowhere more sensi¬
tive than in relation to behavioral disorders. There is, in
our view, a realistic possibility that genetic research will
lead in time to completely novel insights into these per¬
plexing and distressing disorders and that may in turn
lead to completely novel therapeutic strategies which
take account of both genetic and environmental risk fac¬
tors. Scientifically sound and ethical application of this
promised knowledge to the benefit of the many who suf¬
fer from mental illness is a major challenge in itself, but
is the ultimate goal that drives the research.
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Genetic factors play an important part in the devel¬
opment of schizophrenia and bipolar disorder, and
linkage analyses in families have successfully identi¬
fied several chromosomal regions containing candi¬
date genes. A single large pedigree has been
described in which schizophrenia and depression
segregate with a balanced chromosomal transloca¬
tion involving the long arm of chromosome I and
the short arm of chromosome II. The gene named
DISCI, disrupted at the chromosome 1 breakpoint,
is a novel candidate gene that may have a role in the
pathogenesis of schizophrenia. The cellular location
and function of the protein coded by DISCI is cur¬
rently being investigated. The phenotype associated
with DISCI in the t (I; 11) translocation family
includes schizophrenia, schizoaffective disorder,
recurrent major depression and bipolar disorder.
Hence this locus is one of several now reported
apparently showing linkage to both schizophrenia
and bipolar disorder. The study of intermediate
phenotypes or "endophenotypes" may clarify the
relations between phenotype and genotype.
Auditory event related potentials are EEC based
physiological measures widely studied in schizo¬
phrenia. In particular the cognitive evoked poten¬
tial, the P300 response generated during an "odd¬
ball" two-tone discrimination task consistently
shows reduced amplitude in schizophrenia com¬
pared to controls. In members of the family with the
t (I; 11) translocation, P300 amplitude was reduced
in relatives who carried the translocation compared
to relatives with a normal karyotype. Furthermore
the amplitude reduction was independent of the
presence or absence of symptoms because asympto¬
matic translocation carriers showed similar P300

amplitude reduction as was found in translocation
carriers who were diagnosed with schizophrenia,
bipolar disorder or unipolar depression. The results
confirm that subjects with schizophrenia who carry
the t (1; 11) translocation have similar phenotype to
unrelated subjects with schizophrenia and a normal
karyotype. Furthermore P300 amplitude may be a
useful intermediate phenotype detecting the neu¬

ropathology of schizophrenia in "at risk" individu¬
als even in the absence of clinical symptoms.

Keywords: Schizophrenia: Affective disorder; Genetics;
DISCI; P300 event related potential

INTRODUCTION

Genetic Studies In Schizophrenia

There is overwhelming evidence that heritable factors
make major contributions to the risk of developing
schizophrenia and affective psychoses. This genetic
liability appears to be expressed early in development,
leading to changes in embryonic brain structure and
function that later lead to the development of the clini¬
cal symptoms of schizophrenia during the second and
third decades of life. In schizophrenia and bipolar dis¬
order the risk of illness among siblings is substantially
increased by about tenfold over the general population,
concordance rates in twins show a high MZ:DZ ratio
and from adoption studies it is evident that risk of ill¬
ness derives mostly from the biological and not adop¬
tive relatives of schizophrenic or bipolar adoptees.
Considerable progress has been made in molecular
genetic studies aimed at locating the chromosomal
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position of genes conferring risk of illness and examin¬
ing candidate genes for disease related mutations.
Several regions of significant linkage of schizophrenia
have been identified and candidate genes currently
under investigation for a role in illness include DISCI
and RGS4 both on chromosome 1, DTNBP1 (dys-
bindin) on chromosome 6, NRG1 (ncuregulin) on
chromosome 8, the genes G30 and G72 on chromo¬
some 13 and DAAO on chromosome 12 (O'Donovan et
al., 2003). In bipolar disorder linkage has identified a
similar number of regions and candidate genes include
DIBPI on chromosome 11 and a range of other genes
several of which are involved in cell signalling path¬
ways (Baron, 2002). Clinical and genetic findings arc
in keeping with the long held view that the major psy¬
choses arc a group of related conditions (BIculcr,
1950).

Schizophrenia and bipolar disorder both appear to be
actiologically and genetically heterogeneous and it
seems certain that genetic risk is not accounted for by
the action of one single gene or a small number of
major genes. However, the most appropriate genetic
model to apply to these conditions remains unclear and
there arc several plausible ones. Under a polygenic
model of common gene variants for common disorders
it is proposed that common variants in a handful of
genes may combine additively or interactively in vari¬
ous ways to increase risk of illness, no single gene on
its own being influential enough to cause illness in an
individual. A second possible scenario is that consider¬
able locus heterogeneity exists and many relatively rare
gene mutations may cause illness and be the major con¬
tributor to the disease in some individual families but
each such mutation is uncommon in the general popu¬
lation. This situation is found in inherited deafness and
retinitis pigmentosa. Further complexity is introduced
by the likelihood that other genetic phenonena such as
imprinting, mitochondrial gene mutations or some us
yet undiscovered genetic mechanisms may contribute
to schizophrenia and bipolar disorder and obscure the
patterns of inheritance observed in families. The com¬

plexity of psychiatric illness suggests that an adequate
genetic model may have to incorporate aspects of all
these scenarios.

Clinical Spectra of Schizophrenia and Bipolar
Disorder

Recent advances in our understanding of the genetic
basis of schizophrenia and bipolar disorder have been
achieved by the independent replication of linkage and
association studies in several populations made possi¬

ble by strict adherence by clinical psychiatrists to the
standard diagnostic criteria described in DSM1V and
ICD10 and the use of structured psychiatric interviews.
However, further refinement of psychiatric phenotypes
within these diagnostic criteria may identify subpopu-
lalions with increased heritabilitics, for example, early
age at onset appears to be a highly heritable sub syn¬
drome of both affective disorders and schizophrenia
(Lcboyer, 2003), and given the complexity of psychi¬
atric phenotypes it is appropriate to attempt further
classifications by detailed analysis of symptom clusters
and the use of biological variables as intermediate phe¬
notypes.

In schizophrenia and bipolar disorder the search for
genetic risk factors and the refinement of symptom
based classifications are interdependent problems.
While gene discovery depends on access to well diag¬
nosed clinical populations, the clinical classification of
the psychoses may eventually be based on a knowledge
of those genes and how their expression influences
brain function. The categorical approach to classifica¬
tion as described in the classifications of the nonorgan¬
ic psychoses in DSM1V and I CD 10 defines the sepa¬
rate syndromes of schizophrenia, bipolar and unipolar
affective disorder, schizoaffective disorder, delusional
disorder and brief or transient psychotic disorder in
addition to the personality disorders described as
schizoid schizotypal and paranoid. However no clear
clinical boundaries separate these categories which
may share some genetic risk factors. An alternative
approach to classification is lo define dimensions based
on the analysis of symptom profiles in patients. Factor
analysis of symptoms of patients with schizophrenia
identified three dimensions: psychomotor property,
disorganisation and reality distortion (Liddle, 1987;
Andreasen el al., 1995). Ratakonda et al. (1998) iden¬
tified the same three dimensions, (positive, negative,
and disorganised) in the symptom profiles of patients
with broadly defined diagnoses within the schizophre¬
nia spectrum, suggesting that these dimensions might
correspond lo discrete pathological conditions within
the psychoses. The range of clinical phenotypes associ¬
ated with genetic liability in families has been studied
through family, twin and adoption strategics and these
studies have also shown that relatives of probands with
schizophrenia have increased genetic liability not only
for schizophrenia but for the whole range of psychotic
symptoms including those seen in affective disorders.
In the Irish Roscommon study of families with schizo¬
phrenia Kendler el al. (1998) used latent class analysis
of symptoms and outcome measures to define six main
classes of conditions within the broad category of
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schizophrenia and schizophrenia spectrum disorder.
The six classes were schizophrenia, depression, schiz¬
ophreniform disorder, bipolar-schizomania, schizode-
pression and hebephrenia. Interviews of relatives of
probands with schizophrenia and spectrum disorders
revealed an increased familial risk for each of these
classes and increased familial loading for spectrum dis¬
orders was found among relatives of probands with
schizophrenia and also among relatives of probands
with spectrum disorders. Further evidence for a genet
ic relationship between schizophrenia, spectrum disor¬
ders and affective psychoses have emerged from adop¬
tion studies. The original studies of Kcty el al. (1968;
1994) found evidence for spectrum disorders genetical¬
ly related to schizophrenia in the adopted away off¬
spring of schizophrenic mothers. The Finish Adoptive
Family Study of schizophrenia (Ticnari el al., 2000)
reported a life time prevalence of schizophrenia of
6.7% in the adopted offspring of schizophrenic moth¬
ers compared to 2% in controls but more strikingly
17% of adoptees with a schizophrenic mother and 4%
of control adoptees attracted a diagnosis of either
schizophrenia or a broadly defined schizophrenia spec¬
trum disorder. Spectrum disorders included schizoaf¬
fective disorder, delusional disorder, bipolar disorder,
psychotic depression and the personality disorders cat
egoriscd as schizotypal, paranoid and schizoid. These
findings support a shared genetic liability for both nar-
iuwly defined schizupliieiiid and broadly defined spec¬
trum disorders including the affective psychoses, a
conclusion which is supported by a twin study showing
an overlap in the genes contributing to syndromes
defined as schizophrenia, schizoaffective disorder and
bipolar disorder (Cardno el al., 2002).

Intermediate Phenotypes (Endophenotypes)

An approach that aims to reduce the uncertainties
inherent in symptom-based diagnosis, is to identify
intermediate phenotypes or endophenotypes. These are
usually quantifiable biological traits lying somewhere
along the chain of causal events between the molecular
basis of the disease and the clinical manifestations of

symptoms. To be valid in genetic studies as a diagnos¬
tic "marker" of disease an intermediate phenotypc
should be found at increased levels in cases compared
with controls, remain independent of the clinical state
of the subject at the time of testing, be uninfluenced by
medication and should segregate with illness in fami¬
lies. To be of practical use the test must also be well
tolerated by patients, be affordable and reliably meas¬
urable. Common examples of intermediate phenotypes

are raised blood glucose levels in diabetes or an abnor¬
mal EEG that may detect predisposition to epilepsy in
an individual in the absence of clinical seizures.

Physiological variables studied as intermediate phe¬
notypes in schizophrenia include the clcctrocnccphalo-
graphic responses, the P50 gating response and the
long latency P300 cognitive event-related potential
generated in response to an "odd-ball" stimulus. The
P50 gating response is impaired in patients with schiz
ophrcnia and using the deficit as u phcnotypic marker a
locus was detected on chromosome 15 at the alpha 7
nicotinic receptor (Freedman el al., 1997). P300 shows
reduced amplitude and increased latency in patients
with schizophrenia and their relatives (Blackwood el
al., 1991; Freedman and Squires-Wheeler, 1994) and
also in families of patients with bipolar disorder
(Pierson el al., 2000). In patients with schizophrenia,
P300 changes correlate with cognitive impairment
including verbal memory and verbal fluency deficits
(Souza cl al., 1995; Shajahan el al., 1997a; Blackwood
el al., 1999) and are accompanied by altered regional
cerebral blood flow measured by SPECT (Shajahan el
al., 1997b). Eye movement abnormalities have been
widely studied in schizophrenia (Levy el al., 1994),
and Arolt el al. (1996) identified a chromosome 6 locus
for an eye tracking endophenotype. Patients with schiz
ophrenia and to a lesser extent bipolar disorder have
widespread cognitive impairments, and a variety of
cognitive measures have been proposed as intermediate
phenotypes (F.gan and Goldberg, 2003). The possible
value of brain imaging measures as intermediate phe¬
notypes was illustrated by Lawrie el al. (1999) who
detected regional brain abnormalities including
reduced volumes of temporal lobes and the ventricular
system in asymptomatic relatives of schizophrenic
probands.

P.300 as an Endophenotype in an Extended Family
Where a Chromosomal Translocation Segregates
with Schizophrenia

There are few situations where asymptomatic individ¬
uals at high risk ot developing schizophrenia can be
unequivocally identified. However, this can be done in
one particular family where a balanced chromosomal
translocation t( 1:11 )(q42.2;ql4) segregates with major
psychiatric illness including schizophrenia and affec¬
tive disorders, described by Jacobs et al. (1970).
StClair et al. (1990) and Blackwood et al. (2001).
Significant linkage was found between the transloca¬
tion and a phenotype that included schizophrenia and
affective disorder and two novel genes directly disrupt



38 D.H.R. BLACKWOOD AND W.J. MUIR

Arplitixlescf P300B/ert- related potentials infarrily
with translocation t(1;11)

.= 6

1=pqxJdicriocrtrcte (26)
2=reaivesvs(thrTxrTd ter,dvpe(10)
3=reaivescHTyingt(1;11) (12)
4=sti3^hHia cortrols (2Q

FIGURE I The amplitude of P300 is significantly reduced in unrelated subjects with schizophrenia (group 4) compared to controls
(group I). In the family with the t( I; 11) translocation relatives with a normal karyotype (group 2) have normal P300 amplitude and relatives
carrying the translocation (group 3) have reduced P300 amplitude in the same range as the unrelated schizophrenia group.

cd by the breakpoint on chromosome 1, termed
Disrupted in Schizophrenia 1&2 (DISCI and DISC2),
along with other functionally related genes, arc strong
candidates for a role in major mental illnesses (Millar
el al., 2000). DISCI is expressed in the hippocampus
and other limbic and cortical regions during early
development where it may have a role in ncuritic
growth (Miyoshi et al.. 2003; Morris et al., 2003;
Ozcki et al.. 2003).

Karyotypic analysis was performed on members of
this family who were followed up yearly by direct
interview, regular contact with general practitioners
and review of hospital case records. Interviews were

subsequently conducted by experienced psychiatrists
blind to carrier status using the Schedule for Affective
Disorders and Schizophrenia (SADS-L) and consensus

diagnoses reached by two psychiatrists using DSMIV
criteria. The following diagnoses were made in the thir¬
ty six subjects with the translocation: schizophrenia
(7); bipolar 1 disorder (1); recurrent major depression
(10); adolescent conduct and emotional disorder (2);
minor depression (1). No major psychiatric illness was

diagnosed in thirty five relatives and twenty three mar¬
ried in spouses with a normal karyotype. In the group
with normal karyotype psychiatric diagnoses were:
adolescent conduct and emotional disorder (1); minor
depression (3); alcoholism (1). Linkage analysis under
the assumption of dominant inheritance yielded a two

point LOD score of 3.4 under a phenotype definition
that included only cases of schizophrenia and a LOD
score of 7.1 when the phenotype definition was
widened to include cases of recurrent major depression
and the single case of bipolar disorder (Blackwood et
ah, 2001). Since then, linkage of schizophrenia to I q42
has been independently confirmed by Ekelund el al.
(2001) and Hwu et al. (2003). A feature of this family
is the diversity of the phenotype associated with the
karytypic abnormality and it is noteworthy that possi¬
ble linkage ofmarkers close to DISCI has been report¬
ed in some bipolar families (Gcjman et al., 1993;
Detcra-Wadlcigh et al., 1999; Curtis el al., 2003).

This family offers an unusual opportunity to exam¬
ine the relationship of an intermediate phenotype, the
amplitude of P300, with clinical symptoms in individ¬
uals where genetic risk of schizophrenia is known for
certain since carriers of the translocation have a fifty-
fold increased risk of schizophrenia and related disor¬
ders, and relatives with a normal karyotype have the
same risk as in the general population. An interesting
feature of this family is the diversity of clinical diag¬
noses associated with the translocation, including
schizophrenia, unipolar depression and bipolar disor¬
der. Relevant questions concerning the relation
between P300 amplitude and clinical symptoms in this
family arc: Do members of the family with the translo¬
cation have a reduction in P300 amplitude similar to
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P300 Amplitude in t(1; 11) Translocation Carriers and Non-carriers
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FIGURE 2 Plots of P300 amplitudes from 22 relatives in the t( I ;11) translocation family. The left hand plot includes relatives with nor¬
mal karyotype (group 2 in FIG. I) none of whom have psychiatric illness. The right hand plot includes translocation carriers (group 3 in
FIG. I) many of whom have mental illness. There is no clear relationship between P300 amplitude and clinical symptoms. Reduced P300
amplitude is observed in subjects with schizophrenia or depression and in relatives with no psychiatric illness. P300 amplitude reduction in
translocation carriers appears to be an "intermediate phenotype" reflecting an underlying neuropathology intermediate between the genetic
cause (translocation) and clinical expression of schizophrenia or depression.

the changes in P300 found in other families multiply
affected with schizophrenia but without a chromoso¬
mal translocation? In the family is P300 amplitude
reduction found in relatives with schizophrenia, bipolar
and unipolar disorder suggesting a common neu-
ropathological basis? Do asymptomatic translocation
carriers have abnormal P300 showing that P300
reflects the abnormal neuropathology of schizophrenia
independently of the presence of symptoms and unin¬
fluenced by medication?

P300 Recording Methods and Results

Recordings were made from frontal (Fz) central (Cz)
and parietal (Pz) leads and linked ear electrodes as a
reference as described in Sou/a el id. (1995). Tones of
40ms duration at 1000Hz (frequent) and 1500Hz (rare)
with a probability (l'rcquent:rare) of 10:1 were deliv¬
ered binaurally at 75 dB (SPL) and inter-stimulus inter¬
val of 1.1 seconds. Subjects were instructed to silently
count the high-pitched tones. Forty rare tones were pre¬
sented and recordings were rejected if counting error
was greater than 10%. The P300 amplitude was defined
as the highest point in a pre-defined window (280-
550ms) (Glabus el cd., 1994). The parietal lead (PZ)

was chosen because our previous studies showed that
P300 amplitude was highest at this lead.

P300 amplitude (uv) in twenty six population con¬
trols (mean=11.0; sd=3.1) and twenty patients with
schizophrenia (mcan=7.2; sd=4.0) described by Souza
el al. (1995) were compared with P300 amplitude from
twelve relatives carrying the translocation (mean=6.8;
sd=3.4) and ten relatives with normal karyotype
(mcan=12.1; sd=3.5). MANOVA showed a group
effect for P300 amplitude (F=8.62, df=3, p=0.0001).
Schcffc post hoc comparison of the means showed sig¬
nificant differences between groups: controls>schizo-
phrcnia,/;=().007; relatives with normal karyotypOrel-
atives with the translocation, p=Q.009.

Figure 1 shows mean P300 amplitude was reduced in
schizophrenia patients and translocation carriers in this
family compared with population controls and family
members who had a normal karyotype.

Figure 2 illustrates the range of P300 amplitude
measurement in translocation carriers and shows that
relatives with schizophrenia, depression and some who
have never had symptoms of illness have reduced P300
amplitude. P300 amplitude reduction was independent
of clinical symptoms and medication effects showing
the properties of an intermediate phenotype.
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CONCLUSIONS

Reduced P300 amplitude has previously been observed
in high risk unaffected relatives in families multiply
affected with schizophrenia (Blackwood el al.y 1991)
and the family segregating the t( 1; 11) therefore is sim¬
ilar to other families in this respect. P300 amplitude
reduction in the family is found in relatives with a

range of clinical phenotypes including schizophrenia,
depression and asymptomatic relatives in keeping with
the view that schizophrenia does encompass a spec¬
trum of clinical presentations. Finally, the abnormality
of P300 in some asymptomatic relatives with the
translocation suggests this physiological response
reflects an underlying structural or functional neu¬
ropathologies 1 disturbance intermediate between the
genetic cause (translocation) and the expression of
clinical symptoms. P300 amplitude thus appears to be
a useful intermediate phenotype in schizophrenia.
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ABSTRACT

The disruption of genes by balanced translocations and other rare germline
chromosomal abnormalities has played an important part in the discovery of
many common Mendelian disorder genes, somatic oncogenes and tumour
supressors. A search of published literature has identified 15 genes whose
genomic sequences are directly disrupted by translocation breakpoints in
individuals with neuropsychiatric illness. In these cases, it is reasonable to
hypothesise that haploinsufficiency is a major factor contributing to illness.
These findings suggest that the predicted polygenic nature of psychiatric
illness may not represent the complete picture; genes of large individual
effect appear to exist. Cytogenetic events may provide important insights
into neurochemical pathways and cellular processes critical for the develop¬
ment of complex psychiatric phenotypes in the population at large.
The Pharmacogenomics journal (2005) 5, 81-88. doi: 10.1 038/sj.tpj.6500293
Published online 25 January 2005

Keywords: cytogenetics; chromosomal translocation; haploinsufficiency; psychia¬
tric illness; candidate gene; complex genetic disorders

THE GENETIC CONTRIBUTION TO PSYCHIATRIC ILLNESS IS COMPLEX

Twin and family studies have made it abundantly clear that powerful genetic risk
factors act in concert with environmental factors to give rise to psychiatric
illnesses such as schizophrenia, bipolar affective disorder and unipolar depres¬
sion.1 However, the precise nature of this contribution is not well understood.
The number of genes contributing to illness susceptibility has yet to be defined
either at the individual or population levels and considerable debate remains as
to whether 'oligogenic' or 'polygenic' is the most accurate term for these
disorders. Moreover, at the level of a hypothetical causative gene, it is not certain
whether a single mutation or multiple independent mutations (allelic hetero¬
geneity) will be found in the case population.2

After a period of confusing and unreplicated results, the principal methodol¬
ogies used to explore this genetic contribution, namely family linkage studies
and case-control association studies, have begun to yield promising findings.
The rather vaguely defined chromosome loci identified as housing risk factors
have now, with the advent of the Human Genome Project data, been translated
into a number of candidate genes. These include neuregulin (NRG1), dysbindin
(DTNBP1), G72, COMT and RGS4 (recently reviewed in O'Donovan et aP and
Harrison and Weinberger4). All these are potentially interesting functional
candidates, but their involvement in psychiatric illness has yet to be confirmed.
Biased distributions of single-nucleotide polymorphisms (SNPs), or groups of
SNPs (haplotypes), have been observed for the genes in case-control studies.
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However, these polymorphisms are unlikely to be the actual
disease-causing mutations but rather present in linkage
disequilibrium with them. In only one instance, the
ZDHHC8 gene, has an associated SNP been shown to
have a defined effect on gene function.5 In addition, there
are marked differences between studies in the details of
the associated markers or haplotypes implying allelic
heterogeneity at individual gene loci: particularly between
different geographical populations, as is the case in simple
Mendelian disorders.

In summary, the detection of pathological gene mutations
lags behind the identification of candidate genes and
chromosomal loci in psychiatric illnesses.

CYTOGENETICS AS A TOOL FOR HUNTING DISEASE GENES
In the last half-century human cytogenetics has emerged as
a distinct discipline following the discovery of the number
and form of the human chromosomal complement.6-8
Within the last decade, it has become possible to translate
chromosome position into annotated genomic DNA
sequence allowing cytogenetics to proceed from an observa¬
tional science to a diagnostic tool and, more recently, a
direct means to isolate disease genes.

The advantage of a cytogenetic approach to disease gene
identification in the postgenomic era is that the chromo¬
some abnormality is both the physical 'flag' by which the
candidate gene can be speedily identified and the functional
mutation itself.

The rarity of these cases is perhaps their biggest drawback
to the investigator. Discrete cytogenetic abnormalities, in
contrast to numerical chromosomal anomalies such as

trisomies, are rarely found in association with complex
disorders such as schizophrenia and the affective disorders.
The reason for this rarity becomes clear when the factors
involved are considered: the prevalence and the number
of genes that can give rise to the disorder, the frequency of
chromosome abnormalities in the population, the size of
the human genome, the size of the gene loci themselves and
the efficiency of clinical ascertainment. Assuming an
average gene size of 27kb,9 a genome size of 3 billion bases,
two breakpoints per chromosome abnormality (eg a typical
reciprocal translocation/inversion) and a frequency of such
abnormalities in the population of 0.29-0.56%10,11 then,
providing the disruption is compatible with life, any given
gene would be cytogenetically disrupted in 3-6 individuals
in the UK population of ~60 million. However, for any
specific locus this is probably an underestimate because
breakpoints are unlikely to occur as a truly random
phenomenon.

Naturally, such opportunities have been exploited by
human geneticists. A combination of positional evidence
from linkage studies and the analysis of rare cytogenetic
lesions in patients has led to the discovery of the underlying
genetics of Duchenne muscular dystrophy, retinoblastoma,
neurofibromatosis type 1, Wilms tumour, tuberous sclerosis,
polycystic kidney disease, aniridia, familial polyposis coli
and fragile-X syndrome among others. The rate of such

abnormalities may still be underestimated within a given
condition, especially when those previously cryptic to
standard microscopic methods are included. In a recent
study of aniridia, 30 of 77 patients studied were found to
have a variety of chromosomal abnormalities including
deletions and translocations around the Wilms tumour

locus on lip.12 In addition to the germline chromosome
rearrangements described above, somatic rearrangements in
tumours and leukaemias have aided the identification of

many new oncogenes and tumour suppressors.13
Although a full description is outside the remit of this

review, several models have been put forward to explain the
mechanistic basis of translocation events. These suggest that
either particular chromosomal motifs, for example, low
copy repeats, or AT-rich palindromes or, alternatively, the
physical properties of the DNA sequences increase the risk of
architectural rearrangements.14-20 Different explanations
are likely to be required for random (unique) or conserved
(recurrent) rearrangements.

THE SCOPE OF THE REVIEW

This review focuses on psychiatric disorders and is limited to
those cases where apparently simple events, translocations,
inversions or insertions, have been shown to disrupt a gene
between the first and last exons. Many other examples exist
of abnormalities where the breakpoint lies outside the
coding portion of the bona fide disease gene (by up to 1 Mb
in some cases) but still perturbs function through a position
effect or the separation of enhancer elements from the
promoter.21-23 However, these instances have required
considerable confirmatory experimentation. For similar
reasons, we have not included the contribution of cytoge¬
netics to important neurological associates such as mental
retardation (UK equivalent terminology is learning disabi¬
lity), duplS (associated with joint laxity and panic disorder)
or genomic disorders that are associated with clear beha¬
vioural phenotypes such as Williams syndrome (overfriend-
liness and anxiety), Smith-Magenis syndrome (self-injury),
Prader-Willi syndrome (hyperphagia) or chromosome 22
deletion syndrome (associated with psychosis).24-28 Neither
shall we discuss the important work being carried out on the
phenomenon of subtelomeric deletions associated with
idiopathic mental retardation29,30 as well as autism.31-34

The purpose of the selection in this review is to collate and
describe the function of genes where one parental copy is
definitively damaged and most likely nonfunctional in a
patient with a major mental disorder.

The phenotypes covered in this review have been loosely
grouped under the term 'neuropsychiatric' conditions or
'functional' disorders with particular emphasis on mental
health and cognitive function. A list of the 15 genes
identified by this strategy together with their various
functions and properties is presented in Table 1. Three of
these genes have been identified in our laboratory in the
course of a detailed molecular characterisation of over 12
chromosomal rearrangements in individuals with psychia¬
tric illness (principally schizophrenia). The majority of cases

The Pharmacogenetics Journal
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Alternativename
Domainsandfunction

Ref.

seq.

Chromosome
Carriers

Association

Result

Ref.

Aspergersyndrome
USP6

Ubiquitin-specific
Proteasecomponentofproteindegradation
NM.

_004505
17p13.2

1denovo
No

N/A

35

protease6

pathway

Autism

NBEA

Neurobeachin/
Akinaseanchoringprotein(AKAP)function,
NM.

_015678
13q13.3

1denovo
No

N/A

36,37

BCL8B

PH-BEACH-WD40domains—protein interaction/subcellularlocalisation
Autism

ST7

RAY1/FAM4A1

Nodomains,butmouse/Drosophila/nematode
NM.

.013437
7q31.2

2

Yes,exonicSNPsNo
38,39

orthologuesidentified

Autism

AUTS2

ARG1

Nodomains,butmouseorthologueandother
NM.

.015570
7q11.22

2

Yes,exonicSNPsSugg.
40

relatedsequencesidentified

Autism

SSBPI

Single-stranded
Mitochondrialsingle-strandedDNA-binding
NM.

.003143
7q34

3

Yes,smallscale
No

41

DNA-binding

protein

protein1

Autism/multiple
GRPR

Gastrin-releasing
Gastrin-releasingpeptideG-protein-coupled
NM.

.005314
Xp22.13

1

No

N/A

42

exostoses/MR/

peptidereceptor
receptor

epilepsy CillesdelaTourette
IMMP2L

Mitochondrialinner
Mitochondrialinnermembranepeptidase
NM.

.032549
7q31.1

1

No

N/A

43

syndrome

membrane

processingpolypeptidesshuttledinto
peptidasesubunit2 like

mitochondrion

GillesdelaTourette
GNTNAP2

Contactin-associated
Neurexinfamily,potassiumchannelinteraction,
NM.

.014141
7q35

3

No

N/A

44,45

syndrome/OCD

protein-like2

membraneproteinlocatednearaxonalnodesof Ranvier

Developmental
DYX1G1

Threetetratricopeptidedomains—protein
NM.

.130810
15q21

4

Yes,small

Mutation
46

dyslexia

interaction

Speechand

FOXP2

ForkheadboxP2
Transcriptionfactor,wingedhelixtype
NM.

.014491
7q31.1

1

Mutation

Mutation
47-49

language

detection

development Schizophrenia

NPAS3

NeuronalPAS

Transcriptionfactor,basic-loop-helixandPAS
NM.

.022123
14q13.1

2

Mutation

No

50,51,52

domainprotein3
domaintype

detection(Fahr's)

Schizophrenia

DISCI/2

Disruptedin

DISCI:globularN-terminal,helicalC-terminal—
NM.

.018662
1q42.2

29

Several

Yes

53

(♦affectivedisorders)

schizophrenia1/2
proteininteraction(seetextformoredetail)

Schizophrenia/MR
MGAJ5

Mannosyl(a-1,6-)-
N-linkedglycosylationpathway.(NB:unbalanced
NM.

.002410
2q21.2-

1

No

N/A

54-56

glycoprotein(3-1,6-
rearrangement—genedosagechangesmay

2q21.3

N-acetyl-

contributetophenotype).
glucosaminyl- transferase

BPAD/MR

GRIA3

AMPA3,GLUR3
lonotropicglutamatereceptor,AMPAtype
NM.

.181894
Xq25

1

Linkagestudy
No

57,58

BPAD

DIBD1

Disruptedinbipolar
N-linkedglycosylationpathway

NM.
.024740

11q23.1

11

Yes

No

59

disorder1

'Association'column,indicatesifapublishedassociationstudyexists;'Result'column,associationstudyresultwherecarriedout;Sugg.,suggestivepositiveassociation;MR,mentalretardation;OCD,obsessive- compulsivedisorder,BPAD,bipolaraffectivedisorder. Wehavecollatedinformationon15disruptedgenesmatchingthecriteriadescribedabove.ThesegeneswerefoundusingPubMed60literaturesearchesusingthefollowingtextqueriessinglyorcombined: 'psychiatricillness','schizophrenia','bipolaraffectivedisorder','autism','chromosomeabnormality','translocation','breakpoint'and'cytogenetics'.Overall,thedescribedexperimentalstrategiesemployedto progressfromabnormalitytogeneprincipallyinvolvedfluorescenceinsituhybridisation(FISH)coupled,insomeinstances,withSouthern-basedfinemappingofbreakpoints.Onegene,SSBPi,waspromotedtothe classofdisruptedgenesbytheidentificationbytheauthorsofthisreview,inrecentlyannotatedgenomesequencereleases,of3'splicevariantsspanningthebreakpoint. Referencesinboldaretheprimarygeneidentificationpapers.

udn
X o < n



84

Cytogenetics and gene discovery in psychiatric disorders
BS Pickard et al

studied possessed direct gene disruptions or breakpoints
close to good candidate genes, which suggests that the
chromosomal rearrangements are the underlying cause of
the psychiatric conditions in these individuals. In this
article, we aim to identify common themes linking the
function of individual genes whose disruptions, albeit
extremely rare events, may give clues about the cellular
processes and neurochemical pathways critical to complex
psychiatric phenotypes.

CHANCE FINDINGS OR CAUSAL EVENTS?
When considering the biological significance of these data,
we must ask if the chromosomal abnormalities and disrupted
genes observed are chance findings or causal to the
phenotypes of the carriers. Support for a causal involvement
in the disorder can be provided by establishing significant
linkage between the chromosome abnormality and illness in
an extended family. Unfortunately, to date, access to
necessarily large pedigrees has been restricted to the t(l; 11)
family in which DISCI is disrupted (see 'carriers' column in
Table 1). In this case, an LOD score of 7.1 confirmed linkage
between the translocation and illness in this family/'1
Alternatively multiple independent observations of a rear¬
rangement affecting a particular gene as reported for SATB2
in cleft palate would be good evidence of its involvement/'2
Owing to the large number of genes presumably involved and
the small number of reported rearrangements, it is perhaps
not surprising that independent reports of disruptions to the
same gene have yet to be reported for neuropsychiatric
conditions. However, this also means that we have not yet
fully exploited cytogenetics as a gene-finding approach.

It is important to investigate whether these disrupted
genes are unique, case-specific, findings or whether they
contribute more widely to illness in the general population
by alternative mutation mechanisms, as was found to be the
case for Duchenne muscular dystrophy and retinoblastoma.

A proportion of these disrupted genes may be unique
representing a set of genes with the potential when mutated
to cause disease but not represented by mutations at the
population level. Studies to detect linkage disequilibrium
between disease- and gene-related polymorphisms in the
general population have been performed in a number of the
instances as detailed in Table 1, but statistically robust
association studies have not been carried out for all of these

genes to assess their population attributable risk.

PHENOTYPES OF TRANSLOCATION CARRIERS
In major psychiatric disorders, there is often variable
penetrance and a spectrum of phenotypes within a family.
The t(1; 11) family segregates for both schizophrenia and
affective psychosis, for example. Such pleiomorphic
phenotypes are increasingly being described within mono¬
genic conditions and also for chromosomal deletions
with relatively stable disruption boundaries such as the
chromosome 22 deletion syndrome. Mouse studies have
replicated this variability, ascribed largely to genetic modifiers
elsewhere in the genome/"'

There are more cases of schizophrenia, autism and
asperger syndrome in Table 1 than bipolar disorder and
unipolar depression. In a recently collated list of published
chromosome abnormalities associated with psychiatric ill¬
ness, few of which have been studied at the molecular level,
22 cases match our criteria for selection based on phenotype
and rearrangement type/'4 Of these, diagnoses of schizo¬
phrenia and related conditions occurred far more com¬
monly than bipolar/unipolar disorders. Moreover, a network
of Scandinavian cytogenetics laboratories has compiled data
summarising 71739 postnatal cytogenetic tests, of which
216 showed balanced chromosome rearrangements/'5 Of
these, five were associated with psychotic mental illness and
three with autism. We have also observed a similar

diagnostic bias in unpublished cytogenetic cases under
study in our laboratory. The reasons for this observed bias
are not clear but there are two strong possibilities. There
could be an ascertainment bias due to the more frequent
referral of patients with schizophrenia or autism for
cytogenetic analysis and greater resources for research into
those disorders. The bias may also be due to the underlying
genetic aetiology of these conditions. We predict that most
instances of direct disruption will result in a decrease in
transcription of the gene rather than the production of
transcripts encoding aberrant forms of the protein because
these would be liable to degradation by nonsense-mediated
decay. We can postulate that schizophrenia and autism, in
contrast to bipolar affective disorder or unipolar depression,
are more frequently associated with gene haploinsufficiency.
By analogy, a simple view of cancer-causing gene mutations
is that they fall into two groups: gain-of-function in the case
of oncogenes and loss-of-function in the case of tumour
suppressor genes. Indeed, a derived classification of suscept¬
ibility genes into 'psychogenes' and 'psychosis suppressor'
genes has already been proposed for psychiatric condi¬
tions/'6 Therefore, cytogenetics may help to identify the
'suppressor' type of gene implicated in the aetiology of a
subset of neuropsychiatric conditions.

Three cases in Table 1 are patients with mental retardation
comorbid with autism, schizophrenia or bipolar disorder.
Individuals with mental retardation are more likely to have
psychiatric illness than the general population''7 and to have
a contiguous gene syndrome, resulting from the hemizygous
loss or gain of several genes simultaneously through
microdeletions and duplications. However, Table 1 has
included cases where the genetic lesion appears precisely
limited to one gene and yet mental retardation still exists.
One explanation might be that the gene has pleiotropic
action, causing a neuropsychiatric disorder and, indepen¬
dently, mental retardation. Alternatively, gene disruption
may have a greater effect on gene expression, giving rise to
a more severe form of illness than a point mutation in a
karyotypically normal patient.

COMMON THEMES IN GENE FUNCTION

With the caveat that it is relatively easy to propose a model
placing a candidate gene at the heart of the presumed

The Pharmacogenomics Journal
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pathophysiology of psychosis when independent knowl¬
edge of the underlying biology is limited, there are some
general and specific features of several genes described in
Table 1 to support their role in the psychoses.

It is interesting that a glutamate receptor, GRIA3, is
present within the list. The glutamate hypothesis, primarily
applied to schizophrenia and related psychoses, was initially
based on the observation that administration of phencycli-
dine and ketamine, antagonists of the NMDA subtype of
glutamate receptor, can produce schizophrenia-like states/'"
The hypothesis has been strengthened by recent functional
and behavioural data from transgenic knockdown experi¬
ments on an NMDA receptor gene (Grinl) in mice/9 Loss-of-
function mutants of glutamate receptors by cytogenetic
disruption might be expected to have similar phenotypes.

Overall, with the exception of the two receptors, GRIA3
and GRPR, it is possible to group the candidates loosely into
a class of genes encoding proteins involved in processes with
multiple inputs (substrates, interacting proteins, DNA-bind-
ing sites) or outputs (products, interacting proteins, tran¬
scriptionally regulated genes). NBEA, CNTNAP2, DYX1C1
and DISCI proteins may all mediate interactions with other
proteins, perhaps participating in the formation of localised
functional complexes. The three DNA-binding proteins,
NPAS3, SSBP1 and FOXP2, are likely to have many targets.
The proteasome complex component, USP6, the mitochon¬
drial peptidase, IMMP2L, and the two enzymes within the
N-linked glycosylation pathway, discussed in more detail
below, are also examples of proteins with many potential
substrates. It can be predicted that mutation of such
focal points or 'hubs' of activity within a 'scale-free'
biological network will be particularly harmful to cellular
activity and function.70,71

RARE DISRUPTIONS MAY SIGNPOST COMMON
AETIOLOGIES
The goal of identifying genes from rare breakpoints is to
understand the biological processes and pathways under¬
lying the common forms of the disorder and to identify
other constituent genes that show a measurable effect in the
general population.

An example of breakpoints uncovering a common path¬
way comes with the identification of MGAT5 and DIBD1 as
disrupted genes in schizophrenia comorbid with mental
retardation and bipolar affective disorder, respectively.
These two genes participate in N-linked glycosylation, a
post-translational process involving the modification of
secreted and membrane proteins through the addition of
oligosaccharide moieties. Several other genes in this path¬
way have been shown to be causative for a varied group of
disorders collectively known as congenital disorders of
glycosylation or CDGs.72,73 These, predominantly recessive,
disorders are often characterised by central nervous system
phenotypes, suggesting that the brain is particularly suscep¬
tible to perturbations in protein glycosylation.74 With a
large set of target proteins predicted to be affected by these
disorders, it is not hard to see how N-linked glycosylation

enzymes might act as modifiers of other gene defects.
Indeed, within the CDGs themselves, interactions of mutant
genes have been shown to modulate the severity and nature
of disease. Recently, another glycosylation enzyme, B3GAT1,
was identified near to, but not directly disrupted by, a
breakpoint in a family with schizophrenia-like psychosis
and a t(6;ll)(qI4.2;q25) translocation. The proposed asso¬
ciation has been complicated by the emergence of another
gene transcript, FL[37762, between this gene and the 11 q25
breakpoint.75

DISCI AS A MODEL FOR FUNCTIONAL AND GENETIC
ANALYSES

DISCI was identified as a likely genetic risk factor for
psychiatric illness from studies of a single large Scottish
family multiply affected with severe psychiatric illness,
including schizophrenia and affective disorders. In this
family, a balanced (1; 11)(q42;ql4) translocation cosegre-
gates with psychosis, generating a highly significant
maximum I.OD score of 7.1/1,76 Thus, in this family,
translocation-induced gene disruption is causal, and a
genetic locus of major effect is responsible for the psychosis
in family members. On chromosome 1, the translocation
directly disrupts two overlapping genes, DISCI and DISC2,
and it is therefore likely that altered expression of DISCI
and/or DISC2 underlies disease pathology in translocation
carriers.53,77

The DISC region has subsequently been highlighted as a
likely susceptibility locus for psychiatric illness by a number
of independent genetic studies, with the most significant
results generated by analysis of individuals diagnosed with
schizophrenia in Finland. A genome-wide linkage study and
subsequent follow-up studies using dense marker sets
identified a peak of linkage with a polymorphism that lies
within DISCI itself, with a maximum LOD score of 3.2.78
Several associated haplotypes have been identified within
the same population.79 Other reports of linkage to this
region include studies of North American, Taiwanese, British
and Icelandic families diagnosed variously with schizophre¬
nia and affective disorders.8"-82 Both of these clinical

phenotypes are expressed in the family segregating for the
translocation. The DISC locus, although initially identified
as a major risk factor only in a single family, is now emerging
as a susceptibility locus for schizophrenia and affective
disorders in several different populations.

Little is known of DISCI and DISC2 function. Most studies
have focused upon DISCI and all information to date
indicates an important role for this protein in the adult and
foetal central nervous system. In particular, DISCI is
expressed in the hippocampus and limbic regions of the
adult brain83 and its possible involvement in neurodevelop-
mental processes has been highlighted by its interaction
with other proteins including FEZ!84 and Nudel.85-88 FEZ1 is
thought to function in axon outgrowth and is associated
with DISCI at axon growth cones, suggesting a requirement
for DISCI in neurite extension, a process critical for synaptic
connectivity.84 Interaction between DISCI and Nudel

www.nature.com/tpj
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suggests an additional significant neurodevelopmental role
because Nudel complexes with LIS1, a molecule required for
neuronal migration and cortical lamination. LIS1 mutations
are a major cause of lissencephaly, a neurodevelopmental
condition with variable degrees of cognitive impairment.

IMPLICATIONS FOR THE GENETICS OF NEUROPSYCHIA¬
TRY ILLNESSES

In light of the data presented here, the authors suggest that
karyotype screening should be implemented as a potentially
fruitful adjunct to any academic project involving the
collection of patient samples. In addition, however, the
low frequency of 'hits' would probably make it uneconomi¬
cal in the context of routine healthcare provision, except in
instances where strong family history is evident.

The number of candidate genes identified by cytogenetic
analysis has increased rapidly since the release of the human
genome sequence, but the functional exploration of these
candidates is lagging some way behind, perhaps due to
the lack of positive association studies in many cases or the
perceived limitations attached to results derived from single
individuals. However, as methods for the detection of
submicroscopic chromosomal alterations are becoming
more rapid and refined, the analysis of unique gene
disruptions in individuals with complex phenotypes may
be an important source of information about the causes of
common forms of these conditions.

Common disorders with a strong genetic basis, including
psychiatric illnesses can be modelled as being due to
additive or interactive effects of functionally important,
relatively common genetic variants that have incomplete
penetrance and small effects at the population level (odds
ratio <2): referred to as the 'common disease, common
variant' hypothesis.2'"9 Another situation, illustrated by
mutations in the APC gene that causes colorectal polyps, is
that a number of rare mutations of high penetrance at
different sites in a single gene have an additive effect in
causing disease.9" Similar rare variants may be typical in
many complex disorders including mental disease.91 A third
possibility is locus heterogeneity, illustrated by the genetic
basis of nonsyndromic deafness, where the phenotype is
caused by a mutation with high penetrance in one of very
many genes.92 The genes included in Table 1 in this study
are possibly illustrative of the locus heterogeneity model.

The uncertainty over the mode of inheritance of neuro-
psychiatric disorders has not yet been resolved. Schizophrenia
and bipolar disorder are clearly not simple Mendelian
disorders but equally the quantitative trait model may not
explain the pattern of illness found in many families. The
evidence from cytogenetic studies such as the t( 1; 11) family
in which DISCI is disrupted is consistent with a single gene
effect with variable penetrance increasing risk of illness in
individuals up to 50-fold. Our understanding of Alzheimers
disease can serve as a useful comparator: genes of major
effect accounting for rare familial forms of the disease
(PSEN1, PSEN2 and APP) coexist with more common
risk factors present in the population such as APOE4. If

breakpoint genes correspond to the former, then it is clear
that much useful biological information is waiting to be
gained from their study.
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The NPASJ gene—emerging evidence for a role in psychiatric illness
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Abstract
NPAS3 is a member of the basic helix-loop-helix PAS domain class of transcription factors expressed in the brain. Evidence
from a human chromosomal rearrangement and a mouse knock-out strain suggest that it may play a part in the aetiology of
psychiatric illness. In this reviews we describe evolutionary constraints on the NPAS3 gene, relevant functional studies from
a related gene and the behavioural and hippocampal neurogenesis deficit observed in the mutant mouse. In addition, we
speculate on the physiological regulation of NPAS3 and whether NPAS3 gene variation contributes to psychiatric illness at
the population level.

Key words: Behaviour, bipolar disorder, hippocampus, knock-out, neurogenesis, schizophrenia, transcription factor,
translocation

Introduction

Although the causes of schizophrenia and other
psychiatric disorders are complex, it is clear that a
family history of these conditions poses the greatest
susceptibility risk to the individual (1). Schizo¬
phrenia is generally thought to have a heritability
in the range of 60%-80%. Given the severe nature
of the illness and its profound consequences for
affected individuals and their families, as well as

national health care providers, a key aim for research
in the field has been to identify new directions for
therapeutic intervention. The characterization of the
genetic component of schizophrenia offers a rational
route towards this aim (2-4).

This review focuses on one candidate gene for
schizophrenia, Neuronal PAS domain protein 3
(NPAS3), which spans approximately 862 kb on
chromosome 14 and is expressed principally within
the central nervous system (5). NPAS3 possesses
three regions vital for its activity as a transcription
factor regulating the expression levels of other genes.
Firstly, it has a basic helix-loop-helix domain which
is responsible for binding particular sequences in the

promoters of target genes. Secondly, it possesses
paired PAS (Per-Arnt-Sim) domains (6,7) respon¬
sible for linking environmental sensing to altered
affinity for partner binding (this class of transcription
factors operates as part of a heterodimer). Finally,
the C-terniinal region of the protein contains a

transcriptional activation domain responsible for
modulating gene expression of the target genes.
These features define NPAS3 as a member of the
bHLH-PAS family of transcription factors (8). It can
be appreciated that changes in the activity or
function of NPAS3 could have the potential to
impact on many target genes with varied neuronal
functions.

NPAS3 was identified as a candidate schizophre¬
nia gene through the analysis of a chromosome
abnormality in a small family with schizophrenia and
mental retardation (UK: learning disability). In
parallel, the independent analysis of a transgenic
Npas3 knock-out mouse has revealed provocative
behavioural and developmental findings. These data
suggest that this is an example where 'top-down' and
'bottom-up' research paradigms might converge in
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the future to advance our understanding of the
aetiology of schizophrenia.

Cytogenetic evidence for a role in
schizophrenia

A reciprocal balanced translocation between chro¬
mosomes 9 and 14 was identified in a Scottish family
(karyotype: 46, XX, t(9;14)(q34.2;ql3)). The
mother carried the translocation and was diagnosed
with Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV) schizophrenia.
A daughter who had inherited the translocation was

diagnosed with the unspecified functional psychosis
co-morbid with severe mental retardation (UI<:
learning disability). The daughter's condition
included visual and auditory hallucinations together
with severe agitated outbursts. A second sibling was

reported to have severe mental delay but no further
clinical or cytogenetic information was available to
the clinicians (WM and DB). One confounder in the
study of this family is the diagnosis of the (cytogen-
etically normal) father with DSM-IV bipolar I
disorder.

Two laboratories analysed Epstein-Barr virus-
transformed lymphoblastoid cell lines from the
translocation carriers to determine the molecular
basis for its pathological effect (9,10). Our labora¬
tory employed the technique of fluorescence in situ
hybridization (FISH), in which DNA clones
obtained from defined chromosomal locations are

used to 'stain' the patient cell line metaphase chro¬
mosomes. This placed the sites of the translocation
damage, the 'breakpoints', to an interval that was

progressively narrowed down until the breakpoint
was pin-pointed with respect to local genes and
ultimately gene exons. The second laboratory used
flow sorting to isolate translocated chromosomes
from the cell line and then mapped the breakpoint
positions on the basis of regularly spaced chromo¬
some-specific polymerase chain reaction (PCR)
assays (10). Both approaches concurred: no

genes were identified near the chromosome 9

Key messages

• It can be appreciated that changes in the
activity or function of NPAS3 could have the
potential to impact on many target genes
with varied neuronal functions.

• We have presented diverse evidence from
human cases to mouse models placing
NPAS3 among strong candidates for a role
in schizophrenia aetiology.

breakpoint, but a direct disruption (through an

intron) of NPAS3 was observed on chromosome
14 (Figure 1). In addition, the second group
identified an additional deletion towards the 5' end
of the gene (10).

It is intriguing to speculate on the molecular
pathology of this disruption. One possibility is that
the derived chromosome 14 might still produce an
mRNA transcript, albeit truncated. If translated, this
would generate an NPAS3 protein consisting of just
the basic helix-loop-helix (DNA binding) domain
and PAS domain—without the transcriptional acti¬
vation domain. This protein would not be functional
and, perhaps, would act in a 'dominant negative'
(inhibitory) fashion by the non-productive occu¬

pation of binding sites in promoters or by the
sequestering of NPAS3-binding partners into non¬
functional complexes. Both endogenous and experi¬
mentally generated truncated forms of bHLH-PAS
transcription factors have been demonstrated to
behave in such a dominant negative manner (11,12).

However, the cell possesses a surveillance mecha¬
nism, nonsense-mediated decay (NMD), designed
to detect and destroy incorrectly formed mRNA
species (13). This mechanism probably arose to
counter the harmful effects of proteins derived from
aberrantly spliced mRNAs or nonsense gene muta¬
tions. The chromosome abnormality disrupting
NPAS3 might thus result in an mRNA species
that would be subject to NMD-based degradation,
precluding generation of a truncated protein. In this

Position of translocation breakpoint

-H- -e- +0—Q I f)l HI-5 \J 6 \J 7 8 9 10-12

Exons

0 = ultraconserved region

Figure 1. The human NPAS3 locus. The 12 principal exons and 1 alternative start exon are indicated along the chromosome 14 scale. The
position of the translocation breakpoint is shown, together with the locations of the four ultraconserved, potentially regulatory, sequences
(see section on structural and evolutionary considerations).
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case, the result of the translocation in the patient
would be NPAS3 protein expression at half the level
present in normal individuals (from the remaining
intact chromosome 14). An analogous scenario has
been observed with the t(l;ll) translocation which
falls within the Disrupted in Schizophrenia {DISCI)
gene. No truncated protein is observed in the
translocation-carrying patients (14) or, indeed, a
mouse strain, 129S6/SvEv, with a mid-gene non¬
sense mutation (15). Thus, it is equally likely that
the molecular cause of the psychiatric phenotype in
the iVPASi-disrupted individuals could be related to
insufficient production of normal NPAS3 protein, a

pathogenic mechanism termed 'haploinsufficiency'.

The NPAS3 gene: structural and evolutionary
considerations

A recent genome-wide study searched for stretches
of human DNA over 200 bases in length which were
ultraconserved in other species (16). Almost 500
were identified of which over half were non-exonic,
including four located within the introns of NPAS3
(Figure 1). Interestingly, non-exonic conserved
regions of this size were frequently found asso¬
ciated with genes, like NPAS3, with DNA binding
and/or developmental roles. It can be hypothesized
that these regions comprise conserved regulatory
domains, such as enhancers that tightly control
NPAS3 expression. As such, they may represent
good targets for mutation detection strategies in
DNA samples from individuals with psychiatric
illness.

A counterpoint to this conservation is the pro¬
nounced evolutionary change in the coding portion
of NPAS3, which occurs principally in the transcrip¬
tional activation domain (TAD). Prominent in this
part of the protein are two polyglycine repeats, which
are a typical feature in the TADs of many transcrip¬
tion factors, such as Forkhead box protein CI,
FOXC1 and Homeobox protein Hox-B3, IIXB3.
Moreover, the DNA sequence encoding the TAD
shows a very high density of C and G bases, which is
also commonly present in the TADs of other

transcription factors, such that the region is anno¬
tated as a 'CpG Island' on the Human Genome
Browser—a feature more typically associated with
gene promoters. The tight correlation of CpG
richness within NPAS3 exon boundaries suggests
that it most likely reflects a bias in the frequencies of
amino-acids required in the TAD. The amino-acids
glycine, arginine, proline and alanine are all encoded
by CpG rich codons and are also found abundantly
in this domain. The polyglycine tracts are notable
because they show considerable differences in
precise glycine number across species. While this
may simply represent a certain amount of leeway in
the structure-function relationship in this region, it
could also be interpreted as being a region where
increased evolutionary selection is being applied.
The identification of within-species polymorphic
variation in this region might go some way to
proving the former hypothesis, but such variation is
most often observed as a consequence of perfect
triplet repeat expansion or contraction (17). This is
not the case for NPAS3. Although the chimpanzee
genome is still incompletely sequenced at the time of
writing, the only amino-acid differences apparent
between the NPAS3 orthologues are associated with
these two polyglycine stretches, most obviously the
second stretch where humans have four extra

glycines (Figure 2). The evolutionary relevance and
functional consequences of these changes remain to
be determined. Pollard et al. (18) have recently
identified a genomic region (HAR21-Human
Accelerated Region 21), located within an intron of
NPAS3, as one of the 49 fastest evolved sequences
between the chimpanzee and human genomes.

Lessons from a well-studied cousin, Npas2

A starting point for understanding the cellular
function of NPAS3 has come from a series of studies
on the related NPAS2 protein in a mouse model.
Npas2 is expressed in different parts of the brain
(principally the forebrain) compared to Npas3, and
is therefore likely to contribute to a distinct set of
cognitive and behavioural outputs. The bHLH
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Figure 2. Alignment of mouse, chimpanzee and human polyglycine stretches within the transcriptional activation domain (TAD) ot
NPAS3. A graphical representation of sequence conservation is included underneath.
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domain in Npas2 appears to mediate its binding to
DNA when associated with a heterodimeric partner
protein such as Bmall (Arntll). The cellular ratio of
the oxidized and reduced forms of the energy-

carrying molecule nicotinamide-adenine dinucleo-
tide (phosphate), NAD(P)+/NAD(P)H, dictates the
formation of this complex and hence its regulatory
competence (19). In this way, Npas2 acts in an
'environmental sensor' capacity, like many other
members of the bHLH-PAS family. In conditions of
higher NAD(P)H concentrations, Npas2 stimulates
transcription of a target gene, lactate dehydrogenase,
which in turn catalyses metabolic processes that
restore NAD(P)+ levels. The PAS domain of Npas2
also fulfils a sensory transduction role through its
association with a haem cofactor. This PAS-haem
unit appears to be a receptor for gaseous neuro¬
transmitters, and its affinity for physiological levels
of carbon monoxide (CO) suggests that this is the
principal ligand (20-22). The result of CO binding
is inhibition of BMAL1 binding and transcriptional
activity.

The increased divergence of Npas2 sequence from
Npas 1 and Npas3 and its similarity to the Clock gene

suggested that Npas2 might play a role in the
maintenance of the body's circadian rhythm; the
regulator of physiological processes that occur at
specific times of the day. Indeed, the Npas2-Bmall
complex functions in an entirely analogous way to
the Clock-Bmall complex in the negative transcrip¬
tional feedback circuits underlying this process (23).
Studies of mice deficient for Npas2 demonstrate
circadian deficits manifest as particular behavioural
changes corresponding to the activity of Npas2 in
the forebrain (24-26). Briefly, gross daily activity of
these mice is unaffected (largely controlled by the
intact Clock gene) but altered night-time activity
profiles, fast response to shifting day-night phase
(i.e. resistance to jet lag) and an extreme stress
response to restriction of feeding to daylight hours
(normally a time when mice sleep) suggest that this
part of the brain is entrained more by food in¬
take than by light exposure (27). Superimposed on
these circadian deficits are observations that sug¬

gest that Npas2-deficient mice have altered sleep
homeostasis (28) and reduced performance in a
cued and contextual fear memory test (29). Again,
this latter deficit in an emotional memory exposes
the role Npas2 plays in a process known to loca¬
lize to the forebrain and limbic systems. The
psychiatric consequences of circadian rhythm defi¬
ciencies have been hinted at recently in provisional
studies: one linking variations in the PER3 and
BMAL1(ARNTL1) genes with bipolar disorder (30),
and the other identifying an NPAS2 variant

associated with seasonal affective disorder (SAD)
(31).

In summary, the corpus of experimental work on

Npas2 has contributed greatly to our understanding
of the environmental triggers, transduction mechan¬
isms, physiological processes and behavioural out¬
puts that may be relevant to the NPAS protein
subfamily as a whole, and sets a framework for future
NPAS3 investigation.

Behavioural consequences of Npas3 deficits in
a mouse model: relevance to schizophrenia?

The generation of a knock-out mouse strain defi¬
cient in the Npas3 gene has presented researchers
with the opportunity to study the consequences of a
defect analogous to the human translocation.
However, as schizophrenia is a disorder specific to
the human brain, it can be appreciated why concerns
have been raised over the relevance of studying
mouse phenotypes in the investigation of psychiatric
disorders. The future is certain to see new levels of

sophistication in the high-throughput scoring of
complex, holistic behavioural changes in mutant
mouse colonies housed in more natural living
environments, and these will permit researchers to
dissect stereotypical and social behaviours which
might be relevant to human conditions (32). In the
meantime, there are several commonly used reduc¬
tionist behavioural test paradigms applied to mouse
models (33). Their aim is to extract endopheno-
types, in the same way as, for example, p300 event-
related potentials are scored in schizophrenic
individuals (34). It has been suggested that this
approach exposes faults in particular neural circuits
that comprise the 'building blocks' of higher-order
behavioural changes. Many of these tests were
carried out in mice lacking both alleles of both
Npas3 and Npas P. generally , the Npasl mutation
component of compound homozygote null mice
appears to exacerbate phenotypic features present in
single Npas3 mutation mice. The results from two
papers (35,36) detailing the behavioural analysis of
these mice are combined and summarized below.

The first test applied was Prepulse Inhibition
(PPI), which is based on the observation that a
loud noise elicits a startle response in mice. The
startle response is reduced, however, when the
loud noise is immediately preceded by a 'warning'
prepulse tone. However, Npas3 mice (and
particularly Npas3 , Npasl ~ double mutants,
but not Npasl~ mice) show elevated levels of
startle in the presence of the warning prepulse tone,
indicating that PPI is reduced. PPI reduction is also
observed in the human version (33) of this test in
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schizophrenic individuals and is thought to reveal
deficits in a brain-stem neural circuit subject to
activity modification by limbic regions, including the
hippocampus.

The Open Field Test examines activity levels
when mice are placed in an exposed area. Increased
locomotor hyperactivity in Npas3 mutant mice
relative to wild-type was restricted to the outer edge
of the field, indicating that Npas3 mutant mice
maintain the fear of open space that is present in the
wild-type mice. Hyperactivity is a manifestation of
the positive symptoms of schizophrenia and can
be pharmacologically induced by agonists of dopa¬
mine receptor activity. Administration of one such
agonist, D-methamphetamine, to wild-type mice
increased activity, whereas no additional increases
in activity were seen in mutant mice. Mutant mouse

hyperactivity was ameliorated somewhat by a D2
dopamine receptor antagonist, strongly by a D1
dopamine receptor antagonist, and not affected by
the atypical neuroleptic clozapine. The A-methyl-D-
aspartate (NMDA) glutamate receptor antagonist
MK801 showed a paradoxical effect: increasing
activity in wild-type mice but inducing a catatonic
state in mutant mice. This effect did not appear to
be due to an alteration in glutamate receptor
number.

In the F-levated Zero Maze, a measure of anxiety,
Npas3 mutant mice exhibited a 50% increase in
exploration of exposed areas of the maze, revealing a
decrease in basal anxiety levels.

Npas3 mutant mice had a small but significant
reduction in recognition memory as assessed by their
reduced investigation time of a novel object intro¬
duced into their environment. Similarly, Npas3
mutant mice show deficits in a cued learning test.
In this test an acoustic tone precedes a mild foot
shock, and wild-type mice freeze on the tone in
remembered anticipation of the foot shock. Npas3
mutant mice, however, actually showed increased
locomotor activity after the tone.

In addition to these specific tests, general observa¬
tion of Npas3 mutant mice has revealed several
intriguing findings that hint at broader behavioural
and neurological impairments. Firstly, mutant
mothers show poor nesting and nurturing instincts
after giving birth. Secondly, mutant mice exhibit a
'darting' behaviour after weaning. Thirdly, they
have abnormal motor function exemplified by gait
changes, reduced muscle tone upon tail suspension
and general uncoordinated movement (which
improves upon multiple testing). Lastly, mutant
mice show impaired social recognition as they fail to
become familiarized with juvenile mice that they
have encountered a number of times.

How relevant are the behavioural findings in the
Npas3 mice? A previous mouse model of schizo¬
phrenia (37) was generated by transgenically redu¬
cing NMDA receptor Nrl/Grinl subunit expression
levels. Phenotypes in common between the two
mutant strains include hyperlocomotor activity that
appears to be 'saturated' such that it was resistant to
pharmacological increase, and a clearly impaired PPI
(38). However, other phenotypes were not repli¬
cated: Nrl/Grinl mice showed a reduction in social
interaction and a clozapine-dependent reduction in
locomotor activity, neither of which was observed in
Npas3 mutant mice.

In summary, the behavioural features of the Npas3
mutant mice show similarities to existing animal
models of schizophrenia and are consistent with
perturbations of the glutamatergic and dopaminergic
systems, features of human psychiatric conditions.

Npas3 mutant mice also display defects in brain
structure and development: direct parallels
with schizophrenia

Npas3 mice are 20% smaller than their wild-
type littermates (35). Within the brain, Npas3 is
expressed in inhibitory interneurons but mutant
mice show no obvious loss of this neuronal type
(35,39). However, clear defects in connectivity are
observed in the corpus callosum and cerebellum,
which may relate to the coordination and motor
phenotypes of Npas3 mutant mice. Possibly the most
striking structural change is to be found within
the hippocampus, as recent work has demonstrated
that Npas3 mediates adult hippocampal neuro¬

genesis (39). Initial clues to this role of NPAS3
came from the fact dtat DNA microarray and real¬
time quantitative PGR studies of neuroblastoma
cells, programmed to inducibly express NPAS3
and its obligate heterodimeric partner aryl hydro¬
carbon receptor nuclear translocator (ARNT),
showed an NPAS3/ARNT-dependent inhibition of
SPROUTY4 mRNA expression. Subsequent real¬
time quantitative PGR and microarray expression
analysis of brain tissue from Npas3 and wild-type
mouse brain further confirmed this finding that
increased levels of Sprouty4 mRNA correlate with
loss of NPAS3 (39). Sprouty proteins, of which
there are four isotypes in mammals, inhibit receptor
tyrosine kinase signalling downstream of fibroblast
growth factor (FGF) (40-47). Sprouty4 was the only
Sprouty isoform whose expression varied with
relation to NPAS3.

The discovery of a relationship between Sprouty4
and NPAS3 expression prompted investigation
of whether NPAS3 might be connected to FGF
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signalling in mammals. The Drosophila melanogaster
orthologue of NPAS3, Trachealess (Trh), controls
branching morphogenesis of the larval tracheal
system by means of direct regulation of the D.
melanogaster gene encoding Breathless, the Drosophila
melanogaster fibroblast growth factor receptor
(FGFR) (48,49). It was thus hypothesized that
NPAS3 might regulate an analogous pathway in
mammals. Subsequent in situ hybridization studies
demonstrated significantly attenuated Fgfrl mRNA
expression in Npas3~'~ mice relative to wild-type,
most notably within the dentate gyrus and CA1
regions of the hippocampus (38). FGFR1 and its
ligand, FGF-2, are known to play a pivotal role in
hippocampal neurogenesis in the subgranular zone

(SGZ) of the dentate gyrus (50-57). Through
immunohistochemical detection of incorporation of
the thymidine analogue BrdUrd, it was discovered
that basal hippocampal neurogenesis is virtually
abolished in adult Npas3~ mice (39) (Figure 3).
Despite a complete inability of Npas3 mice to
undergo neurogenesis in response to FGF stimula¬
tion, these mice are still able to undergo significant
hippocampal neurogenesis in response to the broad
stimulatory factor of electroconvulsive shock (ECS)
(39). It is thus clear that adult Npas3~'~ mice do not
lack SGZ neurogenic precursor cells, from which
hippocampal neurogenesis emanates throughout
adulthood. Interestingly, despite the high degree of
similarity between Npas3 and NpasI, no deficits in
Fgfrl expression or hippocampal neurogenesis occur
in Npasl~'~ mice (39).

The specific stages of embryogenesis, develop¬
ment or adulthood during which NPAS3 deficiency
contributes most crucially to the observed deficit
in adult hippocampal neurogenesis are presently
unknown. However, the findings of a genetic

Wild type |i.
„ ** ■%

Kpa$y~ p

Figure 3. BrdUrd labelling of actively dividing cells in adult wild-
type and Npas3w" mice 24 hours after a single injection of
BrdUrd (150mg/kg). Adult hippocampal neurogenesis in the
dentate gyrus subgranular zone is virtually abolished in Npas3
mice.

translocation within die NPAS3 gene in a family
with schizophrenia, coupled with the relevant
behavioural phenotype of Npas3~'~ mice and the
important role of NPAS3 in adult hippocampal
neurogenesis, raise the intriguing possibility that
impaired hippocampal neurogenesis may be relevant
to some aspects of hippocampal pathology asso¬
ciated with schizophrenia. Correlative evidence
suggests that neurogenesis may play a role in
schizophrenia. For example, late gestational disrup¬
tion of rodent neurogenesis produces behavioural
changes that mimic positive and negative symptoms
of schizophrenia (58,59). Furthermore, treatments
for schizophrenia, such as neuroleptic medication
and ECS, augment rodent adult neurogenesis (60-
68), although other pharmacologic agents, such as

antidepressant medications, also have similar effects
(64,69,70). Notably, a recent analysis of brain tissue
from patients with schizophrenia, bipolar disorder,
or major depressive disorder, obtained from the
Stanley Foundation Neuropathology Consortium,
has revealed that hippocampal neural stem cell
proliferation is significantly decreased in schizophre¬
nia but not affective disorders (71). The hippocam¬
pus is highly involved in the pathophysiology of
schizophrenia, through both reduced hippocampal
volume and altered hippocampal neuronal activity in
patients (72-84), and the hippocampal neurogenic
deficit in Npas3 mice also correlates with
significantly reduced thickness of the hippocampal
granule cell layer. This is consistent with the notion
that NPAS3 mediates production of new neurons
critical to the formation and/or maintenance of the
dentate gyrus throughout development and/or adult¬
hood, a hippocampal structure implicated in the
pathophysiology of schizophrenia. For example,
schizophrenic patients harbour genetic predisposi¬
tion to greater hippocampal injury, as they are more

susceptible than healthy controls to hippocampal
volume reduction following anoxic obstetric compli¬
cations (85,86).

Although the function of adult hippocampal
neurogenesis is unknown, it has been speculated to
facilitate the integration of novel environmental
stimuli throughout development and adulthood,
and thus enable adaptation remodelling of the
dentate gyrus to functional environmental demands
(87-90). Aberrations in adult hippocampal neuro¬

genesis may thus limit the ability to adapt to
environmental stressors (91-97), which could con¬
tribute to the difficulty that schizophrenic patients
have in responding advantageously to novel stimuli
or challenges. Taken together, these findings compel
further investigation of the role of NPAS3 in
neurogenesis and schizophrenia.
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NPAS3 Heteroctimeric
Partner

Target Gene

Figure 4. Schematic illustration detailing our current understanding of NPAS3 function. NPAS3 is shown binding DNA sequence in
conjunction with its heterodimeric partner. Together they are shown modulating target gene transcription through RNA polymerase
regulation. The diagram highlights potential NPAS3 regulation by as yet unknown properties of the cellular environment.

Summarizing NPAS3 as a candidate
schizophrenia gene and suggested routes for
future investigation

We have presented diverse evidence from human
cases to mouse models, which places NPAS3 among

strong candidates for a role in schizophrenia
aetiology. Several developments would add to this
candidacy. NPAS3 exerts its influence through the
regulation of target gene expression. It is important
that these target genes are identified so that the
pathways and processes which go awry through
NPAS3 dysfunction can be identified. Recalling the
regulation of NPAS2, it will be interesting to
discover if NPAS3 is sensitive to particular cellular
environmental cues (Figure 4). How might these
relate to our current knowledge of schizophrenia
biology?

While the functional aspects of this gene are being
extensively studied in the context of schizophrenia,
these must cede to genetic evidence which, to date,
only consists of the single small family carrying the
NPAS3 disruption and an unreplicated instance of
schizophrenia linkage to chromosome 14 (98).
Therefore, it is important that genetic studies catch
up with the functional progress in the near future
(this is in direct contrast to other candidate schizo¬
phrenia genes). The most profitable route would
seem to be case-control association studies making
best use of the linkage disequilibrium data provided
by the HapMap Project. The NPAS3 gene is large
and comprised of many linkage disequilibrium
blocks. Therefore, considerable numbers of 'tagging'
single nucleotide polymorphisms (SNPs) are

required to ensure complete representation of all
underlying haplotype variation. If significantly

associated haplotypes are discovered, these should
prove useful starting-points for resequencing studies
to identify underlying causative mutations.

Finally, the facts that Npas3~'~ mice display a

profound hippocampal deficit and simultaneously
display several behavioural phenotypes related to
schizophrenia indicate that these mice are not only a
useful tool for the examination of cellular physiology
and behavioural paradigms, but they also highlight
the intriguing possibility of a role for neurogenesis in
the aetiology of schizophrenia.
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Depression is common in patients with schizo¬
phrenia and it is well established from family
studies that rates of depression are increased
among relatives of probands with schizophrenia,
making it likely that the phenotypes described
under the categories of affective and non-affec¬
tive psychoses share some genetic risk factors.
Family linkage studies have identified several
chromosomal regions likely to contain risk genes
for schizophrenia and bipolar disorder, sug¬
gesting common susceptibility loci. Candidate
gene association studies have provided further
evidence to suggest that some genes including
two of the most studied candidates, Disrupted
in Schizophrenia 1 (DISCI) and Neuregulin 1
(NRGI) may be involved in both types of psycho¬
sis. We have recently identified another strong
candidate for a role in both schizophrenia and
affective disorders, GRIK4 a glutamate recep¬
tor mapped to chromosome 11ij23 [Glutamate
Receptor, Ionotropic, Kainate, type 4]. This gene
is disrupted by a translocation breakpoint in
a patient with schizophrenia, and case control
studies show significant association of GRIK4
with both schizophrenia and bipolar disorder.
Identifying genes implicated in the psychoses
may eventually provide the basis for classifica¬
tion based on biology rather than symptoms,

and suggest novel treatment strategies for these
complex brain disorders.

Keywords; Bipolar disorder; depression; Schizophrenia;
Genes; Linkage; Association; DISCI, GRIK4\ NRGI

INTRODUCTION

Individually schizophrenia and bipolar affective dis¬
order affect between 0.5 and 1% of the population
worldwide, and with the onset usually occurring in
young adulthood, these illnesses can cause severe
lifelong disability. Over several decades many
studies in different populations have led to the firm
conclusion that genetic factors make a substantial
contribution to both disorders. The risk of illness is

increased about ten fold in first degree relatives of a
proband. There is significantly higher concordance
rates between monozygotic than dizygotic twins,
and adoption studies suggest the importance of
heritable over environmental factors when children
whose biological mothers have schizophrenia, are
brought up by adoptive parents who do not have
the illness (McGuffin et al., 2002). The modes of
inheritance of these disorders remain obscure, how¬
ever, and it is probable that the clinical syndromes
termed the psychoses are aetlologically heteroge-
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ncous with quite varied underlying neurobiology
and genetic risk factors ranging from single genes
of large effect as a cause of illness in some families
to multiple common interacting genetic variants
contributing to risk in others. Despite the uncertain¬
ties about the nature of the underlying genetic risk
factors a number of plausible candidate genes have
been reported (Harrison and Weinberger, 2005).
Several approaches to gene discovery have been
taken including the following: family linkage stud¬
ies in extended pedigrees or affected sibling pairs;
associations studies of candidate genes in large
populations of unrelated cases; expression studies
using post mortem brain samples or peripheral tis¬
sues including lymphocytes to identify genes with
expression profiles that differ between cases and
controls; the analysis of quantitative trait loci influ¬
encing animal behaviours thought relevant to clirii
cal illness; the analysis of genes directly disrupted
by chromosomal rearrangements and translocations
in subjects with schizophrenia or bipolar disorder.

A major problem in psychiatric genetics is the lack
of biological validity for any of the clinical diagno¬
ses adhered to. Current classifications including
the DSM-1V and ICD-10 regard schizophrenia and
bipolar disorder as two separate categories, broadly
the "affective" and the "non-affective" psychoses.
While there are sound reasons for using these cat¬
egories to achieve consistency and reliability in
clinical practice and research, it is important also to
accept the limitations of these clinical descriptions.
Neither a single "unitary psychosis" model nor
the simple categories of schizophrenia and bipolar
disorder adequately account for the results of large
scale population and family studies, which sug¬
gest that genetic vulnerability to psychotic illness
extends across syndromes. The risk of schizophre¬
nia is significantly increased amongst relatives of
patients with bipolar disorder, and conversely there
is increased risk of affective disorders amongst rela¬
tives of schizophrenia probands (Maier eta!., 2002).
The distribution of some cndophenotypic measures
in relatives adds further support for heterogeneity of
families multiply affected with schizophrenia. For
example increased latency and reduced amplitude
of the P300 event-related potential were measured
from relatives of schizophrenia probands in some
families, whereas in other families relatives showed
no such physiological changes (Blackwood ct al.,
1991). Neurophysiology, brain imaging and cogni¬

tive function may identify subgroups of patients
with psychosis, but the issue of biologically valid
clinical boundaries of the psychoses is likely to be
fully resolved only by a knowledge of the genetic
variants underlying the illnesses. The notion that
some genetic risk factors are associated with a
clinical phenotype that includes the diagnosis of
bipolar disorder in some subjects and schizophre¬
nia in others has been widely discussed in light of
recent molecular genetic discoveries (Wildenauer et
al., 1999; Berrettini, 2004). This view is supported
by similarities in epidemiology and demography.
In each condition the lifetime risk is 0.5-1%, men

and women are affected equally, illness commonly
starts in the second or third decade of life and
treatments overlap. For example, atypical antipsy¬
chotics are useful in the treatment of affective and
non affective psychosis. Five genomic regions on
chromosomes 8p, lOp, 13q, 18p and 22q were iden¬
tified, where rigorously reported family linkage
studies suggested shared susceptibility for schizo¬
phrenia and bipolar disorder, and candidate gene
association studies have provided further support
for common risk factors (Berrettini, 2004).

The aim of this study is to examine the pheno-
types associated with three putative genetic rick
factors for the psychoses. These are Disrupted in
Schizophrenia 1 [DISCI), Glutamate Receptor,
Ionotropic, Kainate, type 4 {G1UK4), and the
Ncurcgulin 1 gene (NRGI). Ccncs contributing to
both schizophrenia and bipolar illness may provide
important clues about common biological pathways
in psychosis and become a basis for rational treat¬
ment interventions and preventative strategics. A
fuller understand of genetic susceptibility may also
provide a biological basis for classification and
lead to a refinement of the current symptom based
nosology of the major psychotic disorders.

METHODS

Published linkage and association studies of DISCI,
CRIK1 and NRGI are reviewed.

RESULTS

The genes DISCI and GRIK'I were first impli¬
cated in psychiatric disorder by karyotype analy¬
sis of individuals with mental illness. This has
been a successful approach to gene discovery in
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Tabic 1 Linkage Studies Implicating Cltromosomc Region lq'12 in Schizophrenia or Bipolar Disorder
Sludv | Countrv Sample I'henotvpc Result
(Blackwood ct a!., 2001) U.K. 1 familv with

1(1:11)*
Schizophrenia
Bipolar disorder
Depression

LOD 3.4 (Schizophrenia only)
LOD 7.1 (Schizophrenia and affective
disorder)

(Ekelund et at. 2001) Finland 221 families Schizoplucnia LOD 3.2

(Ekclund et at, 200-4) Finland 70 families Schizophrenia LOD 2.7

(Hwu eta!., 2003) Taiwan 52 families Schizophrenia NPL 2.18 (B=0.01)
(Schizophrenia and schizoaffective)

(Gejman etal., 1993) U.S. 1 family Bipolar LOD 2 39

(LaBuda ct at.. 1996) U.S. 1 family Diploar P<0001 ;

fDclcra-Wadlemh clot. 19991 1 U.S 22 families Bipolar 1.0D2.67 1(125-42
(Mclnnis cl at, 2003) U.S. 05 families Bipolar LOD 1.4
(Curtis et al., 2003) UK/Iceland 5 families Bipolar HLOD 2.0

(Maccxefior et al, 200-4) U.K. 10 families Bipolar LOD 2.6

(Hamshcre el al. 2005) UK/lrcland 2-1 families Schizoaffective LOD 3.54

(Sachs et al, 2005) U.S. 1 family Schizophrenia and
Schizoaffective

4 bp deletion causing frameshift

Duchenne muscular dystrophy, neurofibromatosis,
Wilms tumour, fragile X syndrome and several
other diseases reviewed by Pickard et al. (2005).
Chromosomal re-arrangements in patients with
schizophrenia or bipolar disorder are uncommon,
but when identified, provide a direct pointer to
possible candidate genes whose function has been
directly altered by the abnormality. The situation is
especially interesting where a translocation has its
breakpoint within a gene, splitting off a part of the
coding structure to another chromosomal region
entirely.

DISCI was identified as a risk factor for both

schizophrenia and affective disorders (bipolar and
unipolar depression) in a large family with a trans¬
location between chromosomes 1 and 11 (t[ 1; 11 ]),
where the chromosome 1 break was shown to direct¬

ly disrupt this gene (Millar ct al., 2000). In this fam¬
ily seven translocation carriers had schizophrenia,
one had bipolar disorder and ten others had recur¬
rent major depression, indicating that disruption of
DISCI is associated with considerable phenotypic
diversity (Blackwood et al., 2001). A second family
has been reported where a four base pair deletion at
the 3' end of DISCI results in a frameshift mutation.

This defect is detected in a person with schizophre¬
nia, their sibling with schizoaffective disorder, and
their unaffected parent (Sachs et al., 2005).

Table I lists published studies showing link¬
age of the DISCI region on chromosome one to
either schizophrenia or bipolar disorder. The report
by a Finnish group of significant linkage in two
independent sets of families with schizophrenia

provided strong supporting evidence that DISCI
contributes to schizophrenia in a general population
and is not merely a rare cause of illness in a few
families (Ekelund et al., 2001; 2004).

Significant linkage of DISCI with bipolar disorder
at a genome wide significance level has not been
reported, but there arc several reports of suggestive
linkage of markers in the DISCI region. The first
report described a single family with bipolar disor¬
der showing a LOD score of 1.9 with a microsatel-
lite marker mapping close to DISCI (Gejman et
al., 1993). Suggestive linkages were also reported
in three other studies from the U.S.A. (LaBuda et
al., 199G; Detera-Wadleigh et al., 1999; Mclnnis ct
al., 2003) and in a study of five families from the
U.K. and Iceland (Curtis et al., 2003). Further sup¬
portive evidence for linkage came from a LOD of
2.6 reported in ten families with bipolar disorder
from Scotland, although much of the significance
derived from a single pedigree (Macgregor et al.,
2004). The observation that DISCI may be linked
to a phenotype that encompasses schizophrenia and
affective disorders was strengthened by a report re¬
examining linkage data in cohorts of schizophrenia
and bipolar families (Hamshere ct al., 2005). These
families had previously been part of a meta analysis
that reported no linkage on Iq with schizophrenia
(Lewis et al., 2003). However a sub group of 24
families with 36 sibling pairs were selected on the
basis that one of the siblings had been diagnosed
as schizoaffective. Some of these pairs had been
defined "bipolar" and some as "schizophrenia"
in previous linkage studies. Significant evidence
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Tabic IT Association Studies indicating a role for DISCI in Schizophrenia and Bipolar Disorder
Studv Country Sample Phenolvpc | Result
(Hcnnah et al, 2003) Finland Family-

Control
Schizophrenia | Under transmission of haplotypc
458 families 1 spanning intronl-exon2 in females

(Gaspcroni et al., 2003) Finland Discordant
twins

Schizophrenia Visual memory associated with marker
at lq42

(Ekclund et al., 2004) Finland Family-
Control

Schizophrenia
70 families

Over transmission of a haplotypc
spanning exon 9- intron 9

(Hodgkinson et al, 2004) U.S. Case-Control 196 Schizophrenia
82 Bipolat
62 Schizoaffective

217 Controls

Under transmission of Exon 9 haplotypc j
in schizoaffective:
Phe607 in Exon 9 Associated with
schizoaffective
Other markers associated with
schizophrenia, bipolar, and
schizoaffective

(Thomson et al, 2005b) U.K. Case-Control 394 Schizophrenia
381 Bipolar
478 Controls

Association with bipolar and
schizophrenia intron 3 - exon 9

(Callicott et al, 2005) U.S. Case-Control 252 Schizophrenia
311 Siblings
368 Parents
238 Controls

Over transmission of Scr704 in
schizophrenia
Ser704 also associated with reduced

hippocampal gray matter in controls
(Hennah et al, 2005) Finland Family-

Control
498 families with
schizoplirenia

Intron 1-Exon 2 Haplotype associated
with reduced visual memory in
schizophrenia and controls

(Zhang et al, 2005) Japan Case-Control 338 subjects,
schizophrenia

No association with schizophrenia

(Cannon et al, 2005) Finland Twin cohort 236 subjects
schizophrenia

Two haplotypes were overtransmitted in
schizophrenia and associated with
reduced memory function and reduced
gray matter in frontal cortex .

(Burdick et al, 2005) U.S. Case-Control 250 patients with
Schizophrenia

A DISCI genotype associated with
performance in visual search and verbal
memory

(Thomson et al, 2005a) U.K. Birth cohort 425 subjects Ser704 associated with lower cognitive
ability in women

(Zhang et al, 2006) U.K. Case-control Associated with schizophrenia in
Scottish population

of linkage (LOD 3.5) was obtained in this small
sub-group of patients adding further support to the
data obtained from the original family with the
translocation that DISCI is associated with a phe-
notype that includes some patients diagnosed under
DSMIV or 1CD-10 categories as schizophrenic or
bipolar disorder (Blackwood et al., 2001).

Overall the linkage evidence from twelve studies
supporLs the conclusion that the DISCI region is
linked to a phonotypc that includes schizophrenia,
bipolar disorder schizoaffective disorder and recur¬
rent major depression.

DISCI Association Studies
Table II includes studies where association has

been detected between DISCI and a phenotype that
encompasses schizophrenia, bipolar or schizoaffec¬
tive disorder. In a family based association study of
458 families with a schizophrenia proband, a hap-
lotype of SNPs that spanned exon 2 of DISCI was
significantly under transmitted in females (Hennali
et al., 2003). Other regions of the gene also showed
some evidence for association. A study of U.S.
case control samples also found under transmission
of an exon 2 5NP in a sample of 02 patients with
schizoaffective disorder, compared to 217 controls
(Hodgkinson et al., 2004). This study also included
cases with schizophrenia (196) and bipolar disorder
(82), and despite the relatively small sample sizes
other markers located across DISCI were found
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associated with schizophrenia and bipolar disor¬
der. In a large case control study of schizophrenia
(394), bipolar disorder (381) and controls (478),
significant association robust to multiple testing
was confirmed with bipolar disorder in females in
the region of exons 5 and 6 where there was also
evidence, at lower significance, of association with
schizophrenia (Thomson eta!., 2005b).

In a case control study of subjects with schizo¬
phrenia (252), their siblings (311), parents (368)
and unrelated controls (238), a SNP associated with
altered DISCI protein function (Ser704) located in
exon 11 of DISCI was over transmitted in schizo¬

phrenia (Callicott et al., 2005). Following an early
report of an association between DISCI genotype
and visual memory dysfunction In schizophrenia
(Gasperoni et al., 2003), several recent studies
have also found association of DISCI genotypes
with other cognitive and neuroimaging measures
in schizophrenia (Burdick et al., 2005; Cannon
et al., 2005; Hennah et al., 2005) and in controls
(Thomson et ah, 2005a). Disruption of DISCI
expression may thus increase the risk of developing
schizophrenia, bipolar disorder and depression and
influence normal cognitive development through its
roles in neurodevelopment and synaptic function.

Glutamate Receptor, Ionotropic, Kainate, Type
4 (GRIK4)
G1UK4 was first identified as a possible candidate
for a role in schizophrenia following analysis of
the karyotype of a person with chronic schizophre¬
nia comorbid with mild mental retardation. The
chromosomal rearrangement was complex involv¬
ing an inversion on chromosome 2 and a translo¬
cation between chromosomes 2 and 11 (Pickard,
submitted). GRIK4 mapped to llq23 was directly
disrupted by the breakpoint, an effect predicted to
disrupt the expression of the gene. Thus, haplo-
insufficiency could lead to reduced function of this
kainate-type receptor.

Chromosomal rearrangements in one individual
can highlight candidate genes but further evidence
is required from association studies to determine
whether that gene makes a significant contribu¬
tion to risk of illness in the population. In one

study suggestive linkage was reported between
schizophrenia and markers at GRIK4 on 11 q23
(Gurling et al., 2001). We carried out a case con¬
trol association study for evidence that GR1K4 is

a risk factor for schizophrenia in patients in the
general population without chromosomal abnor¬
malities or mental retardation, using twenty seven
tagging SNPs spanning the gene, as predicted from
the International HapMap project data HapMap
(Pickard et al., 2005). Genotyping was performed
on 386 cases witti schizophrenia, 368 with bipolar
disorder and 458 controls, and the results demon¬
strated significantly different frequencies of three
single SNP markers between the schizophrenia and
control groups. At another region on the gene two
SNPs each had significantly different frequencies
in bipolar disorder compared to controls. A global
haplotype analysis showed a two-SNP haplotype
significantly associated with bipolar disorder and
a separate three-marker haplotype significantly
associated with schizophrenia. The bipolar results
remained significant (p=0.02) after correction for
multiple testing (Pickard et al., 2005). These results
provide evidence that GRIK4, disrupted in a patient
with schizophrenia and mental retardation, is also
implicated as a significant risk factor in Scottish
bipolar and schizophrenia populations. This may
not be the case in other populations as a recent
study in 100 cases and 100 controls failed to detect
association between GR1K4 and schizophrenia in
Japanese patients (Shibata et al., 2006)

Ncuregulin (NRG1)
Neuregulin (NRG1) on chromosome 8pl2 is a large
and complex gene spanning more than one Mb.
The gene codes a protein with a variety of isoforms
shown to be involved in different aspects of brain
development and activity, making the gene an
interesting functional candidate for a role in inher¬
ited psychiatric illness. NRG1 was first proposed
as a candidate gene in schizophrenia in a study
that found significant linkage on chromosome 8p
in Icelandic families, and significant association
of schizophrenia with a region of 8p that included
NRGI (Stefansson et al., 2002). These results were
further supported by behavioural tests on mice het¬
erozygous for NRGI mutations that were predicted
to cause reduced protein function. These mice had
reduced numbers of NMDA receptors in the pre¬
frontal cortex and displayed hyperactivity that was
reversed when (lie mice were treated with the anti¬

psychotic drug clozapine. In these mice pre-pulse
inhibition (proposed to be a murine test which par¬
allels altered sensory processing in human schizo-
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TABLE III Association Studies Implicating NRGl in Schizophrenia and Bipolar Disorder
Studv Country Sample Ph<!IOl\|X Result

(Stcfanssonet al, 2002) Iceland Schizophrenia Associated with liaplotvpc
spanning the 5' exon 1

(Stefansson et al, 2003) Scotland Case-control 609 Schizophrenia
618 controls

Associated with hsplotypc
spanning the 5' exon 1

(Corvin el al, 200A) Ireland,
Scotland

Case-control 852 Schizophrenia
840 Controls

Associated with haplotype in
intron 11 both populations

(Petryshen et al, 2005) Portuguese 111 trios 321 Schizophrenia
242 controls

multiple associated haplotypes

(Hall ct al, 2004) S. Africa
Afrikaner

Family-control
233 families

Schizophrenia,
schizoaffective
disorder, schizotypal

Associated with haplotype
spanning the 5' exon 1

(Yang etal, 2003) Han Chinese Family-control
246 trios

Schizophrenia over transmission of haplotype
spanninc NRGl

(Tang et al, 2004) Chinese 540 Schizophrenia
279 controls

Associated with haplotypcs in the
5'region

(Zhao etal, 2004) Han Chinese Family-control
352 trios

369 Schizophrenia
299 controls

multiple associated haplotypes

(Li et al, 2004) Han Chinese Family-control
184 trios
138 sib-pairs

289 Schizophrenia
336 controls

multiple associated haplotypes

(Bakkcr et a/., 2004) Dutch Case-control 130 non-deficit
Schizophrenia
585 Controls

Associated haplotypc spanning
exon 1

(Ophoff et al.. 2002) Costa Rica I,D mapping 109 bipolar Associated haplotype spanning
NRGl

(Green et al, 2005) Case-control 529 Bipolar
1011 Controls

Associated with haplotypes
spanning the 5' exon 1

(Thomson et al,
pers. com.)

Scotland Case-control 386 Schizophrenia
368 Bipolar
455 Controls

multiple associated haplotypes

phrenia) was impaired, giving additional support to
the relevance of NRGl in schizophrenia. Following
these initial discoveries several independent asso¬
ciation studies have examined NRGl. Tables 111
and IV list published association and linkage stud¬
ies that implicate NRGl in either schizophrenia or
bipolar disorder. One of the First was a case-control
association study of schizophrenic patients and
controls from northeast Scotland that demonstrated

significant association for the same seven marker
haplotype as originally reported in the Icelandic
population (Stefansson et al., 2003). A meta-analy¬
sis combining the results of four European studies in
populations from Iceland, Scotland, UK and Ireland
confirmed a small but significant association of the
Icelandic haplotype with schizophrenia (Petryshen
ct al., 2005). A study in South Africa and five stud¬
ies in China also reported significant association
of NRGl haplotypes with schizophrenia, but the
haplotypes in these studies were different from the
one identified in European populations. Overall, the

evidence from schizophrenia studies is of a small
but significant effect attributable to NRGl.

Two studies have examined the effect of NRGl in

bipolar disorder. In one study global and individual
association was found between bipolar disorder and
the haplotype originally identified in the Iceland
schizophrenia population (Green et al., 2005). In a

study of 386 schizophrenia cases, 368 bipolar stud¬
ies and 455 controls from Scotland independent
of those from the north-east study, Thomson et al.
(submitted) selected 36 tagging SNPs that spanned
the NRGl gene representing the linkage disequi¬
librium blocks. Two regions showed association
in both schizophrenia and bipolar disorder for
single marker and haplotype analysis. This study
identified SNPs showing significant association
with bipolar disorder in the same haplotype blocks
reported in Icelandic and north-east Scottish popu¬
lations (Stefansson et a!.. 2002; 2003). In a second
region of the gene the most significant haplotypes
were the same in schizophrenia and bipolar disor-
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Table IV Linkage Studies Implicating Chromosome Region 8p in Schizophrenia or Bipolar Disorder
St lidv Country Sample 1 Phenotvpc Result

(Pulvcr et al, 1995} c in 57 families Schizophrenia NPL-3.64; P 0.0001
(Kcnciicr etal., 1996) Ireland 265 families Schizophrenia IILOD2.52

(Lcvinson etal., 1996) European
descent

713 families Schizophrenia +
schizoaffective
disorder

HI.OD3.06

(Blouin et a!., 199S) US 51 families Schizophrenia NPL-1.95, P-0.023
(Kaufmann el nl., 1998) African-

American
30 families Schizophrenia NPL Zma\ = 2.27, P=0.013

(Shaw ct al., 1998) European
descent

48 families Schizophrenia HLOD1.99

(Brzustowicz et aL, 1999) Canada 21 families Schizophrenia +
schizoaffective
disorder

LOD3.49

(Pulvcr etal, 2000) US 54 families Schizophrenia
spectrum

P=0.0000008

(Curling etal., 2001) UK/Iceland 13 families Schizophrenia+
unspecified
functional psychosis
+ schizoaffective
psychosis

HLOD3.6; P=0.0001

(Stcfansson et aL, 2002) Iceland 33 families Schizophrenia +
unspecified
functional psychosis
+ schizoaffective
psychosis

LOD3.4S

(Lewis et al, 2003) Mcta analysis Schizophrenia 8p region placed 9"'.
(Liu et al, 2005) Taiwan 52 families Schizophrenia,

schizoaffective, and
other non-affectivc
psychotic disorders

NPL=2.45, P=0.00S

(Takahashi et al, 2005) African-
American

28 families Schizophrenia +
schizoaffective
disorder

MHLOD2.11

(Park et al, 2004) US/Israc! 40 families Psychotic Bipolar LOD3.46

der in the Scottish population. Titus, association
analysis suggests an involvement of NRGl as a risk
factor in schizophrenia and in bipolar disorder in
the general population.

DISCUSSION

A study of three candidate genes, DISCI, GRIK4
and NRGl provides evidence for common genetic
risk factors in a proportion of cases of schizo¬
phrenia and bipolar disorder. The evidence from
DISCI and NRGl is substantial and much more

firmly based than in the case of GRIK4 on which
only a single association study has been reported.
Nevertheless the findings for GRIK4 add some
support to the observation that risk factors may
contribute to a range of psychiatric phenotypes.
For DISCI and NRGl, linkage studies provided the

first clue that these susceptibility factors arc held in
common by affective and non-affective psychosis,
and candidate gene association studies provide
more direct evidence for common liability with the
observation that the same SNP haplotype was sig¬
nificantly associated with both diagnoses. A recent
screen for association between sixty-four candidate
genes and schizophrenia or bipolar disorder identi¬
fied six other genes with suggestive evidence for
involvement in both disorders (Fallin et a!., 2005).
These results are in keeping with family studies
comparing the relative risk for schizophrenia and
affective disorders among relatives of schizophren¬
ic probands, demonstrating increased risk of affec¬
tive disorders among family members of probands
with schizophrenia compared to family members
of controls (Maier et al„ 2002). These authors
considered several interpretations of comorbidity
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between affective and schizophrenic disorders. As
the increased risk of affective disorders extends to

second and third degree relatives of schizophrenic
probands it is unlikely that the findings can be
explained in psychological terms as the understand¬
able reaction of families coping with illness in their
midst. Nor do the results support a clear aetiologi-
cal dichotomy between schizophrenia and affective
psychosis but instead suggest that within the family
of a proband with schizophrenia there can ire clear
clinical phenotypic variability. It is possible that in
some families schizophrenia aggregates with affec¬
tive disorders, through segregating susceptibility
factors common to both conditions, while in other
families only cases of schizophrenia are found, and
yet others may be segregating only for affective
disorder.

Recent observations of pleiotropic expression of
genes modulating nervous system function in mice
offers a possible molecular basis for a familial
overlap between schizophrenia and affective dis¬
orders (Chesler et al„ 2005). Gene expression and
behavioural traits were studied in populations of
inbred strains of mice, and in one example signifi¬
cant correlation was detected between a variety of
behavioural traits and dopamine D2 receptor poly¬
morphisms. Surprisingly a number of apparently
quite separate and independent traits including
locomotor activity, ethanol preference and saccha¬
rin preference were each significantly correlated
to dopamine D2 receptor expression. This led to
the proposal that differences in brain structure and
behaviour may be substantially modulated by alter¬
ations in transcription and that key transcription
factors can simultaneously control the expression
of many different genes in a tissue-specific manner,
to alter very many behavioural phenotypes. This
model of pleiotropic networks could be a powerful
formulation for understanding comorbidity among
the common psychiatric phenotypes in a clinical
population. It is.likely that advances in under¬
standing the genetic basis of major mental illness
will lead to further clarification of the relationship
between the affective and non-affective psychoses.
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Chapter 12
Genetic trait markers in schizophrenic
probands and their unaffected relatives

D. H. R. Blackwood, W. J. Muir, D. M, St. Clair and M. T. Walker

Department of Psychiatry, Royal Edinburgh Hospital, Morningside Park, Edinburgh, UK

Summary

Over the past few years several psychophysiological changes have been observed in
schizophrenia and some of these are now emerging as promising candidates for
consideration as biological markers. Eye tracking dysfunction is one of the most studied of
these physiological dysfunctions and changes in averaged event-related potentials, in
particular the auditory P50 response recorded using a conditioning testing paradigm and
the P300 response to an 'odd-ball' stimulus, may also give clues about the underlying
neuronal dysfunction in schizophrenia and may help clarify the mode of inheritance of the
disease.

In this study both P300 latency and eye tracking function were recorded in 93
schizophrenic patients and 166 controls and abnormalities in both physiological measures
were more common in the schizophrenic group. The same measures were recorded from
105 members of 10 families in which there was more than one schizophrenic member.
Amongst first degree relatives there was an increased incidence of both types of
abnormality and this occurred in family members with schizophrenia, a variety of other
psychiatric diagnoses and in some relatives who were asymptomatic. The results suggest
the autosomal dominant mode of transmission in these families of a trait which may
manifest as schizophrenia or as a disorder of P300 and eye tracking, either alone or in
combination.

Introduction

A major obstacle to all research into the causes, genetic or otherwise, of schizophrenia is
that we can define this condition only by its clinical features. The boundaries of what we
term schizophrenia remain an unsolved mystery (Kendell, 1987). The picture is further
confused because the same clinical symptoms may arise for a variety of diverse and quite
unrelated reasons. In this respect the major psychoses including schizophrenia may follow
the pattern we are familiar with in other medical conditions, for example, diabetes
mellitus, where both genetic and non-genetic sub-types have been identified and the same
pattern of disease may be the end result of a number of different causative factors.
(Eisenbarth, 1986).
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The problem of diagnostic uncertainty requires a solution if we arc to elucidate the
mode of inheritance of schizophrenia in some families and to pursue research into the
genetics of the condition using linkage studies. It is not surprising that over many years
attempts have been made to find a biological variable which, like the measurement of
blood glucose concentration in diabetes, will help clarify the diagnosis of schizophrenia.

Before a vulnerability trait can be considered useful in genetic research a number of
criteria should be fulfilled. Firstly, we are looking for a biological variable which is
abnormal in a large proportion of schizophrenic patients but normal in patients with other
diagnoses. Furthermore, the variable should not be unduly influenced by medication and
should remain unchanged in a subject whether he is in an acute phase of the illness or in
remission. The marker should be known to be under genetic control and within families of
patients the abnormality should segregate with the illness. With these criteria in mind
interesting candidate diagnostic markers have included the enzymes associated with the
metabolism of dopamine and noradrenaline, measured in peripheral blood samples and
cerebrospinal fluid. Despite initial promise that low levels of the enzyme monoamine
oxidase measured in blood platelets might be a useful marker for schizophrenia, the
difference in levels between patients and controls was not sufficiently marked and the
effect of medication was not sufficiently excluded for this enzyme to be employed as a
useful vulnerability trait (Baron, 1986). More promising candidates are a range of
physiological measures, notably eye tracking disorders and evoked potential abnormali¬
ties, which are found with increased frequency amongst schizophrenic patients.

Eye tracking dysfunction

The first report of abnormal eye tracking movements amongst patients with schizophrenia
was made by Diefcndorf & Dodge in 1908 but it is the extensive and more recent research
of Holzman and his colleagues which has established eye tracking dysfunction as a
possibly useful biological marker for schizophrenia (Holzman et al., 1973, 1974, 1984).
During the test, subjects watch a smoothly moving target such as a swinging pendulum or
a spot moving to and fro across a screen. The electro-oculogram is recorded or
alternatively the direction of gaze is measured by reflecting infra-red light from the pupil.
The disorders of eye tracking which are noted most commonly amongst schizophrenic
patients include a larger than expected number of jerky or saccadic intrusions during
pursuit movements and bursts of 'saccadic smooth pursuit tracking'. Eye tracking
dysfunction is present in over 50% of schizophrenic patients in contrast to around 8% of
a normal population. The abnormality is independent of neuroleptic drug treatment and
cannot be explained by low motivation or inattention in the patient population (Levy et
al., 1983). Eye tracking disorder is under a degree of genetic control because twin studies
show that monozygotic twins discordant for clinical schizophrenia have remarkably
similar rates of eye movement disorder (r = 0.77) whereas dizygotics showed much less
similarity (r = 0.39) (Holzman et al., 1980). The disorder appears not only in
schizophrenic patients but in about 45% of their parents and siblings who may not show
clinical signs of schizophrenia. In order to explain their finding that some schizophrenics
with good eye tracking have relatives showing bad tracking even when those relatives have
no psychotic symptoms, Matthysse et al. (1986) have proposed that schizophrenics inherit
a latent trait that is not directly observable but can cause either schizophrenia or poor eye
tracking or both. This latent trait may be regarded as a disease process affecting the brain.
Different symptoms are caused by different regions of the brain being more severely
involved. More recently a twin study in Norway (Holzman et al., I 988) provides evidence
that eye tracking disorder and clinical schizophrenia can be considered expressions of a
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single underlying trait that appears to be transmitted by an autosomal dominant gene.
They suggest the measurement of eye tracking dysfunction in schizophrenia is an
important non-invasive and easy-to-perform technique which should improve the chances
of success of genetic linkage studies considerably in schizophrenic families.

Changes in event-related potentials

Other promising candidates for vulnerability markers in schizophrenia are abnormalities
of the electroencephalogram (EEC), and in particular techniques which average EEC
activity over a period of time and examine it for changes in response to stimuli. These
waveforms are known as averaged evoked responses or event-related potentials.

Since the pioneering work of Lennox et al. (1945) it has been amply confirmed that
brain electrical activity is strongly influenced by genetic factors. Several twin studies have
shown that monozygotic twins are strikingly similar in a number of EEC measures
including event-related potentials following auditory and visual stimuli. Fot example
Ruchsbaum (1974) observed that both the wave form and the change in amplitude to
increasing intensity of stimulus were similar in monozygotic but not in dizygotic twins. A
possible role for auditory event-related potentials as trait markers in schizophrenia has
been most fully investigated in the case of the so-called P50 response during a conditioning
testing paradigm, and the P300 response using an auditory 'odd-ball' task.

The P50 auditory-event-related potential

An impairment of information processing could account for some of the clinical
manifestations of schizophrenia. Freedman and his colleagues have shown that subjects
with schizophrenia show a defect in the P50 auditory-event-related potential (Adler et al.,
1982; Freedman et al., 1983). In this test an averaged F.ECi response is recorded from the
scalp while the subject listens through headphones to pairs of brief sounds presented at 10
second intervals. Individual clicks in the pair are 0.5 seconds apart. In normal subjects the
second of two sounds thus presented generates a much smaller EEC response than does
the first of the two stimuli. A large proportion of schizophrenic subjects show no such
habituation of response, and this failure to habituate has been measured in the EEG at
around 50 ms after stimulus. The failure to suppress the P50 wave is not altered by
neuroleptic medication and is found in half of the first degree relatives of schizophrenic
subjects (Siegel et al., 1984). Further studies within families are required to determine
more precisely the mode of inheritance of this defect.

Auditory P300 response

The P300 response is a scalp potential recorded some 300 ms after a stimulus which is
unexpected or surprising. It is most conveniently recorded from a subject listening to a
series of tones through headphones. The subject is asked to count infrequent high pitched
tones embedded randomly in a series of low pitched tones. The amplitude of the P300
response is thought to reflect the degree of surprise when the individual hears the
infrequent tone and the latency of the response, the stimulus evaluation time. As with the
P50 response, a defect in P300 may be due to an underlying disorder of information
processing. P300 latency is abnormal in over 50% of schizophrenic subjects and once
again it has been shown the abnormality is not influenced by either medication or the
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Fig. 1. Event-related potentials recorded during a two-tone discrimination task. The discontinuous
line is the response to frequent 'unattended' tones. The continuous line, which includes the P300
wave form, is the averaged response to infrequent 'attended' tones. P300 shows changes in
amplitude and latency in schizophrenia and bipolar affective disorder in comparison with unipolar
depression and controls.

clinical status of the patient (Blackwood et al., 1987). Figure 1 illustrates the reduced
amplitude and delayed latency found in many schizophrenics and patients with bipolar
but not unipolar affective disorder. Twin studies have confirmed that P300 is under a high
degree of genetic control (Polich & Burns, 1987).

Differences in P300 latency and eye tracking function between schizophrenics
and controls

Recent progress in the identification of physiological markers of schizophrenia has been
encouraging and the question arises as to how these differing measurements relate to each
other and the extent to which eye tracking disorder and information processing disorders,
as measured by the P50 and P300 responses, reflect the same or differing underlying brain
pathologies. We have recently recorded the P300 response in 93 subjects with a
schizophrenic illness and in 166 control subjects in the age range 16-60 years. Eye
tracking was also recorded in 56 of these schizophrenics and 93 of the control subjects
using techniques similar to those employed by Flolzman et al. (1973) as described by Muir
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Table t. P.}00 latency and eye tracking in schizophrenic and control subjects.

P300 latency (nts) Eye tracking Ln S/N
(mean ± SD) (mean ± SL*>)

Control 300 ± 22.1 (n = 166) 5.1 ± 0.8 (n = 93)

Schizophrenia 341 ± 37.1 (n = 93) 4.3 ±1.2 (n = 56)

P300 latency P < 0.01 (Wilcoxon).
bye tracking P < 0.05 (Wilcoxon).

Table 2. Per cent of sub/acts with P300 and eye tracking abnormalities in a group of schizophrenic
patients.

Control Schizophrenia

Prolonged P300 latency (> 340 ms) 2.5 52

Eye tracking disorder (Ln S/N < 3.4) 2.5 26

Both P300 and eye movement disorder occurring in the same subject 0 12

et al. (1988, submitted for publication). Figure 2a shows a normal electro-oculogram and
Fig. 2b the recording from a schizophrenic subject showing increased saccadic
movements. The recorded electro oculogram was analysed by a fast Fourier transform.
Spectral power density in the range of the signal (0.3 to 0.5 Hz) was compared to power
density in the range 0.8 to 8 Hz ('noise'). The natural logarithm of the signal-to noise ratio
was used as the measure of smooth pursuit eye movement. Lower ratios result from an
increased proportion of high frequency saccadic movements indicative of eye tracking
dysfunction.

Table 1 shows that in schizophrenic subjects P300 latency is prolonged and eye tracking
function is impaired compared with a group of population controls. Both the P300 latency
and the eye movement data were normally distributed about the mean in the control
population and the 95th percentile was used to define the 'normal' range used in "Fable 2.
Fifty two per cent of schizophrenics showed an abnormal P300 latency (greater than
340ms) and 26% had eye tracking disorder (Ln S/N < 3.4). Both abnormalities were
present together in 12% of schizophrenics and in none of the controls. The results indicate-
that P300 latency increase and smooth pursuit eye tracking abnormalities can occur
separately or in combination in schizophrenia.

P300 latency and eye tracking function in families of schizophrenic probands

We have extended these observations of altered physiology in schizophrenia by recording
P300 and eye movement from 105 members of 10 families selected on the basis of there-
being a large sibship with more than one schizophrenic member. Using the 95th percentile
of control data as the cut-off, a high incidence of abnormal physiology was found.

Differences between control and family data shown in Table 3 were significant. Less
than 5% of 'normals' would be expected by chance to show cither P300 or eye tracking
abnormality, and as Table 2 shows it is very rare to find both P300 and eye movement
abnormality occurring together in the same person in the general population. P300 latency
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Table 3. Number of family members having abnormal P300 latency (> 340ms) and eye tracking
functions (Ln 57N < 3.4).

Diagnosis of
family member

Schizophrenia
Other major
psychoses
No current or

previous psychotic
illness

Total

Normal P300, Abnormal PJOO, Normal P300,
normal eye normal eye abnormal eye

trackingtracking

6

49

59

10

9

23

tracking

3

0

9

12

Both P300
and eye

tracking abnormal Total

4 23

6

11

73

105

was prolonged in 2.3 family members (y2 = 18.5 P < 0.001) and eye tracking alone was
impaired in 12 (% = 9.6 P < 0.01). In a further 11 relatives but none of the controls both
P300 latency and eve tracking were abnormal (y2 = 37.5 P < 0.001).

In these families there was a clear segregation of physiological abnormality with
schizophrenic illness since 17 out of 23 subjects with schizophrenia showed abnormal
P300, eye tracking or both. However, P300 and eye tracking were not specific to
schizophrenia but were abnormal in five out of nine subjects with other major psychoses,
including bipolar illness and unclassified functional psychosis. Surprisingly of the 73
members who had no history of psychotic illness 24 showed physiological abnormalities,
a significant increase over the control population (y2 = 19.6 P = 0.001). P300 latency was
prolonged in nine, eye tracking impaired in nine and both P300 latency and eye tracking
were abnormal in seven. In keeping with our earlier studies this group included the four
family members diagnosed as schizotypal personality disorder (Blackwood et al., 1986;
Kutcher et al., 1987). There are thus indications that as physiological trait markers P300
latency and eye tracking function may help delineate so-called spectrum disorders related
to schizophrenia.

Figures 3a and 3b show the distribution of P300 latency and eye tracking function in
these families. The data from a volunteer control sample arc superimposed (dotted line)
for comparison. The distribution of both P300 latency and eye tracking function in
families is birnodal (confirmed by Phi-P graph; Everitt & Hand, 1981). Inspection of the
data shows, in both figures, two peaks corresponding to the mean of the control group
and the mean of the schizophrenic population. Estimation of the mixing proportions
revealed approximately equal numbers in the two distributions.

These results are preliminary and are being extended. The finding of P300 or eye
tracking abnormality either alone or in combination in 46 out of 105 family members and
the analysis of the distribution of the data in Fig 3a and h can be interpreted as showing an
autosomal dominant transmission in these families of a trait manifested by psychotic
symptoms or physiological abnormalities or a mixture of these. This is in keeping with the
views of Matthysse et al. (1986) and Karlsson (1988). Further analysis of a larger sample
of subjects will help resolve whether these two psychophysiological measures are
independent variables or reflect the same underlying pathology in schizophrenia. The
ability to identify family members with clear psychophysiological abnormalities will help
resolve some of the diagnostic uncertainties which still present a formidable obstacle to
genetic studies in schizophrenia.
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Fig. .3. The distribution of P300 latency and eye tracking in family members. The hatched areas
include all subjects outwith the 95th percentile of control data. The dotted line depicts the normal
distribution of controls. A bimodal distribution (with approximately 50% mixing proportions) was
confirmed for both P300 latency (a) and eye tracking data (b) in families.
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Conclusion

There is now growing evidence that eye movement disorder and evoked potential
abnormality, both of which arc simple to record, go some way to fulfilling the criteria for
genetic trait markers in schizophrenia. A major unanswered question in all cases is the
specificity of these changes to one type of psychosis. With more extensive data these
markers may help to define the genetic boundaries between schizophrenic and
manic-depressive psychoses and related schizotypal and borderline personality disorders.
Since no studies have found physiological abnormalities in all schizophrenic patients it is
possible that these markers may also help to resolve the question of heterogeneity by
defining sub-groups of the disease.

Finally genetic linkage studies on DNA from multiply affected families should be much
easier through the use of markers which can identify within families members who are at
risk, in addition to those who have actual clinical signs of schizophrenia.
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Biological Markers in Schizophrenia
and the Affective Psychoses

D. H. R. Blackwood and W. J. Muir

The application of linkage analysis to schizophrenia and manic-depressive illness is
confounded by the problem ofdefining the phenotypes of these conditions which arc
classified almost entirely by signs and symptoms observed and elicited at clinical
interview. The absence of objective biological traits shown to be associated with
illness ensures a continuing debate about the validity of current classifications. It is
probable that what we call schizophrenia and manic-depressive illness represent a
heterogeneous group of conditions with an indistinct boundary between them. The
identification of a biological trait found more frequently in a group of psychotic
patients than in the general population which is independent of medication, and
persists in subjects following remission from an acute episode of illness, could
provide a clue to the pathogenesis of the disease. If such a trait also segregated with
disease in families and was found in a proportion of unaffected relatives, it could
increase the power of genetic linkage analysis by (I) leading to the selection of a
more homogeneous subgroup of the disease; (2) providing a more accurate know¬
ledge of the mode of inheritance; (2) helping to identify phettocopies; and (4)
classifying asymptomatic cases, thereby increasing penetrance.

A recent example of the successful use of a biological marker in linkage studies
was reported by Greenberg et til. (I 988) who found evidence that juvenile myoclonic
epilepsy was linked to a chromosome 6 locus. Data came from 24 families in which
the proband bad epilepsy. A proportion of unaffected siblings were found to have a
diffuse, rather nonspecific, abnormality of the REG. Linkage analysis carried out
under the assumption that only those subjects with clinical epilepsy were "affected"
yielded a logarithm of odds (lod) score below -2. excluding linkage to the chromosome
6 locus. However, when the abnormal LEG trait in unaffected relatives was

considered as a subclinical marker of the disease genotype and those individuals with
an abnormal EEC were included as "affected", evidence for linkage (lod > +3) was
obtained. The EEG abnormality proved to be a useful trait marker even though
pathogenesis was unknown and the relationship between having the trait and
developing the disease was not clear.

in schizophrenia and manic-depressive illness, many atypical physiological,
neuroanatomieal, pharmacological and neuropsychological findings have been
reported (Baron 1986). As outlined by Rieder and Gershon (1978). a trail which is
to be considered a subclinical marker for the disease genotype should be found more

commonly in the diseased population and in relatives of probands should be
genetically transmitted and be independent of clinical state. In this context speci-
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I icily of ihe trail lo one particular disease and a knowledge of relationship between
Ihe expression of the trail and the clinical expression of the disease may actually be
of little importance (Lander 10X8). One of the earliest reports of a biological marker
for the psychoses was made by Dielendorf and Dodge (1908) who showed impaired
pursuit eye movements in patients with "dementia praecox". Since then a con¬
siderable number of biological traits possibly related to genetic susceptibility to
psychoses have been identified. For example, biochemical trails reflecting brain
monoamine metabolism as monitored by enzyme and metabolite assays in periph¬
eral blood and cerebrospinal fluid have been examined. Amongst the best studied tire
platelet monoamine oxidase levels (Wyalt et al. 1973) and spiperone binding to
lymphocytes (l.e Fur 1983: Bondy et al. 1985) (reviewed by Goldin et al. 1987).
Extensive research has also been made into physiological changes associated with
psychoses such as disorders in the smooth pursuit eye movement system and
disturbances in electroencephalographic event-related potentials.

Smooth Pursuit Eye Movement in Schizophrenia
and Manic Depression

When a human volunteer watches a moving target and his or her eye movements are
followed by recording the electrooculogram or by means of infrared light reflected
by the iris and sclera onto sensors attached to eye frames, two kinds of eye movement
are observed. When the target object is moving slowly (e.g. sinusoidally at 0.4 Hz),
"smooth pursuit" movements of the eye enable the subject lo maintain a stable image
on the retina. Other types of eye movement include saccades, which are rapid step¬
like movements which enable the eye to quickly fix on a target. These different types
of eye movements are under quite separate neuronal control. Holzman et al. (1973).
studying schizophrenic patients, reported impaired smooth pursuit eye movement
consisting of an inefficiency of the smooth pursuit system, resulting in an excess of
saccadic intrusions and bursts of saccadic tracking with normal latencies and
velocities of the saccades themselves (lacono et al. 1981: Levin et al. 1981, 1982:
Mather and Puchat 1982). Between 50% and 80% of the schizophrenic population
as opposed to 8% of normal controls had eye movement dysfunction as detected by
visual inspection of the electrooeulographie tracings. Neuroleptic medication in
schizophrenics did not affect smooth pursuit movement (Shagass et al. 1974;
Holzman and Levy 1977: lacono et al. 1981) and the abnormality persisted with
remission of psychotic symptoms (Levy el al. 1983). The use of eye tracking
dysfunction its a biological marker for schizophrenia was suggested by the results of
family studies showing that around 50% of first-degree relatives of schizophrenics
had eye tracking dysfunction as opposed to only 8% of control subjects (Holzman et
al. 1974. 1984). The pairwise concordance rate for eye tracking disorder in mono¬

zygotic twins discordant for the clinical diagnosis of schizophrenia was higher than
that found in dizygotic twins (Holzman et al. 1977. 1978. 1980), suggesting that
ecnetic factors contributed to the variability of smooth pursuit eye movements. An
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important observation in these twin studies was that pursuit eye movements were
sometimes quite normal in a schizophrenic twin but abnormal in the clinically
unaffected co-twin. Similarly, family studies sometimes revealed that a clinically
unaffected parent had abnormal eye movements but their schizophrenic offspring

had normal eye movements (Holzman 1987). To account for these findings, it was

proposed that an underlying "latent trait", a presumed single gene defect, could
phenotypically present itself as schizophrenia or eye movement disorder, or as a
combination of both (Matthysse et al. 1986: Matthysse and Holzman 1987: Holz.man
et al. 1988: Holzman 1989). Clinical symptoms of schizophrenia and eye movement
disorder would thus be viewed as different phenotypic expressions of a single gene.
This latent trait model was successfully fitted to family data (Holz.man et al. 1988)
but its validity has been challenged (McGue and Gottesman 1989) on the grounds
that it fails to predict accurately the risk of schizophrenia among the relatives of
schizophrenic probands. While there is now convincing evidence for a familial
association between eye movement disorder and schizophrenia, there is uncertainly
about the specificity of the disorder within the group of functional psychoses. Eye
tracking disorder was measured in patients with affective disorders (Shagass et al.
1974; Klein el al. 1976; Sal/.man et al. 1978; Lipton et al. 1980: Levin et al. 1981:
lacono et al. 1982). In contrast to the familial tendency of the disorder in schizo¬
phrenia, the first-degree relatives of patients with bipolar illness do not seem to show
an increased rate of dysfunction (Levy et al. 1983: Hol/.man et al. 1984). Lithium
therapy for bipolar illness may also impair eye tracking performance (Levy et al.
1985; Holz.man et al. 1991). A recent study by Muir el al. (1991 a) found that smooth
pursuit disorder does distinguish between patients with schizophrenia and manic-
depressive illness. Smooth pursuit eye movements were recorded using the electro-
oculogram in 49 subjects with bipolar disorder. 19 with major depressive (unipolar)
disorder and 61 with definite schizophrenia and compared with 145 normal controls.
Smooth pursuit was significantly more disordered in the schizophrenic group than in
bipolars, major depressed or controls, and the finding was independent of the effect
of neuroleptics, tricyclic antidepressants or lithium therapy. Evidence that eye
tracking impairment may also be a useful marker for schizophrenia spectrum
disorder comes in a report by Siever et til. (1990) on 26 patients with schizotypal
personality disorder who had eye tracking dysfunction indistinguishable from a

group of 64 schizophrenic patients.
Only a relatively small number of studies have attempted to relate eye movement

dysfunction to neuropsychological or neuroanatomieal changes in schizophrenia.
Blackwood et al. 11991a) reported a significant correlation between eye movement
dysfunction and ventricular size measured by magnetic resonance imaging (MRI)
scanning in a group of 31 schizophrenics, but Katsanis et al. (1991) found no
association between eye tracking and ventricular size measured by computed
tomography (CT) scanning in a group of 36 schizophrenic patients. Levin (1984a.b)
proposed that the eye movement disorder of schizophrenics was associated with
frontal lobe dysfunction and there is neuropsychological support for this view from
two studies by Bartfai et al. (1985. 1989). Schizophrenic patients with eye movement
dysfunction showed poorer performance on neuropsychological tests thought to be
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sensitive to frontal and frontoparietal impairment. Similarly, clinically well volunteers
with eye tracking dysfunction showed similar, though less pervasive, impairment 011
these tests. Coursey et al. (1989) showed a relationship between poor tracking and
general intellectual decrements in a group of college students.

Abnormal Event-Related Potentials in Schizophrenia
and Manic-Depressive Illness

Event-related potentials, as the name suggests, tire the very small voltages generated
in brain structures in response to specific events or stimuli. For example, during the
first 10 ms following an auditory click stimulus, event-related potentials recorded
from the human scalp include peaks resulting from neuronal activity in the acoustic
nerve, cochlear nucleus, superior olive, lateral lemniscus and inferior colliculus.
Similar early event-related potentials are generated in the visual pathways following
a flash of light and in the spinal cord and sensory afferent pathways of the brainstem
following a peripheral somatosensory stimulus. These early "exogenous" potentials
are extremely useful clinically for detecting disorders of sensory endorgans and of
the brainstem. However, of greater interest to psychiatry are the later so-called
"endogenous potentials" generated after about 50 ms which reflect different aspects
of information processing by the subject at a higher cortical level. The latency and
amplitude of these kite cognitive potentials may depend on how motivated the
subject is and on their cognitive, affective or motor response to a particular stimulus.
The P300 response, a positive wave some 300 ms following a stimulus, is generated
during the performance of a task which requires the resolution of uncertainly. During
an "oddball" task, the subject listens to two different stimuli (e.g. a high-pitched and
a low-pitched tone), one of which occurs relatively infrequently and is designated as
a target. A P300 response may be generated following auditory, visual or somato¬
sensory stimuli when a subject recognises and responds to a rare target signal
embedded in a series of more frequent unattended signals. A very large literature on
P3001 Regan 1989) has addressed, hut not yet resolved, the question of the cognitive
processes contributing to the generation of this P300 waveform. P300 latency
increases with the difficulty of the task (e.g. having to distinguish between three
tones rather than just two), and the amplitude of P300 increases with the unexpected¬
ness of the target tone. The P300 is thought to be a complex mixture of at least three
separate waveforms. These reflect different aspects of information processing in the
recognition, retrieval from memory and judgements about the significance of the
target signal. P300 seems to reflect mental processes that allow us to anticipate
significant events in the environment and to react to unexpected changes. It is
therefore not surprising that abnormalities in these cognitive potentials should have
been found in psychiatric disorders, including schizophrenia and manic-depressive
illness. Event-related potentials tire noninvasive and can be readily and reliably
recorded from quite disturbed psychotic subjects. Studies have been carried out to
compare event-related responses in different groups of psychiatric patients and to
relate these changes to clinical, neuropsychological and bruin imaging data.



Biological Markers in Schizophrenia and the Affective Psychoses 197

P300 in Schizophrenia and Affective Disorders

Many studies have shown a reduced P300 amplitude during auditory detection tasks
in schizophrenia (Roth and Cannon 1972: Levil et al. 1973; Shagass 1976: Baribcau-
Braun 1983; Morstyn et al. 1983: Blackwood et al. 1987; Rornani et al. 1987). A
number of studies have also found that P300 latency is increased in schizophrenia
(Baribeau-Braun 1983: Pfefferbaum et al. 1984: Gordon et al. 1986: Blackwood et
al. 1987: Romani et al. 1987: Ebmeier et al. 1989) and in the relatives of schizo¬
phrenic subjects (Saitoh et al. 1984: Blackwood el al. 1991b). Prolonged P300
latency in schizophrenia, and to a lesser extent reduced amplitude, may be useful
physiological markers for genetic studies in schizophrenia. P300 latency appears to
be independent of the effects of medication and the clinical state at the time of testing
(Blackwood et al. 1987). Increased P300 latency was also found in subjects with
borderline/schizotypal personality disorder (Blackwood et al. 1986: Ktitcher el al.
1987).

The twin studies of Lennox et al. (1945) which showed that brain electrical
activity is strongly influenced by genetic factors have been well confirmed (Vogel
1970: Stassen et al. 1988). Twin studies have shown a high degree of heritability for
averaged event-related potentials and, in particular, the latency of the auditory P300
response has high concordance in monozygotic pairs (Surwillo 1980: Polich and
Burns 1987).

P300 latency and amplitude changes are clearly not specific to schizophrenia and
may be found in several brain disorders, including the dementias. Pfefferbaum et al.
(1984) compared P300 in dementia, schizophrenia, depression and controls and
showed that patients with schizophrenia, like the dementia group, had an increased
latency and a reduced amplitude of the auditory P300. while the depressed group did
not differ from controls. P300 latency increase and amplitude reduction are also
features of manic-depressive illness. In a recent study (Muir et al. 199 lb) P300 was
recorded from 96 subjects with schizophrenia, 99 with bipolar affective disorder, 48
with major depressive (unipolar) disorder. 32 psychiatric inpatients with a variety of
nonpsychotic illnesses and 2 13 normal controls. The latency of the P300 component
was significantly greater in the schizophrenic and bipolar subjects than in (he other
three groups, and this difference was stable with respect to clinical stale at the time
of testing and was not (he result of psychotropic medications. P300 latency clearly
differentiated unipolar from bipolar affective disorder but did not distinguish bipolar
illness from schizophrenia.

Several studies have been designed to relate (he latency and amplitude abnor¬
malities of P300 in schizophrenia to neuropsychological or neuroanatomic changes.
A bilateral decrease in P300 amplitude maximal over the left temporal area in
schizophrenics has been reported (Morstyn et al. 1983: Faux et al. 1988). This
amplitude reduction was significantly correlated with positive symptoms of schizo¬
phrenia and with left sylvian fissure enlargement measured front CT scans (McCarley
et al. 1989). However, Pfefferbaum et al. (1989) found no topographic differences
in P300 amplitude between control and schizophrenic subjects. Romani et al. (1987)
performed CT scans and recorded P300 on 20 schizophrenic subjects but found no
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consistent association between ventricular enlargement and P300 abnormalities.
Using MR1 to scan 31 schizophrenic subjects and 33 volunteer controls. Blackwood
ct al. (1991 a) found a modestly significant positive correlation between ventricular
brain ratio and P300 latency. These schizophrenic subjects with abnormal P300
latency also showed a significant reduction in the area of the cingulatc cortex
bilaterally and P300 latency correlated with changes in the sizes of the amygdala on
the left and right side measured from coronal sections. In the same studies, abnormal
P300 in schizophrenic subjects was associated with poor performance on a verbal
fluency test and Oorsi's block tapping test, thought to be sensitive to frontal and left
temporal lobe impairments, respectively (Roxborough et al. 1991).

P300 and Eye Movement Disorder in Schizophrenic Families

P300 latency delay, P300 amplitude reduction and smooth pursuit eye movement
disorder each have characteristics which suggest they could be useful markers in
genetic studies of schizophrenia, while their role in manic-depressive illness requires
some further clarification. These abnormalities, while by no means specific to
schizophrenia, are found in a proportion of schizophrenic patients (in the case of
P300 latency the difference between the schizophrenic and control means is
approximately two standard deviations; Blackwood et al. 1987); they are under
genetic control and are relatively independent of the effects of medication and
clinical state. A study was therefore designed to measure auditory P300 response and
smooth pursuit eye tracking in members of 20 high density schizophrenic families
who had agreed to take part in linkage studies (Blackwood et al. 1991 b). Details of
some of these pedigrees have been published (St. Clair et al. 1989). Some 196 family
members were interviewed and 46 diagnosed schizophrenic. At the time of inter¬
view. recordings were made of auditory P300 and smooth pursuit eye movements.
The family members were compared to a group of 212 normal controls and 96
hospitalised schizophrenic patients. Abnormalities of P300, eye tracking or both
were found in members of 17 of the 20 families. There were three families (22

subjects, including six with schizophrenia) in which no member had abnormal P300
or eye tracking and it is possible that these physiologically "normal" families form
a subgroup of schizophrenic pedigrees. There were no differences in P300 or eye
tracking between schizophrenic family members and the larger group of hospitalised
schizophrenic controls. Both P300 and eye tracking abnormalities were also found
in many nonschizophrenic relatives, amongst whom both P300 and eye tracking
showed a bimodal distribution with approximately half of the nonschizophrenic
relatives showing eye traeking dysfunction and/or abnormal event-related poten¬
tials. Of the 41 family members with P300 latency greater than two standard
deviations above the control mean, 44% had major psychiatric illness (bipolar
illness, major depression, schizoaffective, unspecified functional psychosis) but 19
subjects had no history of any psychiatric disease. Similarly, eye tracking dysfunc¬
tion in these families was not restricted to schizophrenia but was found in subjects
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with unspecified functional psychosis, major depression, minor depression and
alcoholism. Of most importance, out of 107 family members who had never been
psychiatrieally ill, 15 had eye tracking dysfunction. The results of this family study
support the view that event-related potentials and eye movement disorder may add
considerably to the power of linkage analysis in schizophrenia by helping to define,
within families, the spectrum of illness, thereby improving the estimate of pene¬
trance and reducing the risk of including phenocopies as affected individuals
(Blackwood et al. 1991c). This is despite the fact that P300 latency increase and eye
movement disorder are clearly not specific to the functional psychoses. For example,
a reduced amplitude of P300 has been recorded in alcoholics and sons of alcoholic
fathers and the P3(X) response may have a role in understanding the genetics of
alcoholism in pedigrees (Porjasz and Begleiter 1985). It is reasonable to suppose,
however, that within multiply affected schizophrenic pedigrees, P300 and eye
tracking abnormalities which segregate with illness, and which are bimodally
distributed amongst unaffected relatives — some of whom have symptoms, some of
whom have none — reflect brain disturbance which is linked to the development of
schizophrenia in the probands, although it is not clear at what point in the path from
genotype to phenotype these physiological disturbances develop.
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ott

Presumably a problem with these markers is that they simply could be consequences
of the disease. You did show the distribution of some of these variables within
families and you showed that it was bimodal or at least there were two components.
In these distributions were the affected individuals also included'.'

Blackwood
The distribution of P300 latency was analyzed in the group of nonschi/.ophrenie
relatives. The schizophrenic family members were analyzed separately. The rela¬
tives' group did. however, include some subjects with major depressive disorder,
bipolar illness, anxiety states, and alcoholism, but the majority had no psychiatric
diagnosis.

Ott
Are there ever any two-component distributions among unaffected relatives, who
would then correspond to the gene carriers and non-gene carriers'.'

Blackwood
We have found that 18% of unaffected relatives who had no psychiatric diagnosis
had a P300 latency which could be considered abnormal (more than two standard
deviations from the control mean). This group could correspond to the gene carriers.

Engel
I very much agree with the general message thru you presented, which is to study
biological markers in psychiatric disease. 1 have some problems, however, with
some of the data that you presented for schizophrenia. The most problematic point
is the issue of specificity of some of the results. I would say that what you have
presented about P300 latency and P300 amplitude in schizophrenia could equally
apply to Alzheimer's disese. I think we have to consider carefully the specificity of
biological markers, otherwise we could start by searching for the genetic cause of a
disease and end up by finding a gene for an EKG wave.

Blackwood
1 agree that it is important to make sure that these pedigrees do not have subjects with
Alzheimer's disease or other conditions apart from schizophrenia associated with



204 D. Blackwood and W. J. Muir

prolonged P300 latency. 11 there were, we obviously could not use the P300 as a
disease marker for schizophrenia. We can improve the specificity of P300 within
families by screening for signs of dementia or a history of brain injury, epilepsy, and
other neurological conditions. Presumably, any pathology affecting the brain areas
responsible for P300 generation, such as the inferior parietal region, may have an
influence on the P300 response. Similarly, several different pathologies may affect
eye movements. Within a family we can still use these markers despite their overall
lack of specificity, provided we try to exclude other neurological diseases. As far its
we know, in these families there are no relatives with Alzheimer's disease.

Maier
With regard to your comment that most of these findings are of genetic origin, it is
well known that ventricular brain ratio is especially high in relatives, and if there is
a high loading for obstetric complications in these families, can you really be sure
that the reason for this familial aggregation is genetic? It could be familial
aggregation due to an environmental effect that is common to all relatives.

Blackwood
The evidence that P300 waveform is under some degree of genetic control comes
from the study of normal twins. Eye tracking dysfunction has also been examined in
psychotic twins. To answer your question about familial aggregation of P300and eye
tracking abnormalities being due to an environmental effect, 1 think this is a
possibility but it does not detract from the use of these measures as markers for
disease. These markers may represent disturbance at any stage on the path from
genotype to phenotype.

Ackenheil
With regard to the ventricular enlargement, there are also studies on monozygotic
twins in which only the affected twin has ventricular enlargement. So it mostly
cannot be genetically determined.

Blackwood
In a twin study by Holzman, there was good concordance of eye tracking abnormal¬
ities in monozygotic twins discordant for psychosis. However, ventricular size was
not measured in the study, so the relation between eye tracking and ventricular size
in these twins is not known. I do not know of any data relating ventricular size and
P300 in twins. 1 wonder how strict we have to be in determining the mode of
inheritance of markers for these to be useful in linkage studies. For example, linkage
studies in asthma were aided by the IgE response to allergens and myoclonic epilepsy
by rather nonspecific EEG responses, even those these "markers" did not have a
clearly understood mode of inheritance.
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Merikangas
I was concerned about the specificity as well. A number of studies have shown P300
changes in alcoholics and children of alcoholics who have not yet developed the
disorder. We have now also looked at migraine and anxiety disorders and also found
abnormalities in the P300. although with a different pattern. So I am concerned that
you might find something that is common to many different conditions, which would
be expected to occur in these famlies.

Blackwood

My understanding is that alcoholics (pre-alcohol ingestion) and their relatives at high
risk of alcoholism have a reduction in amplitude but no latency change of P300. I
agree that many of the changes we have observed in evoked potentials arc not
specific to schizophrenia. However, the pattern of responses, including relative
changes in amplitude and latency, could help improve specificity, its is the case in
the dementias, where a different pattern of abnormalities is found in cortical and so-
called "subcortical" dementias.

Vlerikangas
The P300 abnormality was first reported in alcoholics themselves. Several people
have attempted to replicate that in offspring and we have now looked in offspring
under and over 12 and we find differences in the pattern. Once people are close to
maturity, we do see the increased latency and decreased amplitude. I think it has been
quite widely studied, at least in the United States, and some of the studies from
Denmark have the same phenomenon.

Curling
It is possible that it is nonspecific, but yet it is still very \ aluable in our family studies.
I wonder if you could take us a bit further in terms of the mode of transmission. If you
choose those sibships in which neither parent was affected and you presumably have
incomplete penetrance in the parents, can you then identify one unaffected parent or
the other as a sort of genetic index and determine whether the mode of transmission
was dominant?

Blackwood
Because these families were not systematically ascertained, it is difficult to perform
segregation analysis. But we are now looking at the mode of transmission.

Vogel
Do we have any evidence on the normal resting REG? You know that in schizo¬
phrenics abnormalities have been described before and it would be interesting to
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know whether any deviations of the normal EEC pattern distinguish between your
patients and controls and the unaffected relatives.

Blackwood
We have not analyzed the resting EEG of patients or their relatives.

Mendlcwicz
Can you exclude (he potential effect of treatment with psychotropic drugs or neuro¬
leptics? And what about chronic treatment with neuroleptics?

Blackwood
We did a study recording P300 from 20 drug-free schizophrenics when they were
acutely ill and again at follow-up at I month and at 2 years. There was no change in
the P300 latency following treatment and recovery from acute symptoms at these
follow-up periods. This supports other studies which show there are no long-term
effects of neuroleptics on P300 latency or amplitude in schizophrenia. This does not
rule out the possibility of some acute drug effects on patients or controls. In the
family study, the symptom-free relatives were all drug-free.

Cloninger
1 think the discussion we are having and the concern that has been expressed about
the use of physiological or other markers that may be nonspecific in a population
should be related back to the comment that Ming Tsuang made. That is. if we select
our probands according to rather rigid categorical criteria, then we can be more
flexible and can look at things within the family that in the general population do not
have the specificity we need. But within families who have already been selected by
something like one or two probands with the narrow phenotype we can use it. So the
probability changes within these families and we can increase our sensitivity for
relevant cases in a spectrum and maintain sufficient specificity by requirements for
the index cases.
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4 Biological markers in the major
psychoses
DOUGLAS H. R. BLACKWOOD and
WALTER J. MUIR

Genetic studies in schizophrenia and manic-depressive illness are made
difficult by the uncertain phenotype of these illnesses, diagnosed primarily
by clinical interview, which may allow good reliability but cannot confer
validity. There is a long-term quest for biological variables of diagnostic
value, for at least some subgroups of psychotic patients, that could act as
indicators of risk of illness in susceptible individuals and which could direct
research towards the particular brain dysfunctions underlying these diseases.
Disturbances of eye movements in 'dementia praecox' were first identified
over 80 years ago (Diefendorf & Dodge, 1908) and are now one of the
strongest candidates for a schizophrenic trait marker. Other biochemical
and pharmacological studies have focused mainly on peripheral measures
of monoamine metabolism, and the application of these to genetic studies
has been well reviewed elsewhere (Goldin et al, 1987; Propping & Friedl,
1988).

This chapter will focus on alterations both in latency and amplitude of
event related potentials, and on the impairment of smooth pursuit eye
tracking in the psychoses. There is an increasing consensus that stable
impairments of these measures occur in these illnesses. This raises the
question of the utility of physiological markers in clarifying the genetic
transmission of the psychoses within families, and also the relationship of
these markers to abnormalities in brain structural morphology detected by
imaging techniques.

Event related, potentials
Abnormalities in the spontaneous electroencephalogram have long been
recognised in schizophrenia (Flor-Henry el al, 1979), but the changes are
non-specific. Event related potentials, particularly those generated by
auditory stimuli, show more promise as biological markers on account of
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improved specificity and because they provide a means of monitoring
cognitive processes. Used in conjunction with neuropsychological testing
and brain imaging, they are a powerful tool for investigating the nature and
the neuro-anatomical localisation of the brain disturbance in the psychoses.

The 'gating' involved in the processing of auditory information is thought
to be defective in schizophrenic patients. One illustration of this is the failure
to suppress the P50 wave of the auditory evoked potential to the second of
a pair of click stimuli in a conditioning-testing paradigm. The P50 wave
is a positive-going response around 50 ms post-stimulus, and when paired
clicks are presented to normal subjects the P50 response to the second click
is suppressed or 'gated'. The failure to gate this response has been related
to the inability of some schizophrenic patients to filter competing stimuli
in the environment correctly. It has been further proposed that the auditory
gating deficit is secondary to hippocampal dysfunction, and represents a
'schizotaxic factor' necessary but not sufficient for the development of
schizophrenia in an individual (Adler & Waldo, 1991). From th^ viewpoint
of biological markers, it is of interest that the sensory gating abnormality
was detected in approximately half of the first degree relatives, generally
including at least one parent (Siegel el al, 1984-).

The P300 event related potential

The P300 is another event related potential with several characteristics
suggesting its usefulness as a schizophrenic trait marker in certain contexts.
The P300 is a positive-going wave that occurs around 300 ms after an
infrequently occurring stimulus to which the subject is attending. It has been
subject to extensive psychological investigation and has relationships to
various mental processes, including task difficulty, memory and stimulus
evaluation time, justifying the term 'cognitive' event related potential. It
meets several of the requirements for a biological trait marker in
schizophrenia, since abnormalities of latency and/or amplitude are found
in the patient population and a percentage of their relatives (Roth & Cannon,
1972; Shagass et al, 1977; Baribeau-Brown el al, 1983; Brecher & Begleiter,
1983; Pfefferbaurn et al, 1983; Barrett el al, 1986; Romanic/ al, 1987; Ebmeier
et al, 1990; McCarley el al, 1991; Ogura et al, 1991; Muir et al, 1991). It
seems largely independent of medication effects, does not show significant
sex differences and is present across the subtypes of schizophrenia (Blackwood
et al. 1987; St Clair et al. 1989; Muir e.t al. 1991). Its relation to the age of
the subject is well known, and it also shows test-retest reliability.
Furthermore, when applied to family studies it is found that in relatives of
schizophrenic patients, P300 latency is birnodally distributed (Blackwood
eta/, 1991a).
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However, the overall validity of P300 latency and amplitude as markers
is still uncertain, and it is clear that changes are not specific to schizophrenia
but are found in normal ageing and in various types of dementia (Goodin
et al, 1978; Pfefferbaum el at, 1983; St Clair el al, 1985), mental handicap,
including Down's syndrome (Blackwood el at, 19886; Muir el al, 1988).
manic-depressive illness (Muir et al, 1991) and in certain groups of alcoholics
and their relatives (Porjesz el al, 1980; Begleiter el al, 1984).

Recent discussions on the clinical usefulness of P300 as a diagnostic tool
in dementia are also highly pertinent to schizophrenia and other psychoses.
Pfefferbaum et al (1990) stressed the confounding effects of age. sex,
medication and clinical state, which combine to make prolonged P300 latency
a diagnostic marker with low sensitivity and poor specificity for dementia.
The counter-argument (Goodin, 1990) is that P300 and other event related
potentials are no less specific than tests such as computerised tomography
(CT) and magnetic resonance imaging (MRI), which have an established
place in clinical diagnosis and investigation. For example, the widespread
use of the electroencephalogram (EEG) in the diagnosis of epilepsy is set
against a background of 52% sensitivity and 96% specificity for the detection
of epileptiform activity in the EEG of suspected epileptics. Even if P300
latency and amplitude changes are non-specific for schizophrenia and fail
to distinguish schizophrenic from manic-depressive psychosis, they would
still be useful in two special and important situations: firstly, in 'high risk'
studies for the detection of individuals who may subsequently develop illness;
and secondly, when used in conjunction with brain imaging and
neuropsychological testing to investigate the underlying disorder of brain
function in the psychoses.

P300 in 'high risk' studies
In a group of 45 schizophrenic probands from selected families with more
than one schizophrenic member, P300 latency was found to be increased
and the amplitude reduced compared with a group of'212 normal controls
(Blackwood et al, 1991a). In the non-schizophrenic first and second degree
relatives of these patients, a bimodal distribution of P300 latency was also
found. In the 41 family members with significantly delayed latency, 18 had
major psychiatric illnesses, including manic-depressive illness and
schizoaffective disorder, but 19 subjects had no history of any psychiatric
illness. Many of these relatives had passed the major risk period for
developing schizophrenia. In a further study, a group of relatives with
abnormally prolonged P300 latency were shown to have the same abnormal
profile of neuropsychological test results, including impaired performance

i in verbal fluency testing, as found in the schizophrenic population
| (Roxborough et al, 1993). Segregation analysis of P300 latency change in
I this group of relatives indicated that it may be a useful measure of the genetic
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predisposition to schizophrenia among asymptomatic relatives, but did not
support a monogenic model for the transmission of schizophrenia (Sham
et al, 1994).

Another approach with high-risk subjects is longitudinal. For instance,
the visual event-related potentials of children with a schizophrenic parent
have been studied and not found different from children of normal controls

(Friedman et al, 1988). However, Saitoh et al (1984), using another visual
paradigm, demonstrated reduced P300 amplitude in siblings of schizophrenic
patients compared with controls. Using an auditory stimulus, Schreiber
et al (1991) examined a total of 48 children aged 7-17 years, 24 of whom
were at high risk for schizophrenia, having at least one parent with the illness,
and matched with the other 24 who were controls with no family history
of schizophrenia. The high-risk group had significantly prolonged P300
latency and also performed poorly on psychometric tests, including those
addressing reaction time, IQand attention. A subsequent study (Schreiber
et al, 1992), using a slightly different listening task, found a reduction of
P300 amplitude that correlated significantly with psychometric deficit.
Friedman et al (1988), however, examined symptomless adolescents at
increased risk of schizophrenia and affective disorder (having an affected
parent) and found that P300 recorded during an auditory task did not
discriminate between the high-risk and control groups.

P300 and brain imaging
The neural origins of scalp-recorded auditory P300 responses are unknown,
bul several lines of evidence suggest multiple generators, including loci in
the region of the auditory cortex and superior temporal and inferior parietal
association areas (Lovrich et al, 1988; Rogers el al, 1991). Depth electrode
recording during a two-tone discrimination task suggested that potentials
generated in the medial temporal lobe structures could be a source (Halgren
et al, 1980; Smith et al, 1986; Meador etal, 1987; Stapleton & Halgren, 1987;
Richer et al, 1989; Smith et al, 1990), but they appeared to be ruled out
as a primary source of P300 when Stapleton et al (1987) recorded normal
P300 responses from 11 subjects who had undergone temporal lobectomy.
Smith et al (1990), in a study of ten epileptic patients, concluded that the
inferior parietal cortex was a major contributor to scalp-recorded P300. In
patients with discrete neurological brain lesions examined by Knight et al
(1988, 1989), auditory P300 response was impaired little by lateral parietal
cortex lesions, bul discrete unilateral lesions in the posterior-superior
temporal plane eliminated P300 response altogether, implying that the
auditory association cortex is critical for P300 generation.

A few studies have combined structural imaging with ncurophysiological
recording. Romani et al (1987) recorded auditory P300 and related this to
computerised tomograms of 20 schizophrenic subjects, and found no
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association between ventricular enlargement and P300 latency or amplitude.
However, McCarley el al (1989) with nine schizophrenic patients and nine
controls, found that left Sylvian fissure enlargement on GT scanning
significantly correlated with reduced P300 amplitude over the left temporal
region. Blackwood et al (19914), measuring several brain regions from serial
coronal MRI scans of 31 schizophrenics and 33 controls, found that
prolonged P300 latency in schizophrenics correlated with enlarged lateral
ventricles and a reduced right and left anterior cingulate cortex area. In
a further study (Blackwood ct al, 1994), single photon emission computerised
tomography (SPECT) with the intravenous blood flow marker 99rnTc-
exametazine was carried out in 14 acutely ill, drug-free schizophrenic
patients, of whom auditory P300 was measured within a few days of
scanning. P300 latency significantly correlated with tracer uptake into the
left superior pre-frontal and left parietal regions, suggesting that the
prolonged P300 latency of schizophrenia is a reflection of mainly left-sided
frontal and temporal dysfunction. This is broadly in keeping with the view-
offered by McCarley el al (1991) that P300 amplitude reduction is mainly
left sided in schizophrenia and correlates with CT changes in the left side.
In a recent development of their work, McCarley et al (1993) have combined
P300 recordings with MRI and found a significant association in 15
schizophrenic subjects between P300 amplitude reduction and volume
reduction in the left posterior-superior temporal gyrus.

Eye tracking dysfunction
The ocular motility of schizophrenics has been a source of fascination for
psychiatrists for a considerable length of time (Diefendorf & Dodge, 1908;
Couch & Fox, 1934; White, 1938), but it was Holzman's report over twenty-
years ago (Holzman et al, 1973) of a disturbance of smooth pursuit
movements that renewed the interest of biological psychiatrists. The finding
that the incidence of such eye tracking dysfunction differs from a normal
control population has proven to be most robust, enduring multiple
independent attempts at replication (Shagass et at, 1974, 1976;
Kuechenmeister el al, 1977; Passrfa/, 1978; Cegalis & Sweeney, 1979, 1981;
Iacono et al, 1982; Bartfai ct al, 1983; Sc.arone et al, 1987; Blackwood ct al,
1988a; Spohn et al, 1988). The anomaly can be described as an apparent
inefficiency of the smooth pursuit system with an excess of saccadic intrusions
and bursts of saccadic tracking interspersed into seemingly normal periods
of smooth tracking (Levin et al. 1982a).

However, there is still controversy over the relative contributions of smooth
pursuit and saccades to the abnormality. The intrinsic kinetics of the saccades
themselves seem to be similar to normal controls (lacono et al, 1981; Levin
et al, 1981a,4, 1982a; Mather & Puchat, 1982/3; Done & Frith, 1984;
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Yee et al, 1987), although in a non-pursuit task, smaller saccades have been
reported (Cegalis et at, 1982). The locational accuracy of saccades also seems
reasonably intact. If the saccades were truly intact then a decreased pursuit
system gain would be suspected, and Yee et al (1987) have reported this but
with some degree of overlap with controls. Whatever the mechanism
involved, explanations based on simple inattention or lack of motivation
(Brezinova & Kendell, 1977) are difficult to maintain when other types of
eye tracking that do not involve the smooth pursuit system but demand an
equal level of voluntary attention remain unaffected (Lipton ct al, 1980a,b;
lacono el al, 1981; Levin et al, 1982A; Mather et al, 1989).

Neuroleptic medication does not seem to alter smooth pursuit performance
(Shagass et al. 1974; Holzman, 1975; Holzman & Levy, 1977; lacono et al,
1981; Muir et al, 1992), and the abnormality persists with remission of
psychotic symptoms (Levy et al, 1983a). However, it is important to note
that the most commonly used measures of eye tracking such as the signal-
to-noise ratio or the r.rn.s. error figures, although having the benefit of being
simple to apply, may mask many differential effects. Rea et al (1989), for
example, have reported changes in the saccades, but not pursuit, with clinical
state and medication, and suggest that the former is the trait marker. Test-
retest stability on the whole seems good (Lindsey et al, 1978; Levin et al,
1981a; Lipton et al, 1983). The methodological situation has been well
reviewed by Clementz & Sweeney (1990).

The eye movement disorder is familial, and Holzman's findings (Holzman
et al, 1974, 1984) that nearly 50% of schizophrenics' first degree relatives
have eye tracking dysfunction (ETD), compared with around 8% of normal
subjects, suggested the possible use of ETD as a genetic marker and have
been broadly replicated (Kuechenmeister el al, 1977; Mather, 1985; Siege!
etal, 1984). Blackwood rfa((1991a) found that ETD in large schizophrenic
pedigrees, like P300, had a bimodal distribution in relatives. Twin studies
lend further support, and the pairwise concordance rate for ETD in
monozygotic twins discordant for schizophrenia is higher than that found
in dizygotics (Holzman et al, 1977, 1978, 1980). However, ETD does not
always co-segregate with the clinical phenotype, but instead shows pleiotropy.
Schizophrenics with normal eye tracking may have parents with ETD, and
monozygotic twins are found with the schizophrenic having normal eye
tracking and the clinically normal co-twin showing ETD (Holzman, 1987).
To account for these findings, a latent trait hypothesis has been proposed,^
whereby an assumed single gene anomaly can phenotypically present as j
schizophrenia or ETD or both (Matthysse et al, 1986: Matthysse & Holzman, 1
1987; Holzman et al, 1988; Holzman, 1989).

The utility of ETD in psychiatric genetics is unfortunately limited by '
uncertainty about the specificity of dysfunction to schizophrenia. ETD|
has been found in major affective disorders in many studies (Shagass et al,\
1974: Klein et al. 1976; Salzman et al, 1978; Lipton et al, 1980A;]
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Levin et al, 198la; iacono el al, 1982). The first degree relatives of patients
with bipolar illness do not seem to show an increased rate of ETD (Levy
el al, 1983A; Holzrnan el al, 1984), and Levy and her colleagues have shown
that lithium therapy for bipolar illness impairs smooth pursuit (Levy et al,
1985). Relevant to the concept of a schizophrenia spectrum, it is of interest
that patients with schizotypal personality disorder may also share the
dysfunction (Keefe et al, 1989).

The central nervous system substrate for ETD is as yet uncertain.
SPEGT imaging studies suggest a relation to the frontal lobes (Blackwood
et al, 1994), and the frontal eye fields are known to be involved in the
oculomotor control of smooth pursuit. It is of interest that eye movements
of patients with right frontal lobe lesions were impaired in a geometric
figure visualisation task in a similar way to schizophrenics (Matsushima
et al, 1992).

Conclusions

Changes in the P300 event related potential and eye tracking dysfunction
are probably our best candidates for biological and genetic markers for major
psychotic disorders. Problems still exist as to their ability to differentiate
between the psychoses in general populations, but applied to the genetic
study of large multiplex kindreds they could prove very useful indicators
of a disordered genotype. The integration of P300 and eye movement
recordings with increasingly powerful brain imaging techniques and
neuropsychological testing will allow a much more detailed analysis of the
dysfunctions themselves and the underlying disorder they at least partly
represent.
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Neurophysiology of Ageing
as Determined by the
Electroencephalogram
D. H. R. Blackwood, W. J. Muir
Department of Psychiatry, Royal Edinburgh Hospital, Edinburgh, UK

The electroencephalogram (EEC), which represents
the electrical activity of the brain as recorded from
electrodes placed at various positions on the scalp,
has played a diminished role in clinical practice since
the introduction of newer brain imaging techniques.
The EEC, however, remains essential for the
diagnosis of the epilepsies and the study of sleep
disorders. It can also be a useful non-invasive
aid to the detection and localisation of structural
brain abnormalities and the diagnosis of diffuse
encephalopathies in patients with fluctuating levels
of consciousness. Many of these conditions are
common in the elderly population and it is therefore
important to have a full understanding of the
effects of normal ageing on the EEG, so that the
significance of abnormal findings in the elderly can
be more clearly interpreted.

THE ROUTINE EEG

Using standard procedures', electrodes are placed
on the scalp using conductive jelly and positioned
in rows over frontal, temporal, parietal and
occipital regions according to the International
10-20 System2. Most recording equipment permits
the easy selection of different montages of electrode
pair and the filtered and amplified potential
differences between pairs of electrodes are then
recorded on paper trace. Recordings are usually

obtained from several scalp regions and under
different physiological conditions. The resting EEG
is recorded with the subject's eyes open and for a
period with eyes closed to test the responsiveness
of background activity. Activation procedures such
as hyperventilation may be employed to accentuate
some EEG abnormalities. Routine inspection of the
EEG waveform takes account of changes in frequency,
amplitude and response to activation procedures.
The presence or absence of paroxysmal activity will
be noted. Changes in frequency are generally more
reliable than changes in amplitude for detecting brain
abnormalities and by convention four frequency
bands are described. EEG waveforms which lie in
the range of 8-13 Hz arc said to be in the alpha
range. This waveform is commonly observed in the
occipital regions of the younger population during
wakefulness when eyes are closed (alpha is attenuated
by visual attention). There is a wide normal variation
in alpha rhythm and slowing occurs with normal
ageing, delirious states and metabolic disorders. If
frequencies greater than 13 Hz are present, the EEG
is said to show beta rhythm. Such fast activity may
be found in normal people, but is also increased by
some drugs including benzodiazepines and barbit¬
urates. At the lower end of the spectrum, activity
in the range 4-7 Hz is termed theta. Theta activity
can be marked in young children, becoming less by
the time of puberty. Frequencies less than 4 Hz are

grouped as delta activity. Theta and delta activity
occurs in sleep and is commonly found in a range
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74 NORMAL AGEING

of neurological disorders where the slow wave

abnormality may be recorded diffusely as in
encephalopathies, or localised to electrodes over¬

lying the region of a space-occupying lesion.

THE ORIGIN OF THE EEG

The scalp-recorded rhythmic activity of the EEG
is believed to be generated from the cerebral cortex,
especially from large pyramidal neurones which are
orientated vertically to the surface. However,
rhythmic activity arising in subcortical regions, in
particular the thalamus, can be imposed on and
modify the activity of these cortical cells via
thalamo-cortical projections3-4, so that the scalp-
recorded EEG reflects changes in both cortical
and sub-cortical structures. Much of the normal
individual variation found in the EEG can be
attributed to hereditary factors. The early twin
studies of Lennox et al.s showing that brain
electrical activity is strongly influenced by genetic
factors has been amply confirmed6-7.

EEG CHANGES WITH AGEING

The most widely reported changes in the EEG in
the elderly population are a slowing of the alpha
activity and the onset of focal theta and delta waves
over the temporal regions8'12. Other reported
changes with age include a much diminished slow
wave response to hyperventilation and an increase
in the occurrence of spike paroxysms in elderly
subjects with no clinical evidence of seizure
disorder.

It is not, however, clear which, if any, of these
changes are the result of a neuronal ageing process
per se rather than being manifestations of mild
subclinical degenerative brain diseases, including
cerebrovascular disease, which are more common
in the elderly. Subtle cognitive impairments have
been related to the presence of EEG abnormalities
in some groups of otherwise healthy elderly
subjects, supporting the view that many of the
changes found in the EEGs of the elderly are due
to specific subclinical pathologies13.

In an early study of an elderly population,
Silverman et al.14 recorded the EEG from 90 healthy
subjects aged over 60 years of age and reported
diffuse slowing of the background rhythm in 26%
and focal abnormalities in 43% of subjects. These
findings have been confirmed more recently10-15-16.
Slowing of the alpha rhythm with age was clearly
demonstrated by Hughes and Cayaffa17 who
recorded the EEG from 420 subjects in the age

range 5-80 years. Their subjects had all been
hospitalised and received extensive neurological
assessment which had excluded the presence of
brain pathology. In this group the peak frequency
of the alpha rhythm, which up to the age of 60 was
between 10 and 11 Hz, fell to 9-10 Hz in subjects
over the age of 60.

Hubbard et at.18 examined the EEG of 10
centenarians aged 100-105, of whom seven were
healthy with no clinical evidence of degenerative
brain disease. In this group, posterior dominant
rhythms were in the lower part of the alpha range
and slow wave foci over the temporal regions were
common. These changes were similar to those found
in subjects aged 80 and the study provided no
evidence for a progressive decrease in alpha
frequency or increase in focal temporal slow waves
between the age of 80 and 100 years.

Changes in the EEG of the elderly which have
been attributed to early cerebrovascular insufficiency
include a diminished response of slow-wave activity
to hyperventilation and the development of focal
abnormalities, particularly over the anterior
temporal regions. In a young person, hyperventi¬
lation for a period of 3 or 4 minutes usually gives
a gradual increase in diffuse slow activity in the
theta and delta range which settles back to normal
in around one minute after the cessation of over-

breathing. This response is quite age-dependent and
is most striking in children in whom very high
voltage delta activity may be found. In contrast, old
people show diminished or absent response to over-

breathing. This may in part be due to less alteration
in pC02 in the elderly with hyperventilation19.

Bursts of rhythmic theta activity over the
temporal regions frequently appear in late adult¬
hood and these are associated with cognitive and
memory deterioration13-20. In a recent study, Visser
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et al.2i measured ihe EEC and performed computed
tomography (CT) brain scans in a group of clinically
well subjects aged 65 to 83 years. In these elderly
subjects, those with focal EEG delta wave activity
recorded over the left anterior temporal region
performed poorly on neuropsychological tests of
word fluency (thought to address temporal lobe
function) and also had significant ventricular
dilatation measured on the CT scan. It was

concluded that such left-sided temporal slow-wave
abnormalities found in the EEG of some elderly
subjects may be a valuable early indicator of
temporal lobe pathology.

The possibility is thus raised that in normal adults
the EEG does not change much throughout life and
indeed may be relatively normal in otherwise
healthy centenarians18. The slowing of EEG
frequency with age could be explained by changes
in cerebral blood How. Regional cerebral blood
flow shows a strong inverse correlation with the
appearance of EEG slow waves and is directly
correlated with posterior alpha activity22'23 A direct
causal relationship between reduced cerebral blood
flow and the increased slow waves and reduced

alpha frequency in the EEG of the elderly could
therefore be postulated24.

EVENT-RELATED POTENTIALS
AND AGEING

The electrical responses of the brain to single
discrete stimuli, such as a flash of light or a click
of sound or light touch to the skin, cannot, by and
large, be detected in the scalp-recorded EEG. The
electrical responses to these events are small in
comparison to the background activity from the
brain and averaging techniques are required for
their visualisation. Such techniques have proved of
enormous value to neurologists and psychiatrists
studying brainstem and higher cerebral function by
permitting the detection of the tiny voltages
generated in the brain following specific stimuli. To
extract the time-locked activity generated by a given
stimulus, a repeated series of stimuli is presented
and epochs of EEG captured after each presentation
are summed, and normalised. The random, back¬

ground EEG will tend to decrease in amplitude
on summation whereas the wanted event-related

potential will stay the same size.
Event-related potentials offer a means to assess

peripheral nerve and brainstem function using
different sensory modalities. Early evoked
potentials generated within about 80 ms after a
stimulus are described as exogenous because they
seem to depend on the nature of the stimulus itself
and are not influenced by any subjective response
the subject may make to the stimulus. Auditory
brainstem potentials generated within the first 10 ms
after a click are routinely used to provide information
about the functioning of the auditory nerve and
brainstem structures in the auditory pathway.
Somatosensory event-related potentials, evoked by
electrical stimulation of, for example, the median
nerve at the wrist, include the median nerve action
potential recorded at the brachial plexus and activity
generated in neurones of the spinal dorsal horn and
dorsal column. Later peaks probably reflect activity
in the medial lemniscus and primary somatosensory
cortex. Early visual evoked responses to light flashes
reflect activity in the visual path between the retina
and visual striate cortex.

Between the second and ninth decade of life,
there is a linear increase in latency of exogenous
potentials with age25. For example, the latency of
median nerve compound action potential recorded
at the brachial plexus (the "N10 waveform")
increases from an average of 10 ms in the second
decade to approximately 12 ms in octogenarians.
With few exceptions a similar increase of latency
with age is found in all exogenous potentials in the
three sensory modalities and makes age corrections
clinically important. Many age-related anatomical,
physiological and biochemical changes may
contribute to the slowing of nerve conduction
implied by these latency delays.

ENDOGENOUS EVENT-RELATED
POTENTIALS

Event-related potentials generated more than about
80 ms after a stimulus may reflect the psychological
status of the subject and such responses are termed
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endogenous because their latency and amplitude are
little influenced by the physical characteristics of
the stimulus, such as its intensity or frequency, but
reflect how attentive the subject is and the cognitive
and memory tasks required of the subject following
the stimulus. The P300 response is one endogenous
event-related potential which has been extensively
studied because it is thought to reflect mental
processes concerned with selective attention,
learning and memory. To generate a P300 response
to an auditory stimulus, the subject is required to
attend to a series of low-pitched (non-target) tones
randomly interspersed with which are high-pitched
(target) tones. The recognition of these target tones
generates a positive potential which can be recorded
widely over the scalp at around 300 ms after the
auditory stimulus. The P300 response is much larger
to the target stimuli and is generated only when the
subject is concentrating on the task; its amplitude
is thought to reflect the level of attention and its
latency the processing time involved in recognition
of a target tone.

EFFECT OF AGE ON LONG LATENCY
EVENT-RELATED POTENTIALS

The latencies of all endogenous event-related potential
components appear to increase with age from the
second decade and this has been particularly studied
in relation to the auditory P300 component26-32.
Some authors have reported a linear increase of
P300 latency with age up to senescence with an
increase of between 1 and 2 ms per year. However,
other studies on large numbers of normal controls
have found an exponential ageing effect with a
much greater rate of P300 latency increase in the
older population aged over 60 years compared to
younger adults28-30,32. P300 latency is also
increased in the presence of a variety of brain
pathologies, including the dementias of Alzheimer's
disease and cerebro-vascular disease. As with

changes in the routine EEG, it is difficult in the
elderly to separate the effect on endogenous event-
related potentials of ageing per se from the effects
of subclinical degenerative or vascular changes. In
clinical situations where P300 measurements may

be useful, for example in dementia and
schizophrenia, it is essential that careful matching
for age is carried out, particularly in the elderly.
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Comorbidity in a Large Family with Bipolar
Disorder: Implications for Genetic Studies

D.H R. Blackwood. C. W. Sharp, M.T. Walker, G.A. Doody, M.F. Globus,
W.J. Muir

Department of Psychiatry, University of Edinburgh, Royal Edinburgh Hospital,
Edinburgh. UK

The importance of genetic factors in the etiology of manic-depressive illness
lias been consistently confirmed and there is now intense interest in linkage and
association studies as a first step in the localization and characterization of genes

implicated in the development of these disorders. Given their high prevalence,
affective illnesses are unlikely to be homogeneous but will show locus heterogene¬
ity encompassing several overlapping clinical syndromes each with a different
genetic basis. Some advantages can be obtained by studying single, very large
pedigrees containing many cases, all assumed to have the same genetic cause,

providing of course that the offspring of marriages between two affected partners
are identified and excluded from the analysis. The success of linkage analysis
depends crucially on the correct definition of the phenotype and in large families
assumptions must be made about the relationship between bipolar and unipolar
illness and between these and other disorders including anxiety, alcoholism and
cyclothymia. These large families, multiply affected by illness, can also provide
some insights into the comorbidity of mood disorders. Since the aim of genetic
studies is to characterize gene mutations which give rise to clinically observed
phenotypes, comorbidity of two presumed inherited conditions, could signify
either that two separate genes are operating or that a single gene mutation is
expressed in one ofseveral ways depending upon environmental factors having an
effect at some stage of gene expression. The latter explanation would equate
comorbidity with pleiotropv.

One approach to studying comorbidity in large families with affective illness
is to identify biological variables which reflect brain dysfunction at an earlier
point than symptom development along the path from genotype to phenotype



[Gershon and Goldin, 1986], The presence of an abnormal trait marker in several
family members, showing differing clinical symptoms, i.e. depression, anxiety
and alcoholism, would provide a strong indication that these illnesses are not
independent but represent differing expressions of the same underlying brain dys¬
function which is defined by the trait marker.

The auditory P300 event-related potential may fit some of the requirements
to be a useful biological marker in bipolar manic-depressive illness. P300 ampli¬
tude is reduced in patients with depression [Levit et al., 1973; Roth et ah, 1981;
Pfefferbaum et ah, 1984; Thieret ah, 1986; Shagassetah, 1978; Dinar et ah, 1985]
but this may be an effect ofclinical state [Friedman and Meares, 1979; Blackwood
et ah, 1987;Gangadharet ah, 1993], In a large study of auditory P300 in affective
disorders, Muir et ah [1991] reported prolonged auditory P300 latency in both
bipolar affective disorder and schizophrenia, compared with unipolar depression
and normal controls. The latency increase was not an effect ofage, clinical state or
medication. The result supported the distinction between unipolar and bipolar
depression since P300 latency did not distinguish unipolar depressed subjects
from controls.

Eye movement disorder, well established as a possible vulnerability marker
in schizophrenia, is also less clearly associated with affective illness but there is
some evidence that a subgroup of affective disorders show smooth-pursuit eye
movement dysfunction. Several studies have shown an increased prevalence of
eye movement disorder in subjects with bipolar affective illness and this is not
entirely explained by the effects of medication [Salzman et ah, 1978; Lipton et ah,
1980; Iacono et ah, 1982; Kufferlc et ah, 1990; Amador et ah, 1991; Abel et ah,
1991; Friedman et ah, 1992],

We have described a single, five-generation family, initially identified for
linkage studies through two bipolar 1 probands. 128 members (including 20
spouses) have been interviewed using SADS-L and the 108 related individuals
received the following diagnoses: BPI (7), BP1I (2), cyclothymia (3), major depres¬
sive disorder (21), schizoaffective depressed (1). A further 4 subjects were diag¬
nosed as minor depression (2), intermittent depression (1), and alcoholism (I). 69
subjects had no psychiatric diagnosis at interview.

P300 latency (81) and eye tracking (71) were recorded from a subgroup of
relatives within the pedigree. Subjects were described as having abnormal P300
and eye tracking if their recordings were more than 2 SD from the mean of 26
P300 controls and 1 35 eye-tracking controls. The methods for recording P300
and eye tracking have been fully described [Blackwood et ah, 1991; Muir et ah,
1991], 15outof81 relatives (18.5%) had abnormal P300 latency and lloutof71
(15.5%) abnormal eye movement. Only 1 person showed abnormalities in both
measures at that level ofsignificance. Table 1 shows the relationship between clin¬
ical diagnosis, P300 latency and eye tracking in this large extended pedigree. P300
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Table I Clinical diagnosis, P300 latency and eye-tracking in a large bipolar family

Diagnosis Abnormal Normal Abnormal Normal
P300 P300 eye-tracking eye-tracking
(> 2 SD from (> 2 SD from
control mean) control mean)

Bipolar 1 I
Bipolar II
Bipolar II and alcohol
Major depression 2
Major depression and alcohol 1
Intermittent depression
Minor depression
Cyclothymia minor depression I
Cyclothymia generalized

anxiety 1
Alcoholism

No psychiatric diagnoses 15

Totals 21

1

39

60

1

8

11

3
2

14

1

1

37

60

and eye tracking clearly showed differing relationships to symptoms within this
family.

Significantly prolonged P300 latency was measured in relatives with major
depressive disorder and alcoholism (1), minor depression with cyclothymia (1)
and generalized anxiety disorder and cyclothymia (1). Strikingly, 15 subjects with
abnormal P300 had no psychiatric diagnosis.

Eye-tracking abnormality, which was shown to be bimodally distributed
amongst members of this family, was significantly abnormal in relatives with
minor depression (1). generalized anxiety disorder with cyclothymia (1) and alco¬
holism (8). Eight out of 11 relatives with abnormal eye tracking had no psychiatric
diagnosis. In this family, P300 latency and smooth-pursuit abnormality are more
prevalent in relatives 'at risk' of bipolar illness. The 15 relatives with P300 abnor¬
mality and 11 relatives with eye movement disorder and no psychiatric diagnoses
are clearly of interest as a 'high-risk' group. No cases of bipolar illness or major
depressive disorder had eye-tracking dysfunction. This was an unexpected find¬
ing. but an inverse relationship between eye movement dysfunction and clinical
symptoms in affective disorder is similar to findings in schizophrenia, where an
inverse correlation between eye-tracking disorder and symptoms has been noted
[Holzman ct al., 1980], Smeraldi et al. [1987] reported a significant association

Comorbidity in a Large Bipolar Family 175



between lateral ventricular enlargement in schizophrenia and normal eye track¬
ing, and Levy et al. [ 1992] found a correlation between normal eye-tracking and
abnormal morphology of medial temporal lobe structures in schizophrenia.

A variety of mechanisms could be at play in producing varying expression of
genes in affective disorders: imprinting, anticipation and mitochondrial inheri¬
tance could all be implicated and each of these has been proposed as possible
inheritance in some families with manic-depressive illness. It is of interest that the
expansion of trinucleotide repeat patterns in sequences causing gene disruption
has been shown to be causal in Huntington's disease and several other conditions
where neuropsychiatric symptoms are common. This genetic mechanism may be
relevant in some families with bipolar illness [Mclnnes et al., 1992],

Biological markers may help clarify the association between different diag¬
noses in large families with affective disorder, add power to linkage analysis by
identifying 'subclinical' cases and lead to an understanding of the pathology of
affective disorders when combined with brain-imaging studies. It is proposed that
in this single large family, the clinical diagnoses ofgeneralized anxiety, alcoholism
and minor depression when associated with P300 or eye-tracking abnormalities
are alternative clinical manifestations of the same trait which in other relatives is

expressed as bipolar illness.
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7

Molecular biology of schizophrenia

DAVID ST CI .AIR, WAITER MU1R and DOUGLAS BLACKWOOD

7.1 INTRODUCTION

Schizophrenia is the term used to describe one of the principal forms of
major mental illness or madness that affects mankind. It is found in all
countries, societies and cultures and is estimated to affect approaching 1%
of the world's population. It usually becomes apparent in early adult life,
both sexes are equally affected, and in the acute stages the illness is
characterized by delusions, hallucinations and thought disorder. These
often progress to a picture of chronic social withdrawal and deterioration of
the personality. Although schizophrenia is known to be a familial disease,
its mode of inheritance has not been established, it is defined symptomati-
cally, and its natural boundaries, aetiology and pathogenesis remain
obscure.

Schizophrenia owes its origins as a separate clinical entity to F.mil
Kraepelin (1919) who, on the basis of symptoms and long-term outcome,
divided madness not attributed to coarse brain disease into manic depressive-
insanity and dementia praecox. This classification gradually replaced a
confused late nineteenth-century picture derived from Esquirol, where
mania and melancholia were the predominant illnesses with other discrete
conditions being superimposed as the century wore on. Morel added the
term 'demence precoce', Kahlbaum 'katatonie' and Hecker 'hebephrenic'.
These separate illnesses, plus a variety of 'monomanias' also identified
around this time, interrupted the prevailing view in German psychiatry
(Griesinger, 1867) that there was a unity in the psychoses. Kraepelin's
division of the psychoses was a successful compromise between two con-
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temporary trends, and was reinforced by Eugene Bleuler who used the term
'the schizophrenias' to describe dementia praecox. Bleuler believed that the
schizophrenias were due to a loosening of associations between different
psychic functions, and that incongruity of affect, autism and ambivalence
were more fundamental to the disorder than the hallucinations, delusions
and catatonic phenomena that Kraepelin had emphasized. Since the original
observations by these two men, schizophrenia and manic depressive illness
have come to be regarded as separate disease entities and evidence has
accumulated that each has a different genetic background, response to
treatment and long-term outcome. They are now the mainstay of psychiatric
teaching and practice the world over, and their apparent 'validity' has been
institutionalized by a series of international agreements on criteria for
classifying the psychoses.

Nevertheless, doubts about the validity of the Kraepelin/Bleuler division of
the psychoses have surfaced from time to time and are becoming increasingly
vocal (Crow, 1986; Kendell, I 987). Several studies have failed to achieve a
distinct separation between the two conditions on the basis
of symptoms or outcome (Kendell and Gourlay, 1970; Kendell and
Brockington, 198 I). The efficacy of psychotropic medication and ECT
overlaps the two disorders. There are no clear differences between schizo¬
phrenia and bipolar illness in age of onset, lifetime prevalence, sex ratio or
season of birth. Also, numerous biological changes including enlargement of
lateral ventricles of the brain and abnormal smooth pursuit eye movements
have been demonstrated in the psychoses, but none has been found to be
specific n> schizophrenia or manic depression. Most importantly, genetic
studies of the psychoses have demonstrated considerable overlap, both in
families and in monozygotic twins (Angst, Felder and Lohmeyer, 1979;
Tsuang, Winokur and Crowe, 1980; McGuffin et al., 1982; Farmer,
McGuffin and Gottesman, 1987). The distinction between the two con¬
ditions so easily held for most of this century cannot be taken for granted.

Just as the validity of the division of schizophrenia from other forms of
insanity is uncertain, so a second major claim of Kraepelin that families of
schizophrenics contain a high proportion of abnormal, eccentric and queer
personalities who should properly be regarded as 'latent schizophrenias',
and thus genetically related to frank schizophrenia, is still controversial.
Bleuler also supported this view and suggested that schizophrenia should be
placed upon a continuum from the highly abnormal to the normal, with
milder cases occurring frequently among the relatives of schizophrenics
(Bleuler, 1950).

The concept of the schizotype, or borderline schizophrenia, was rein¬
forced by Danish adoption studies. The adoptee biological relatives of
schizophrenics include many who demonstrate odd thinking, recount
strange experiences and lead isolated lives with inadequate interpersonal

161



MOLECULAR BIOLOGY OH SCHIZOPHRENIA

relationships (Kety, 1983). These features are operationalized by the
American Psychiatric Association into DSM-III criteria for schizotypal per¬

sonality disorder (SI'D) and two studies confirm that DSM-11I criteria for
SPD are more specific for biological relatives of schizophrenics than the
original criteria for 'borderline' schizophrenia used in the Danish study
(Baron et al., 1985; Kendler, Gruenberg and Tsuang, 1985). On the other
hand, Gunderson, Siever and Spaulding (1983) have re-examined 54
selected interviews from the Danish study in order to determine which
signs and symptoms could identify all of the relatives considered by Kety to
be borderline or uncertain schizophrenics. They have made a revised set of
criteria that contains extra items not found in DSM-III SPD. These include

odd, eccentric, offputting appearance and behaviour, frequent somatic
problems and serious social dysfunction. Baron and Kendler also claim that
other sets of criteria are more useful in identifying abnormal relatives of
schizophrenics than criteria for DSM-III SPD. Interestingly these closely
resemble the features reported by earlier authors, including Kraepelin and
Bleuler!

The natural boundaries of schizophrenia versus the other functional
psychoses, and the abnormal personality characteristics that are genetically
related to schizophrenia, are therefore scarcely more precise than when the
disease was originally formulated. In the absence of external validation the
only defining characteristics of schizophrenia are the syndrome itself.
Reliability of diagnosis can be achieved by insistence upon typical cases with
core symptoms, but the narrower the definition the larger the number of
false negatives generated. The situation is unsatisfactory, but in the absence
of alternative classifications based on external validation of disease con¬

structs, the replacement of these categories by other, equally poorly vali¬
dated entities is not considered worthwhile (Kendell, 1987).

The problems of definition and diagnosis of schizophrenia have probably
not until recently been a major source of impedance to understanding
aetiology. Much unsuccessful effort before and after World War 11 was
devoted to explaining schizophrenia as a consequence of abnormal rearing
patterns and disturbed psyehodynamic family interactions. However, with
the advent of neuroleptic medication and the unequivocal demonstration of
a familial element in schizophrenia, the balance has swung in favour of a
putative biological abnormality underlying the condition. The 1970s
onwards saw determined efforts to identify biological abnormalities in
schizophrenia that might eventually lead to indications about fundamental
pathology. Most of these studies have measured particular factors, chemi¬
cal, hormonal, physiological or morphological, in patients with core symp¬
toms of schizophrenia and compared findings with normal and psychiatric
control subjects. Their almost uniform lack of success in identifying putative
biological abnormalities has probably had little to do with problems of case
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definition in schizophrenia. Many of the most promising abnormalities have
turned out to be either technical artefacts, state-dependent phenomena or
secondary to the effects of neuroleptic medication.

The position has changed. Ignorance of the natural boundaries of schi¬
zophrenia and its mode of inheritance are now an important obstacle to
research into aetiology and pathogenesis. Contemporary advances in mol¬
ecular biology and DNA technology have made it possible to construct a

genetic linkage map of the entire genome. This achievement depends upon
the fact that common variations in DNA sequences, or polymorphisms, are
to be found scattered throughout the genome. By studying the manner in
which selected polymorphisms segregate in affected families, genetic linkage
has been successfully detected in a number of familial human diseases whose
gene products were unknown at the time of linkage. These include
Duchenne muscular dystrophy (Davies et al., 1983), Huntington's disease
(Gusclla et til., 198.3), cystic fibrosis (Tsui et al., 1985), adult polycystic
disease (Reeders et al., 1985), retinoblastoma (Cavanee et al., 198.3), fami¬
lial Alzheimer's disease (Goate et al., 1989), bipolar affective disorder
(Egeland el al., 1987), von Recklinghausen's neurofibromatosis (Barker et
al., 1987), familial polyposis coli (Bodmer et al., 1987), and Friedreich's
ataxia (Chamberlain et al., 1988).

finding linkage, and in turn cloning the gene or genes responsible,
revolutionizes understanding of diseases of obscure aetiology and patho¬
genesis (Weatherall, 1991). It shows up genetic heterogeneity, identifies
patterns of inheritance, and when the abnormal genes themselves are
eventually cloned - as in chronic granulomatous disease (Royer-Pokora
et al., 1986), Duchenne muscular dystrophy (Monaco et al., 1986;
Koenig el al., 1987), retinoblastoma (Friend et al., 1986), cystic fibrosis
(Riordan et al., 1989), neurofibromatosis (Wallace et al., 1990) and
Alzheimer's disease (Goate et al., 1991) - the molecular pathology of the
condition can be characterized.

Sometimes finding a linked DNA marker is facilitated by the presence of
clues. Illness may already be known to segregate with a peripheral protein
with an assigned chromosomal location, e.g. adult polycystic disease of
kidney. Alternatively the disease may be X-linked, in which case the
chromosome on which to look for linkage is known.

Occasionally cytogenetic abnormalities are found in cases of the disease
under investigation. Although these often occur in conjunction with mental
handicap, thus indicating that perhaps a more extensive pathological pro¬
cess is occurring than that purely responsible for the specific disease, their
demonstration has been of immense help in deciding where on the genome
to look for the genes responsible for important human diseases. These
include Wilms's tumour (Kaneko, Egues and Rowley, 1981), Duchenne
muscular dystrophy (e.g. Francke et al., 1985), Familial Alzheimer's (the
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association with Down's syndrome), polyposis coli (Herrerra et al., 1986),
neurofibromatosis (Roberts, 1990) and ehoroideraemia (Merry et al.,
1990). In most conditions, however, no clues are available and tbe search is
random, e.g. Huntington's disease and cystic fibrosis. Detecting genetic
linkage then becomes a statistical problem of signal to noise. Signal is
evidence of segregation of the candidate marker with illness in affected
families. Noise is distortion and uncertainty introduced by incorrect classifi¬
cation of family members, variable penetrance of the gene, inferral of phase,
genetic heterogeneity, etc. There are now enough polymorphic DNA
markers to cover the whole of the genome. Given time and resources,
detecting linkage in a homogeneous genetic condition with a clear mode of
inheritance and multiple affected family members becomes a virtual cer¬
tainty. Unfortunately, this is not the case for schizophrenia, which in many
respects is unsuitable for random linkage studies.

Schizophrenia is a familial disease. Family studies, twin studies and
adoption studies show that there is a higher rate of schizophrenia in the
biological relatives of schizophrenics than that found as a base rate in the
population (Kety et al., 1968; Gottesman and Shields, 1982; Kcndler and
Gruenberg, 1984). Beyond this nothing is clear. Every form of model of
inheritance from polygenic to single gene has been proposed to fit the
observed data, but there is no consensus. There is less evidence for a single
major gene in schizophrenia than in manic depression or Alzheimer's dis¬
ease, and even those who favour a single locus differ as to whether the gene
is recessive or dominant with incomplete penetrance. It is also unclear
whether there are familial and sporadic varieties of schizophrenia. What is
more, schizophrenia is a common disease with a lifetime risk of 1% and an
even distribution worldwide. Such conditions are usually genetically hetero¬
geneous. Nor is the choice of phenotype obvious. Schizophrenia is a
complex phenomenon. Clinically it can be narrowly defined in terms of core
symptoms or broadly defined to incorporate latent schizophrenia and
schizophrenia spectrum disorder. One can also define the schizophrenic
phenotype in terms that incorporate psychological or biological traits found
in association with the condition.

There are other problems. Schizophrenia families rarely display the
characteristics desirable for examining patterns of transmission in complex
genetic disorders. Ideally these include three generation extended pedigrees,
large sibships, a high degree of confidence in diagnosis of index case and
relatives, multiple cases of illness in families, and an absence of assortative
matings. On the contrary, schizophrenic families are usually small, fertility
is low, and in contrast to bipolar illness it is rare to identify families with
evidence of transmission of clinical schizophrenia through three gener¬
ations. Assortative mating is not uncommon, classification of members
without core symptoms of schizophrenia is hazardous and the illness has a
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late and variable age of onset. Finally, schizophrenic families with more
than one affected member are frequently unstable and become disrupted,
and this, coupled with the often suspicious attitude of many family mem¬
bers, makes the recruitment of pedigrees a major task. It is not surprising
therefore that there have been few linkage studies, mostly on nuclear
families.

Attempting to perform linkage analysis in a behavioural disorder like
schizophrenia, defined symptomatically with an obscure mode of inherit¬
ance and with pedigree characteristics generally unsuitable for linkage
studies, presents formidable difficulties. Some claim that the exercise is futile
until there is evidence of a major locus. Others argue that possibly the only
way to obtain evidence of a major locus for such disorders is first to
demonstrate linkage. Fortunately, linkage studies in families with mental
illness are now being actively pursued by groups throughout the world.

7.2 1.INKAGK STUDIES

7.2.1 Classical markers

There have been both association and linkage studies in schizophrenia using
classic peripheral protein markers, including the III.A on chromosome 6p.
Initial positive linkage in six informative pedigrees by Turner (1979),
however, was not confirmed by McGuffin, Festenstein and Murray (198.5).
Lack of linkage has subsequently been confirmed by Chada et <)/. (1986),
Goldin, Delisi and Gershon (1987) and Andrew et ill. (1987). The overall
picture to emerge is that none of the classic peripheral antigen systems
appears linked to schizophrenia.

7.2.2 DNA markers

There are a very large number of polymorphic markers with assigned
chromosomal locations. At present most groups use a combination of RFI .P
analysis, minisatellite polymorphisms, variable number tandem repeat
(VNTR) sequences (Nakamura et al., 1987) and dinuclcotide repeat
sequences (Weber and May, 1989). These latter polymorphic markers are
sequences of DNA amplified using the polymerase chain reaction and
differences in repeat sequence length are visualized on polyacryiamide gels.
They lend themselves to multiplex amplification and major effort is under¬
way both in our own laboratory and by other groups worldwide to auto¬
mate the capture of the data and their analysis. Unfortunately, in spite ot
this powerful new generation of polymorphic DNA markers being avail¬
able, no linkage in schizophrenia has been unequivocally demonstrated.
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7.2.3 The chromosome 5 story

Much attention has recently focused on the search for a major locus for
schizophrenia on chromosome 5. Basseft et ill. {1988) reported an uncle and
nephew with schizophrenia and mild mental retardation. Both individuals
were found on cytogenetic investigation to have partial trisomy 5i|l 1.2 t
5ql3.3. Using the partial trisomy as a clue to the possible localization of a
locus tor schizophrenia, Sherrington et al. (1988) examined five Icelandic
and two English pedigrees using markers I )5S76 and IX3S39. Using a variety
ol methods to define the phcriotype, they achieved a maximum LOD score
of 6.49 using a highly penetrant model with a wide range ot psychiatric
phenotypes included. They claimed linkage in all seven families.
Subsequently, all groups who have tried to replicate this initial linkage have
failed. These include Kennedy el al. (1988) in a single large Swedish family,
St (.lair et til. (1989) m 15 Scottish I ami lies, Detera-Wadleigh et al. (1989)
m five North American families, Aschauer et al. (1990) in seven North
American families, and McGuffin et al. (1990) in six Welsh families.
McGuffin proceeded to analyse his data both alone and in combination with
the previous data, and on all types of examination he found no evidence ol
linkage. Subsequently, Sherrington and Curling have re-analysed their fam¬
ilies with other markers in the region and now claim that the positive I.OD
score has disappeared. It is still possible, they say, that one of the large
families is still linked to the general region but beyond this they will not go.

In conclusion, the chromosome 5q linkage story, coming shortly after the
disappearance of a positive linkage result on lip in manic-depression,
highlights some of the problems and pitfalls that make linkage studies in
psychiatric genetics so difficult and, at the same time, hard to interpret. Our
own approach to overcoming these difficulties is (a) to recruit large pedi¬
grees with only one source of illness; (b) to interview and assess all members
of the family by a qualified psychiatrist; and (c) to use the biological
markers, auditory P300 event-related potential and smooth pursuit eye
tracking to help classify the pedigree members and increase the power of
linkage studies (Blackwood el cil., 1991).

7.3 CYTOGENETIC ANOMA1 II S AND SCHIZOPHRENIA

Many isolated cases of schizophrenia have been found with varieties ol
cytogenetic anomalies. These have been difficult to interpret owing to the
fact that schizophrenia is a common condition and the associations could
have arisen by chance. Most of these associations involved unbalanced
translocations or deletions. These, by definition, are likely to have disrupted
the function of a series of genes, a number of which almost certainly affect
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brain function. Schizophrenia in these circumstances would not he surpris¬
ing, especially if associated with mental handicap.

Of more interest are balanced autosomal translocations that co-segrate in
pedigrees with a number of affected members. The most interesting family
found to date is a Scottish family with a balanced autosomal translocation
t( 1:1 I)(q43,q21). The MRC Human Genetics Registry in Edinburgh con¬
tains individual families and annual follow-up clinical data on 282 pedi¬
grees with familial autosomal anomalies identified by the unit over the
previous 20 years. Each pedigree was examined tor the presence of associ¬
ated psychiatric illness. We found several isolated associations but only one
definite example of many cases of mental disorder co-segregating with a
chromosomal anomaly within a single pedigree.

The proband was initially ascertained in 1968 during a cytogenetic survey
of boys at an allocation centre for admission of juvenile delinquents to
Scottish borstals. No phenotypic abnormalities were reported in the original
description of the pedigree. However, the cumulative annual follow-up data
from general practitioners over the intervening years showed that many
family members had been referred to psychiatrists and/or admitted to
mental hospitals. We re-approached the family and systemically enquired
about the mental health of each member. Twenty-three members met
Research Diagnostic Criteria for mental and/or behavioural disorders.
There was schizophrenia in three cases, schizoaffective disorder in two
cases, major depressive disorder (recurrent unipolar) in six, generalized
anxiety disorder in three, minor depressive disorder in one and alcoholism
in three. Among these 23 cases, three had attempted suicide and two
achieved suicide. The schizophrenic subjects also met the DSM-I1IR criteria.
A further five family members had received or were receiving specialist
treatment for adolescent psychiatric disorders, which included severe
conduct disorder (the proband), panic and generalized disorder, learning
difficulties and educational disturbance, bizarre behaviour, and mixed
adolescent conduct and emotional disorders. No physical dysmorphisnts
were noted in the pedigree and there were no cases of mental handicap.
Thirty-four of the 77 family members studied carried the t( I: I I) rearrange¬
ment and 43 were karyotypically normal or had only a Robertsonian
translocation. Forty-nine per cent of family members who carried the
translocation had a psychiatric diagnosis, the others were psychiatrically
normal. Two family members with psychiatric diagnosis had died and could
not be karyotyped. By contrast, only 5 of the 43 members without the 1:11
rearrangement had a psychiatric diagnosis and none of these was major
mental illness.

Linkage studies on I lq in schizophrenia have recently been performed by
several groups, including our own. There is interest in the region because
two other translocations apart from the 1:11 have been found with hreak-

167



moi k:ui ar bio i ogy op schizophrenia

points on chromosome 1 1 but with reciprocal breakpoints on other
chromosomes. Two bear an association between schizophrenia and
albinism and tyrosinase maps to 1 lq. Three other candidate genes, includ¬
ing NCAM and dopamine 1)2 receptor mapped to the region. Although
these studies are generally negative, they are unable to exclude a major
locus responsible for up to 10—20% of the variance, a problem that makes
genetic linkage studies in schizophrenia difficult to interpret. We feel justi¬
fied, therefore, in having proceeded to attempt to clone the translocation
breakpoint. We have succeeded in showing that the breakpoint on 1 lq lies
between two consecutive genetically linked markers, tyrosinase and
DIIS3H8 ar llql. The reciprocal translocation chromosomes have been
segregated into stable mass human hybrids for quick assignment of newly
isolated markers and a WJX series of X-irradiation hybrids carrying llq
fragments selected with cell surface markers known to map above and
below the I Iq breakpoint have been constructed. To further narrow the
region of interest, we have, in collaboration with Andreas Weith in Vienna,
produced a series of microdissection libraries on unhanded chromosome
preparations of the region of interest. YAC clones of tyrosinase and
1)1 IS.188 have been isolated and working between these has begun. At the
same time, the microdissection clones and other markers are being exam¬
ined using pulsed-field gel electrophoresis and double-labelled in situ
hybridization. Candidate genes eliminated include tyrosinase, OMP and
adenosine receptor. Recent interest has also been focused on the 1 Iq region
owing to the mapping of Usher's syndrome to near the breakpoint. We
have identified a family where Usher's syndrome type 2 and schizophrenia
appear to co-segratc.

7.4 MUTATION ANALYSIS IN SCHIZOPHRENIA

Because no genes for schizophrenia have been unequivocally identified,
there have been virtually no studies examining genes using mutation analy¬
sis. Fourteen cases of schizophrenia were examined for mutations in the 1)2
receptor but no pathogenic mutations were found. Our own group has
recently been examining the amyloid precursor protein (APP) gene for
mutations in Alzheimer's disease. We examined not only cases that present
with straight operational criteria for definite or probable presenile
Alzheimer's disease but also a group with unusual or atypical presentation,
including some schizophrenics whose illness had run a chronic and deterior¬
ating course. A high proportion of schizophrenics have neuropathological
abnormalities (Roberts and Crow, 1987). While no consistent pattern
emerges, presumably owing to the heterogeneous nature of the disorder,
cerebral amyloid angiopathy and early-onset Alzheimer's disease are both
occasionally observed and families are reported who regularly present with
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schizophrenia a decade or so before classic symptoms of Alzheimer's disease
predominate.

We hypothesized that disease of the APP gene would resemble that caused
by the prion gene and be able to produce a variety of unexpected clinical
phenotypes. Using the chemical cleavage mismatch technique, we identified
a single abnormal ease, a chronic schizophrenia with progressive cognitive
decline. Subsequent direct sequencing of DNA from the affected case-
revealed a C—T nucleotide substitution that produces an alanine-to-valine
change at Codon 713 of the APP gene. We were unable to detect the
mutation using restricted digestion and dot blot hybridization in the remain¬
ing members of the original cohort, or in further chronic schizophrenics and
100 non-demented controls. None the less, the position of the mutation in a
critical region of the API' gene suggests that it is very likely to be pathogenic.
We are currently conducting further studies to determine whether mutations
in the APP gene are the first mutations to be identified that are pathogenic
for schizophrenia or whether our observation is a chance finding.

7.5 SUMMARY

To date, the molecular biology of and the genes responsible for schizo¬
phrenia are unknown. However, the powerful techniques for gene mapping
and mutation analysis now available mean the situation should change and
it is likely that a variety of genes involved in schizophrenia are likely to be
mapped, cloned and characterized within the next few years. Initial over-
optimism should not be replaced by pessimism as to the future prospects.

REFERENCES

Andrew, B., Watt, D.C., Gillespie, C. and Chapel, H. (1987) A study of genetic
linkage in schizophrenia. Psychol. Med., 17, 363—70.

Angst, J., Eelder, W. and Lohmeyer, H. (1979) Schizoaffective disorders: results of a
genetic investigation. /. J. Affective Disorders, t, 139—53.

Aschauer, H„ Ashauer Trieber, G., isenberg, K.E. ctal. (1990) No evidence for linkage
between chromosome 5 markers and schizophrenia. Ilum. Hered., 40, 109—15.

Barker, I)., Wright, E., Nguyen, K. et ill. (1987) Gene for von Recklinghausen neurofi¬
bromatosis is in rhe pericentric region of chromosome 17. Science, 236, 100-2.

Baron, M., Gruen, R., Rainer, J.D. et at. (1985) A family study of schizophrenic and
normal control probands: Implications for rhe spectrum concept of schizo¬
phrenia. Am. J. Psychiatry, 142, 447—55.

Bassett, A.S., McGillivray, B.C., Jones, B. and I'antzar, J.T. (1988) Partial trisomy
chromosome 5 cosegregating with schizophrenia. Lancet, 1, 799-801.

Blackwood, D.H.R., St Clair, D.M., Muir, W.J. and Duffy, J.C. (1991) Auditory
P300 and eye tracking dysfunction in schizophrenic pedigrees. Arch. lien.
Psychiatry, 48, 899-909.

169



MO! FCUl.AR BIOLOGY OI; SOI IIZOI'I IRLN1A

Bleuler, F. {1950) Itementia Praecox or the ('• roup of Schizophrenias, (tr. J. Zinkin),
International Universities Press, New York.

Bodmer, W.F., Bailey, C.J., Bodiner, J. ct al. (1987) Localization of the gene for
familial adenomatous polyposis on chromosome 5. Nature, 528, 014—6.

Cavance, W.K., Dryja, T.P., Phillips, K.A. ct al. (1985) Expression of recessive
alleles by chromosomal mechanisms in retinoblastoma. Nature, 505, 779—84.

Chada, R., Kulhara, P., Singh, T. and Sehgal, S. (1986) HI.A antigens in schizo¬
phrenia: A family study. Hr. J. Psychiatry, 149, 612—5.

Chamberlain, S., Shaw, J„ Rowland, A. ct al. (1988) Mapping of the mutation
causing Friedreich's ataxia to human chromosome 9. Nature, 554, 248—9.

Crow, T.J. (1986) The continuum ol psychosis and its implication for the structure
of the gene. Br. J. Psychiatry, 149, 4 19-29.

Davies, K.F., Pearson, P.I.., I farper, P.S. et al. (1985) Linkage analysis of two cloned
DNA sequences flanking the Duehennc muscular dystrophy locus on the short
arm of the human X chromosome. Nucleic Aciils Res., 11, 2505-15.

Detera-Wadleigh, S.D., Goldin, L.R., Sherrington, R. et al. (1989) Exclusion of
linkage to 5ql 1 — 15 in families with schizophrenia and other psychiatric dis¬
orders. Nature, 540, 591—5.

F.gcland, J.A., Gerhard, D.S., Pauls, D.I.. et al. (1987) Bipolar affective disorder
linked to DNA markers on chromosome I I. Nature, 525, 785-7.

Farmer, A.E., McGuifin, P. and Gottesman, I.I. (1987) Twin concordance for
DSM-III schizophrenia: scrutinizing the validity of the definition. Arch. Gen.
Psychiatry, 44, 654—4 1.

Franeke, IJ., Celts, 14.D, Demartinville, 11. et al (1985) Minor Xp2l chromosome
deletion in a male associated with expression of Duchenne muscular dystrophy,
chronic granulomatous disease, retinitis pigmentosa, and McLeod syndrome.
Am. J. Hum. Genet., 27, 250—67.

Friend, S.H., Bernhards, R., Rogeli, S. et al. (1986) A human DNA segment with
properties of the gene that predisposes to retinoblastoma and osteosarcoma.
Nature, .425, 645-6.

Goate, A.M., Flaynes, A.R., Owen, M.J. et al. (1989) Predisposing locus for
Alzheimer's disease on chromosome 21. I.ancct, 2, 552—5.

Goate, A., Charticr-Harlin, M-G., Mullan, M. et al. (1991) Segregation of a mis-
sense mutation in the amyloid precursor protein gene with familial Alzheimer's
disease. Nature, 549, 704—6.

Goldin, I .R., Delisi, 1..F. and Gershon, K.S. (1987) Relationship of HI.A to schi¬
zophrenia in 10 nuclear families. Psychiatry Res., 20, 69—77.

Gottcsman, I.I. and Shields, J. (1982) Schizophrenia, The F.pigenetic Puzzle.
Cambridge University Press, Cambridge.

Gricsingcr, W. (I 867) Mental Pathology and I herapeutics, 2nd edit, (tr. C i. I ockhart
Robertson and J. Rutherford), New Syndenham Society, London.

Gunderson, J.G., Siever, I .J. and Spaulding, I.. (I 985) The search for a schizotype:
Grossing the border again. Arch. Gen. Psychiatry, 40, 15-22.

Gusella, J.F., Wexler, N.S., Conneally, P.M. et al. (1985) A polymorphic DNA
marker genetically linked to Huntington's chorea. Nature, 506, 254-8.

Herrerra, I ., Kakati, S., Gibas, I,, et al. (1986) Gardner syndrome in a man with an

170



K1 H RI N( IS

interstitial deletion of 5q. Am. J., Med. Genet., 25, 475—6.
Kancko, Y., Egues, M.C. and Rowley, J.I). (19X1) Interstitial deletion of short arm

chromosome 1 1 limited to Wilms tumor cells in a patient without aniridia.
(lancer Res., 41, 4577—8.

Kendell, R.E. (1987) Diagnosis and classification of functional psychoses. Br. Med.
Bull., 43, 499-513.

Kendell, R.E. and Brockington, I.F. (1981) The identification of disease entities and
the relationship between schizophrenic and affective psychoses. Br. J.
Psychiatry, 137, 324-31.

Kendell, R.E. and Gourlay, J. (1970) The clinical distinction between the affective
psychoses and schizophrenia. Br. J. Psychiatry, 117, 257—60.

Kendler, K.S. and Gruenberg, A.M. (1984) An independent analysis of the
Copenhagen sample of the Danish adoption study. VI. The pattern of psychia¬
tric illness, as defined by DSMIII in adoptees and relatives. Arch. Gen.
Psychiatry, 4 I, 555—64.

Kendler, K.S., Grueriberg, A.M. and Tsuang, M.T. (1985) Psychiatric illness in first
degree relatives of schizophrenic and surgical control patients. Arch. Gen.
Psychiatry, 42, 770-9.

Kennedy, J.I.., Guiffra, L.A., Moises, H.W. et al. (1988) Evidence against linkage of
schizophrenia to markers on chromosome 5 in a northern Swedish pedigree.
Nature, 336, 167—70,

Kety, S.S. (1983) Mental illness in the biological and adoptive relatives of schizo¬
phrenic adoptee; findings relevant to generic and environmental factors in
etiology. Am. J. Psychiatry, 140, 720—7.

Kety, S., Rosenthal, D., Wender, P. and Schulsinger, E. (1968) The type and
prevalence of mental illness in the biological and adoptive families of adopted
schizophrenics, in The 't ranslation of Schizophrenia, (eds S. Kety and D.
Rosenthal), Pergamon Press, Oxford.

Koenig, M., Hoffman, E.P., Bertelson, C.J. et al. (1987) Complete cloning of the
Duchenne muscular dystrophy (DMD) cDNA and preliminary genomic organ¬
ization of the DMD gene in normal and affected individuals. Cell, 50, 509—17.

Kraepelin, E. (1919) Dementia Praecox and Paraphrenia, (ed. G.M. Robertson), E.
& S. Livingstone, Edinburgh.

McGuffin, P., Eestenstein, H. and Murray, R. (1983) A family study of HI.A
antigens and other generic markers in schizophrenia. Psychol. Med.. 13, 31-43.

McGuffin, P., Sargeant, M., I letri, G. et id. (1990) Exclusion of schizophrenia
susceptibility gene from the chromosome 5cj I 1 —q!3 region; new data and
reanalysis of previous reports. Am. /. Hum. Genet., 47, 524—35.

Merry, D.E., Lesko, J.G., Sin, V. et al. (1990) DX165 detects a translocation
breakpoint in a woman with choroideremia and a de novo X;13 translocation.
Genomics, 6, 609—15.

Monaco, A.P., Neve, R.E., Coletti-keener, C. et al. (1986) Isolation of candidate
CDNA for portions of the Duchenne muscular dystrophy gene. Nature, 323,
646—50.

Nakamtira, Y., Lepperr, M., O'Connel, P. et al. (1987) Variable number of tandem
repeats (VN I R) marker for human gene mapping. Science, 235, 1616—22.

171



MOI KCUl.AR BIOI OGV Ol SCHIZOPHRENIA

Reeders, S.T., Breuning, M.H., Davies, K.E. et al. (1985) A highly polymorphic
DNA marker linked to adult polycystic kidney disease on chromosome 16.
Nature, 5 17, 542—4.

Kiordan, J.R., Rommcns, J.M., Kerem, B-S. et al. (1989) Identification of the cystic
fibrosis gene: cloning and characterization of complementary DNA. Science,
245, 1066—75.

Roberts, G.W. and Crow, T.J. (1987) The neuropathology of schizophrenia — a
progress report. Br. Mai. Bull., 44, 599—615.

Roberts. I.. (1990) Down the wire for the NF gene. Science, 249, 256—8.
RoyerT'okora, B., Kunkcl, 1..M., Monaco, A.P. et al. (1986) Cloning the gene for the

inherited disorder chronic granulomatous disease on the basis of its chromo¬
somal location. Nature, 522, 24-8.

Sherrington, R„ Brynjolfsson, J., I'etursson, II. et al. (1988) Localization of a
susceptibility locus for schizophrenia on chromosome 5. Nature, 556, 164—7.

St Clair, I)., Blackwood, D., Muir, W. el al. (1989) No linkage to chromosome
5c| I I —c| 14 markers to schizophrenia in Scottish families. Nature, 559, 505-9.

'Istiang, M.T., Winokur, Ci. and Crowe, R.R. (1980) Morbidity risks of schizo¬
phrenia and affective disorders among first degree relatives of patients with
schizophrenia, mania, depression and surgical conditions. Br. J. Psychiatry,
147, 497-504.

Tsui, I -(.., Buchxvald, NL. Barker, I). et al. (1985) Cystic fibrosis locus defined by a
genetically linked polymorphic marker. Science, 240, 1054—7.

Turner, W.J. (1979) Genetic markers for schizophrenia. Biol. Psychiatry, 14, 177—
206.

Wallace, VI.R., Marchuk, D.A., Andersen, 1..B. et al. (1990) Type 1 neurofibro¬
matosis gene: identification of a large transcript disrupted in three NFI patients.
Science, 249, 181-6.

Wcatherall, D.J. (1991) The New Genetics anil Clinical Practice, 5rd edn., Oxford
University Press, Oxford.

Weber, J.I . and May, I'.F. (1989) Abundant class of human DNA polymorphisms
which can be typed using the polymerase chain reaction. Am. }. Hunt. Genet.,
44, 488-96.

172



 



720 )l*Wft l-lscvicr Science 15 V. All rights icservctl.
Recent Advances in Clinical NeuiupliysHilogv.

J Kiiiiura and II Shibasaki. editors
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The P300 response and other long latency event-related potentials (ERPs) have
generally been reported to be abnormal in latency and amplitude in a proportion ol"
schizophrenic subjects compared with controls. These changes arc not all stale
dependent and cannot be entirely explained as an efleet of medication or clinical state
at the time of testing. Studying biological relatives of schizophrenic patients is a way
of investigating whether a variable reflects clinical state or is a trait marker associated
with a genetic predisposition to a disease. Reduced amplitude of late positive HRPs
has been reported in children at risk | 11. prolonged latency of N2 and P300 has been
found among other high risk relatives |2.3| and reduced P300 amplitude was found
in parents unci siblings of schizophrenic probands |4|. However, other studies have
reported no clear P300 abnormality in the offspring of schizophrenic mothers,
including some who had developed schizophrenia spectrum disorder |5,h|.

The origin of the scalp-recorded P300 remains unknown, but evidence from
several sources, including topographic analysis |7|. depth electrode recording |S| and
study of neurological patients with discrete lesions |9|. points to an essential role for
the auditory cortex and associated areas in the superior temporal and inferior parietal
regions in P300 generation.

We have investigated the relationship between the amplitude and latency of P300
and regional cerebral blood flow in schizophrenic patients and their relatives using
single photon emission tomography (SPED with the intravenous blood flow marker
'"'"Tc-Exainetazine to test the hypothesis that P300 changes in schizophrenia are
related to blood flow changes in specific brain regions. In a previous study | 101.
SFET was carried out in 14 acutely ill, drug-lree schizophrenic patients from whom
P300 ERP was measured within a few days of scanning. These schizophrenic patients
had significantly delayed P300 latency and reduced P300 amplitude compared to con¬
trols. and P300 latency showed a positive Pearson product-moment correlation with
regional perfusion in the left frontal (r = 0.63. p = 0.01) and the left parietal region
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(r = 0.7. p = 0.006). P300 amplitude, however, showed no significant correlations
with regional uptake in any of the regions examined. This study had drawbacks
because a region of interest analysis required the assumption ol a reference region tin
this case the occipital cortex), and only preselected regions of the brain are studied.

Patients and relatives imaging study

In the second study, the analysis of SPKT data used the method of statistical
parametric mapping (SPM) which examines data from the entire scan while making
suitable adjustments for multiple comparisons. Seventeen schizophrenic subjects and
45 of their nonschi/.ophrenic relatives were included. Thirty ol these relatives had no
clinical symptoms. Patients were scanned using a single slice 12 detector scanner
(SME-MULT1-X 810 Strichman) with an in-slicc resolution of 7.5 mm at a slice
thickness of 15 mm. and a sensitivity of 520 counts/s/kBq/ml | I I |. Plight transaxial
slices parallel to the orbitomealal plane were acquired. A midvenlricular slice
including the basal ganglia and a slice approximately 2 cm above were analysed.

ERPs were recorded by standard procedures 112.13] within a few days of SPKT
imaging. The band width was 0.16 to 30 Hz ( 3 dB) and data were sampled at a rate
of 250 11/ by ;m analogue to digital converter with a 12-bit resolution. The data
sweep commenced with the collection of 244 nts of preslinnilus baseline EHG.
followed by the stimulus and 752 ids of poststimulus data. Data exceeding ±45 pV
caused automatic rejection of the whole data sweep from all channels. Stimulus
probability was set at 1:10 rare to frequent. Stimuli, generated in random order,
consisted of 40 ms tones at 1.000 11/ (frequent) and 1,500 11/ (rare) delivered
binaurallv at 75 dB SPI. through headphones. The P300 latency (ins) was measured
by the least mean square method |13| and the amplitude was defined as the highest
point in the curve. Recordings were taken from the midline parietal load tl',1 because
in other studies this maximised the discrimination between schizophrenic and control
groups 112].

SPM projections of the globally adjusted tracer uptake were correlated with P300
latency at the P/ electrode site. No differences in perfusion were found in a

comparison between schizophrenics and the control group, nor between schizophren
ics and the whole group of "high risk" relatives. However, in the relatives group
P300 latency was not normally distributed and conformed to a bimodal distribution.
Eighteen relatives were classified as belonging to the "long P300 latency" group, and
this group was analysed separately from the group of relatives who had shorter P300
latencies within the range found in controls. In the schizophrenic group and in the
"long P300" relatives group. P300 latency was significantly positively correlated w ith
regional cerebral blood flow in left temporoparietal regions, whereas no significant
correlation of P300 and blood How was found in any region in the control group or
in the group of relatives with normal P300 latency.

This study therefore confirms previous findings |l()| of a correlation between
increased P.300 latency and increased perfusion in left temporoparietal regions in
subjects with schizophrenia, and extends these findings to a group of "high risk"
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relatives. Changes in long latency l-RPs and their association with left temporal lobe
dysfunction as measured by SPET arc clearly independent of medication and the
clinical symptoms of schizophrenia, and thus may help to clarify the relationship
between genotype and phenotype in this disorder.
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7
Genetics
Douglas Blackwood Walter Muir

INTRODUCTION

The discovery of the genetic basis of many diseases,
including several involving the nervous system, has
been one of the triumphs of recent science and the
methods of genetic and physical mapping are being
increasingly applied to common complex psychiatric
disorders and, indeed, to the entire range of behaviour¬
al phenotypes. The genetics of specific psychiatric dis¬
orders will be found in the appropriate chapters of this
volume. This chapter is an overview of the relevant
genetic concepts and the methodologies used to identi¬
fy genes for inherited disorders.

CHROMOSOMES AND CELL DIVISION

Chromosomes occur in the cell nucleus, and arc a com¬

plex assemblage of deoxyribose nucleic acid (DNA)
and proteins. DNA is coiled around pairs of histonc
protein subunits, with a cluster of four such pairs being
termed a nucleosomc. These units in themselves are

coiled into the densely packed architecture of the chro¬
mosome which reaches its most compact form during
the metaphase period of cell division, when the chro¬
mosomes are visible under the microscope. Each chro¬
mosome is divided into a long (q) and a short (p) arm
by the centromere, which attaches to the spindle appa¬
ratus and plays a major role in chromosome assortment
during cell division. The chromosome ends - the
telomeres - arc functionally specialised, stabilising the
chromosome and preventing loss of DNA during its
replication. In the acrocentric group of chromosomes
the short arms are very small and contain little coding
DNA. Individual chromosomes can be distinguished by
DNA and protein stains (Verma & Babu 1995). One of
the earliest methods, and still the most common, uses

Giemsa (G-banding) to produce a series of dark bands
interrupted by non-staining zones unique to each chro¬
mosome pair, allowing the fine structure of chromo¬

somes to be studied. Banding methods led to the dis¬
covery of disorders associated with chromosomal dele¬
tions, insertions and movements of chromosomal
material from one chromosome to another (transloca¬
tions) or within the same chromosome (inversions).

Most human cells have 44 autosomes and two sex

chromosomes (46; the diploid count) and sperm and
ova have 23 chromosomes (the haploid count).
Autosomes are numbered from 1 to 22 on the basis of
overall length. The karyotype is a term expressing the
total number of chromosomes, the sex chromosome
complement, and the particulars of any abnormalities
of an individual. Thus a normal human female would
be 46,XX, whereas a man with Down's syndrome (tri¬
somy 21) could be 47,XY,+21.

Somatic cells divide by mitosis, in which each chro¬
mosome is duplicated during prophase of the cell cycle
to form double chromosomes joined at the centromere

(sister chromatids) before the total complement is
shared equally between the two daughter cells. Gamete
formation by meiosis follows a different route. During
prophase an initial duplication of chromosomes forms
sister chromatids, which then pair together to exchange
chromosomal material by the process of recombination,
in which bridges of chromatin (chiasma) loop out to
enact reciprocal exchanges from one chromatid to the
other. Recombination is the first of three essential

processes (recombination, random assortment of chro¬
mosomes at fertilisation, and DNA mutations) that
establish the molecular individuality of the organism,
maintaining the evolutionary diversity and strength of
the gene pool. Recombination rate, the physical basis of
linkage analysis, can be used as an estimate of the dis¬
tances between two points on a chromosome because
the greater the physical distance between two markers
the more likely they are to be separated during meiosis.
Mciosis proceeds to a second rneiotic cell division,
without duplication of chromosomal material, produc¬
ing four gametes with a haploid count of chromosomes.
In the formation of ova only one of the four gametes
survives as an ovum, the others form polar bodies.
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GENES AND DNA

The DNA in chromosomes

The well-known double helix is composed of a linear
array of DNA forming two strands (a duplex) of linked
nucleotides composed of a base - adenine (A), cytosine
(C), thymine (T) or guanine (G) - linked to a sugar

(deoxyribose) joined to the next nucleotide by a phos¬
phate bond. Strands form complementary pairs (A to T
and C to G) and the length of a DNA sequence is usu¬

ally measured as numbers of base pairs. The average
human genome is estimated to be around 3000 million
base pairs (3000 Mbp) and to have up to 100000
genes. Thus, ignoring differential lengths, each chro¬
mosome has on average 130 Mbp and will contain
around 4000 genes, 30% of which may be related to the
development and function of the central nervous sys¬
tem.

Genes are not evenly shared between chromosomes,
nor homogeneously distributed within them (Bickmore
& Craig 1997). Surprisingly most DNA, in some esti¬
mates over 90%, does not have a known coding func¬
tion but includes stretches of repeat sequence
nucleotides (tandem repeats). The centromeres are
bracketed by long stretches of large repeats of several
hundred nucleotides (satellite DNA) which form into
dense heterochromatic non-coding regions (the C-
bands). Smaller repeats are very frequent in the other
areas of the chromosome, those of several tens of
nucleotides are sometimes termed minisatellites, and
those of a few nucleotides microsatellites. The total
number of repeats of these monomers (and the overall
size of the block) is often highly variable in the popula¬
tion, but stably inherited; they are used as polymorphic
markers in linkage and association studies.

The function of genes

A gene (sometimes called a cistron) is a complex unit
ranging from around 100 bp, as in the gene coding for a
type of human transfer RNA molecule, to over 2 mbp
for the dystrophin gene whose mutations lead to the
Duchenne and Becker muscular dystrophies (Lewin
1997). Within any gene are stretches of DNA, called
exons (dystrophin has 79 exons), which code for the
amino acid units of a given polypeptide, separated from
each other by non-coding intron sequences. Within an
exon a sequence of three nucleotides (a codon) on one
strand of DNA will define one specific amino acid for
the polypeptide chain - the genetic code - and there is
considerable redundancy with only 20 amino acids but
64 different codons. Some codons do not code an

amino acid but instead act as signals for the cessation of

polypeptide building (stop codons). The processes of
transcription and translation by which the genetic code
of DNA dictates the formation of specific proteins are
mediated by messenger RNA (mRNA) and transfer
RNA (tRNA). First mRNA is transcribed from a DNA
template by the action of RNA polymerase enzymes in
the nucleus, and subsequently the introns are excised
and the exons spliced into a single linear sequence. The
mRNA is further processed by the addition of
sequences at each end (cap and polyadenylate tail)
before passing from the nucleus to the cytoplasm,
where it binds to a ribosome for protein synthesis. The
mRNA moves through the ribosome like a tape through
the head of a recording machine as tRNA assembles
amino acids in the appropriate sequence until the com¬

pleted polypeptide is released. In addition to coding
sequences a gene also has regulatory elements, includ¬
ing a promoter sequence just upstream of the first exon,
needed to initiate transcription, and enhancers that
influence promoter effectiveness. The promoter and
enhancer complexes are important in the control of
transcription. The presence of an enhancer element up
to several thousand base pairs away from the (3-globin
gene promoter has been found to produce a 200-fold
increase in transcription activity. Homeodomain pro¬
teins are one important class of regulatory factors. The
genes that code for these proteins are termed homc-
oboxes (or Hox boxes) and are important in controlling
development. A series of human diseases occur with
mutations in hox genes, including malformations of the
eye (aniridia, anophthalmia, etc.) and brain (schizen-
ccphaly, X-linked mixed deafness, and a form of
hypopituitarism). One type of homeobox, PAX6, is
involved in a variety of human developmental eye and
brain disorders (Freund et al 1996).

Mutations in genes

Gene mutation denotes a change in the coding infor¬
mation of a gene through changes in the sequence of
nucleotides. The types of mutation are various, from
single base pair changes, through to insertion or dele¬
tion of many bases. There are many detailed reviews of
this important area (for example, Malcolm 1994,
Cooper et al 1995). Mutation is an essential compo¬
nent of life and a source of molecular individuality, pro¬

viding one mechanism for adapting to environmental
changes. For instance, an immense number of haemo¬
globin variants have evolved under the selective envi¬
ronmental pressure of malaria infection. Over 120
mutations are known in the (3-globin gene and others in
a-globin which protect against malarial infection but also
confer (3- or a-thalassaemia, possibly the most common
genetic disorder in the world (Weatherall 1996).

220



GENETICS

Mutations in coding regions of genes can lake several
forms. A single base pair substitution may occur in a
codon. The base pair substitution may be due to a truly
random stochastic error in the DNA replication mecha¬
nism - a simile would be a typographical error of one

letter, in a word, when copying a long paragraph of text.
The sense of that word may be completely different to
the original. The cell has various error correction
(proof-reading) mechanisms which pick up some mis¬
takes, but these occasionally fail and allow the error to
stand. The single substitution can have one of three
outcomes: it create a new codon, causing the insertion
of an incorrect amino acid into a protein (missense
mutation - the most common); it can create a stop
codon terminating the polypeptide chain prematurely
(nonsense mutation); or it can create another codon
coding for the same amino acid and thus have no over¬
all effect (a silent mutation). All three forms of muta¬
tion (and many others) have been described in the gene
for the cystic fibrosis transporter protein.

Coding region mutations can also arise from dele¬
tions. In the extreme, an entire gene or series of genes
can be incorporated in deletions of many thousand base
pairs. Small deletions have been shown to be important
in several conditions comprising the contiguous gene
syndromes (Ledbettcr & Ballabio 1995). These often
have highly variable phenotypes, and arise from chro¬
mosomal rearrangements involving several genes on a
chromosomal segment, leading to gene dosage anom¬
alies - partial monosomies and trisomies. These
rearrangements are often subtle and below the level of
classical chromosome banding methods. The most
common of the rearrangements seem to be microdele-
tions as in the Miller-Dieker (17pl3.3), DiGeorge/
velocardiofacial (22qll.2), Smith-Magenis (17pl X.3),
Rubenstein-Taybi syndromes (16pl3.3), or microdele-
tions with imprinting effects, described below for the
Pradcr-Willi/Angelman syndromes (15q 11—13). All
these syndromes have learning disability as a compo¬
nent in conjunction with a set of other clinical features.
Beckwith-Weidmann (1 lp 15.5), by contrast, involves a

duplication and paternal imprinting. The origin of the
submicroscopic abnormalities can either be de novo or
based on a cryptic parental translocation or inversion
(e.g. in the Miller-Dieker syndome, and the Kallman
syndrome on the X chromosome), leading to multiple
cases in the same sibship. Unstable triplet repeats arc

duplication mutations that cause several neuropsychi¬
atry conditions. Repeats within the coding regions
cause Huntington's disease and the spinocerebellar
ataxias. Triplet repeats outwith the coding frame cause
a second group of disorders, including myotonic dys¬
trophy and the recessive condition Friedreich's ataxia
(Klockgether & Dichgans 1997). The first such condi¬

tion described was the fragile X syndrome, and this is
discussed in detail in Chapter 22.

Mutations in non-coding regions can also have phc-
notypic effects. Elimination or creation of splice sites
can alter mRNA formation. Mutations have also been
described in DNA coding for the capping and tailing of
mRNA. A final site for mutation effects in genes is in
die promoter and enhancer regulatory sequences, espe¬

cially in the binding motifs. Such mutations can either
upregulate or downregulate gene transcription.

PATTERNS OF INHERITANCE

Chromosomes containing genes, and the mutations
they may harbour, are passed down from generation to
generation. Complementary genes on both members of
a pair of autosomes in a cell are usually (but not always)
active. Thus a mutation silencing the transcription of a

gene on one chromosome usually leads to a reduction
(haploinsufficiency), not absence, of a gene product.
The level of this product may be enough to allow the
cell to function normally, and in such cases there would
be no phenotypic consequences of the mutation, until
the other gene was also made dysfunctional by a sepa¬
rate mutation. At the other extreme the silencing or

downregulation of one gene of the pair is not compen¬
sated by the other, and a disease process results. These
two conditions have implications for the phenotypic
expression of a mutated gene in a family: the first will
show classical recessive inheritance and the second
dominant inheritance. It was the study of such patterns
of inheritance in plants that led Mendel to propose that
quantal genetic factors were being inherited, and disor¬
ders due to the inheritance of a single mutated gene

(monogenic disorders) arc often said to be mendelian.
Recessive conditions rely on the second gene also being
mutated (the person is said to be homozygous for the
mutated gene; if the two mutations in the genes are dif¬
ferent they are said to be compound heterozygotes).
The chances of this occurring in a rare condition will be
increased if the parents are related. Thus there is often
an increased rate of consanguinity in families express¬

ing a rare recessive disorder, and in certain ethnic
groups where this is relatively common, recessive disor¬
ders may be vastly overrepresentcd. However, this does
not apply to more common recessive disorders such as

cystic fibrosis (1:2500 live births). Here the rate of car¬

riage of mutant genes is high in the general population,
and either new mutations arc frequent, or carriage of
the mutation confers a reproductive advantage of some
form. If both parents have one copy of the mutant gene

(are heterozygous for this gene), then, on average, one
in four of their children will be affected. There may be
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no evidence of any other eases in previous generations,
and the disease may apparently only appear in the chil¬
dren ('horizontal' inheritance). A theoretical example of
a family showing recessive inheritance can be found in
Figure 7.1. Overall, recessive conditions are rather rare,

occurring in 2-3 per 1000 live births. Dominant disor¬
ders are more common (up to 7 per 1000 live births).
Truly dominant disorders will be equally apparent in
people carrying one (heterozygote) or two (homozygote)
mutant genes. There are few, if any, completely domi¬
nant disorders, the closest probably being Huntington's
disease (1:2500 live births). Dominant conditions, on

average, affect subjects in all generations ('vertical
inheritance') with around half of a sibship being affected
(Fig. 7.1). Unless a new mutation has arisen, one of the
parents of an affected child will express the condition.
Most such disorders are not fully dominant however, and
the expression of the disease state in heterozygotcs and
homozygotcs can be very variable. The penetrance of the
condition is the proportion of people with a mutated
gene on one chromosome (i.e. hetcrozygotes) showing
any feature of the disease. The third type of mendelian
disorder is due to a mutated gene on the sex chromo¬
somes. Males can only pass on their Y chromosome to
their sons, so that there will be no male-to-male vertical
inheritance in X-linked conditions but affected males are

more common in X-linked pedigrees (Fig. 7.1). The
mothers of an affected male will be carriers of the gene

mutation, and either be unaffected (X-linkcd recessive)
or affected (X-linkcd dominant). The fragile X syndrome
has a modified inheritance pattern, and the most com¬
mon mendelian X-linked disorders are probably the
Duchennc muscular dystrophies (1:3000 live births).

Sometimes one gene may interact with another gene
on the same or a different chromosome to influence the

expression of a phenotype - a situation termed epista-
sis. An example of a gene-gene interaction affecting
expression of a disease is the human leucocyte antigen
(HLA) system on chromosome 6. Around 90% of peo¬

ple who have ankylosing spondylitis have the HLA-B27
allele, whereas only a small percentage of carriers of this
allele in the general population will have the disease
(Tomlinson & Bodmer 1995). In polygenic (literally
many genes) or oligogenic (a few genes) conditions the
clinical phenotype is the result of contributions from
many different genes. A dozen different genes on nine
different chromosomes contribute to the development
of insulin-dependent diabetes mellitus (IDDM) of
which one locus (IDDM1) contributes around 30% of
cases and interacts with the HLA system. A second
locus (IDDM2) is due to variation at a repeat sequence
at the insulin gene - a case of a pathogenic polymor¬
phism in a non-coding region (Cordell & Todd 1995).
The power of genetic investigation in psychiatry is

clearly shown by the recent findings in dementia. At
one time it was seriously questioned whether genes
could be found contributing to any but the rarest causes
of litis condition. It is now known that a proportion of
presenile familial dementia of the Alzheimer's type can
be caused independently by mutations in three different
genes (prcsenilin I and II genes on chromosomes 14
and 1, and Alzheimer's precursor protein gene on chro¬
mosome 21). A locus for late-onset dementia has been
found on chromosome 19 and further complexity is
added by the apolipoprotein E gene (ApoE), specific
alleles of which have an epistatic effect of increasing risk
or of protecting against the development of dementia.

In addition to one disease arising from mutations in
many different genes, there may be a host of different
pathogenic mutations within one single gene. Almost
600 different mutations (mainly missense) have been
found in the cystic fibrosis transmembrane conduc¬
tance regulator gene (CFTR) associated with cystic
fibrosis, and again there may be an important modifier
locus altering the severity of the disease (Estivill 1996).

There has been an explosion of knowledge about
other disorders also thought to be complex such as non-

syndromic hearing impairment, which is hugely geneti¬
cally heterogeneous and clinically variable with over 30
different chromosomal loci so far identified (Van Camp
et al 1997), and inherited cancers including the com¬
mon breast-ovarian and breast cancer syndromes. For
almost all dominant forms of cancer the relevant genes
have now been cloned (Brown & Solomon 1997).
There is no overriding reason to believe that psychiatric
disorders should be less amenable to investigation.

NON-MENDELIAN INHERITANCE

Anticipation
There are now many inherited disorders that do not
conform to the simple rules formulated by Mendel. The
classical case, fragile X syndrome, is described in detail
in Chapter 22.

It has been long known that anticipation, the phe¬
nomenon in which a disease has an earlier age of onset
and increased severity in succeeding generations, has
been described in bipolar disorder (Mclnnis 1996).
Triplet repeat expansion, the basis of anticipation in the
fragile X syndrome, has not yet been convincingly
found in major psychosis. Other unstable repeat
sequences may be important. For instance, an expan¬
sion of a minisatellite on chromosome 2 1 in the pro¬
moter region of the crystallin B gene seems to be
responsible for progressive myoclonus epilepsy type 1
(see Buard & Jeffreys 1997 for review).
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.1

Classical Autosomal Dominant -

Homozygotes clinically affected
Heterozygotes clinically affected

Classical Autosomal Recessive -

Homozygotes clinically affected
Heterozygotes are unaffected carriers

Classical X-linked Recessive -

All males are clinically affected
Homozygous females (rare) are clinically affected
Heterozygous females are carriers

□ (clinically affected in X-linked dominant)
X V

X X

Fig. 7.1 Classical patterns of inheritance in mendelian disorders. The diagrams show
hypothetical family trees and chromosome pairs for selected individuals. In the
pedigrees circles represent females and squares males. Filled symbols are clinically
affected individuals; a single dot in the centre of the symbol represents a clinically
unaffected carrier. The double line in the autosomal recessive pedigree represents a
first- cousin (consanguineous) marriage. In the chromosome diagrams a black band
signifies that there is a mutated gene present, a white band that the chromosome
carries a normal gene.
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Parent of origin effects (imprinting)

Parent of origin effects, where different phenotypes arc
associated with paternal and maternal inheritance of a

disorder, have been described in a variety of disorders.
The mechanism of this effect is thought to lie in the dif¬
ferential contribution of genes from each parent
through so-called imprinting of genes in the germlinc.
Such inherited changes, affecting phenotype but not
involving change in the genotype, are termed epigenet-
ic. By some mechanism the germline DNA must initi¬
ate events at or after fertilisation that result in the

selective activation or inactivation of genes originating
from one parent rather than the other. It also follows
that in the child's germline these imprints must be reset
to allow new imprints to be acquired (Ferguson-Smith
1996). Again this has been described in the fragile X
syndrome. Perhaps the most vivid illustration, however,
is the locus on the long arm of chromosome 15, which
is involved in two conditions associated with learning
disability - Prader-Willi and Angelman syndromes.
The Prader-Willi syndrome (PWS) occurs in
1:10 000-20 000 live births, and mild to moderate
learning disability is associated with short stature,
hypogonadism and a behavioural disorder that involves
overeating, leading to severe obesity if unchecked.
Angelman syndrome is rarer (around 1:30 000) and
phenotypically very different, with severe learning dis¬
ability, ataxia, epilepsy, inappropriate paroxysms of
laughter, absence of speech and a characteristic facial
appearance. PWS is caused by absence of activity of
genes at 15q 11 — 13 inherited from the father. Loss of
paternally inherited gene function can occur by several
means, and thus PWS is aetiologically heterogeneous.
Most cases (75%) are due to a deletion of genes on the
paternally derived chromosome 15. Most of the other
cases are due to a phenomenon termed uniparental dis¬
omy (UPD), illustrating yet another form of non-
mendelian genetic disorder. UPD results from the
inheritance of a pair of chromosomes, both derived
from the same parent. This is thought to occur in sever¬
al ways. Non-disjunction of a haploid gamete at meiosis
can lead to a duplication of chromosome 15. Fusion
with sperm will result in a trisomic state in which two
chromosomes 15 will be derived from the same parent.
Further chromosome loss from the set may result in
these two chromosomes 15 from the same parent being
left in the cell. The diploid gamete may also fuse with a

gamete that has completely lost chromosome 15, again
causing both chromosomes to be derived from one par¬
ent. Finally there may be fusion of a gamete that lacks a
chromosome 15 with a normal gamete. The resulting
duplication of the single gamete gives a 'twin' of the
gamete (a condition called isodisomy, as opposed to

both chromosomes originating from the pair possessed
by one parent). This novel genetic mechanism also
occurs in other conditions, and, for instance, has been
described for chromosome 7 in a case of cystic fibrosis.
The implication of UPD and deletions for PWS is that
the maternally derived homologues do not compensate
for loss of the paternally derived genes. In essence the
normal state of the relevant genes on chromosome 15 is
that only the paternally derived gene is active - a func¬
tional monosomy - as opposed to the usual case for
autosomal genes where both copies are expressed. The
prime candidate for the gene involved is small nuclear
ribonucleoprotein polypeptide N. Very rarely in PWS
imprinting or deletions are not seen, and in such cases a

point mutation in the relevant gene may be important.
Angelman syndrome is the complement of PWS and
results from silencing of a gene on the chromosome of
maternal origin. Again most cases (70%) are due to a
deletion at 15qll-13, but this time on the maternally
derived chromosome. UPD (both chromosomes pater¬
nally derived) may account for a small number of cases

(2%). The remaining cases may be due to direct muta¬
tions.

Cytoplasmic inheritance
The mitochondria contain DNA that resides outside

the nucleus and thus does not segregate in meiosis. In
man the mitochondrial DNA (mtDNA) is small (around
16.5kb), has been entirely sequenced and contains
genes particularly involved with oxidative phosphoryla¬
tion. Since sperm have no mitochondria, inheritance is
purely maternal. However, most cells have several
copies of this genome, and mutations have been associ¬
ated with a variety of human neurodegenerative dis¬
eases, including a form of deafness. The mutation may

only occur in some of the copies and the expression of
the conditions can be very variable.

Quantitative trait loci
The methods of quantitative genetics may also help to
elucidate the inheritance patterns of major mental ill¬
nesses and other common disorders including addic¬
tions, anorexia, reading disability and a vast range of
behavioural and personality traits. In contrast to a 'one-
gene, one disorder' hypothesis, these complex pheno¬
types may be considered as quantitative traits that are
the result of an interplay of several (perhaps many)
genes which individually are neither necessary nor
sufficient to produce the phenotype. These multiple
gene effects arc of varying magnitude and act like risk
factors, additively and interchangeably contributing to
the vulnerability to the disorder. Genes contributing to
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ihe variance in quantitative traits are termed quantita¬
tive trait loci (QTL). The term QTL is almost synony¬
mous with polygenic (many genes) or oligogenic (a few
genes) but quantitative trait analysis considers geno¬

types to be distributed quantitatively as dimensions in a

population and not as as dichotomous diagnoses
(Plomin et al 1994).

The methods of QTL analysis have been particularly
successful in leading to the detection of loci implicated
in reading disorder (Grigorenko et al 1997).

FAMILY STUDIES

First-degree relatives (parents, siblings and offspring)
share an average of 50% of their genes, and second-
degree relatives (aunts, uncles, grandparents and
grandchildren) share approximately 25%. To confirm
genetic transmission of complex disorders, including
most psychiatric conditions, epidemiological studies
measure familial aggregation by comparing rates of ill¬
ness in relatives of cases with relatives of controls. The
rates of schizophrenia (Gottesman & Shields 1982,
Kendler et al 1993), affective disorders (Tsuang &
Faraonc 1990), anxiety disorders (Mendlewicz et al
1993), personality disorders and a range of behaviours
(Yeung ct al 1993) arc higher among relatives of affected
probands than among relatives of controls, but segrega¬
tion analysis, the statistical method by which the
observed proportion of affected relatives is compared
with the proportion expected according to a particular
genetic hypothesis, fails to show classical mendelian
modes of inheritance. In the case of major psychiatric ill¬
ness it is possible that a variety of genetic and environ¬
mental factors can interact to produce phenotypes that
are clinically indistinguishable; they are said to be geneti¬
cally heterogeneous. Families showing apparent domi¬
nant, recessive and X-linked inheritance patterns have
been described for these illnesses, and there is
justification in supposing that all may truly coexist, acting
through different mutations on different chromosomes.

Family studies are easy to carry out but their inter¬
pretation is limited because, in general, the closer the
relationship, the greater the shared culture and environ¬
ment. A family history of an illness is not enough to
define a condition as being genetically based; for exam¬

ple, infection by tuberculosis may run in families entire¬
ly as a result of poor diet and housing and other purely
environmental causes.

ADOPTION STUDIES

Adoption studies arc one of the most powerful ways to

disentangle genetic from environmental influences on a
disease. The three main designs of adoption studies arc:

• Parent as proband Heston (1966) in the Oregon
Schizophrenia Study was able to trace in adulthood
47 individuals who had been adopted shortly after
birth when their mothers had been receiving
institutional care for schizophrenia. Rates of illness
were compared with 50 adopted offspring of
mothers without psychiatric illness. The striking
finding of this study was a significant increase in
schizophrenia in the adoptees whose mothers were

schizophrenic (5/47) compared with 0/50 in the
control group.

• Adoptee as proband In this approach adopted
children who become ill are ascertained and rates of
illness are compared in their biological and their
adoptive families. This design was followed in the
Danish adoption study of schizophrenia wheh
showed a significantly higher rate of schizophrenia
(20%) among 118 biological relatives than among
224 adoptive relatives (6%) (Kety et al 1976, Kcty
1983).

• Cross fostering design This compares the rate of
illness in two groups of adoptees, one group has ill
parents, and after adoption has been raised by well
parents; the second group has well biological parents
but has been brought up in a family where a parent
has become ill.

The choice of methodology will depend on the avail¬
able methods of ascertainment. Children adopted
shortly after birth will still have experienced the prena¬
tal and perinatal environment provided by their biologi¬
cal mother and after adoption may suffer greater stress
by virtue of being an adoptee. A criticism of adoption
studies was that they could not exclude the possibility
of strong shared environmental influences in utero.

Kety et al (1976) addressed this by studying the rate of
illness in a group of paternal half-siblings of schizo¬
phrenic adoptees and demonstrating an increased inci¬
dence of schizophrenia in paternal half-siblings that
could not be attributed to prenatal and perinatal effects.

TWIN STUDIES

Monozygotic (MZ) or identical twins result from a sin¬
gle fertilized ovum and therefore share all genes, where¬
as dizygotic (DZ) or fraternal twins are the result of the
implantation of two separate fertilized ova and general¬
ly share about 50% of genes and are no more alike than
other siblings. Since, in general, twins share very similar
cultural family and educational environment, a com¬

parison of MZ and DZ twins allows an estimate of
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genetic as well as environmental contributions to their
phenotype. Concordance rate measures the similarity
of phenotype between twins. If both members of a pair
of twins develop a disease they are said to be concor¬
dant for that condition. The simplest way to measure
this is pair-wise concordance, defined as the number of
pairs of twins where both are affected divided by the
total number of pairs studied. More commonly the
proband-wise concordance is quoted and this is the
number of affected co-twins of an affected proband
divided by the total number of co-twins in the study
(Emery 1986). Clearly the mode of ascertainment of
the sample of twins used in the study is all important
and, unless an entire population has been systematically
screened, proband-wise concordance will be different
from pair-wise concordance because in that case some
twins will be counted twice if they have been indepen¬
dently ascertained. In a classic study of schizophrenia,
Gottesman & Shields (1972) found in their sample that
there were 11 concordant and 11 discordant pairs of
MZ twins and 3 concordant and 30 discordant DZ

pairs of twins. This gives a pair-wise concordance rate
of 11/22 (50%) for MZ and 3/30 (10%) for DZ twins.
In the same sample, proband concordance was calcu¬
lated to be 58% for MZ twins and 12% for DZ twins.
The difference between the two methods arose because
in 4/11 pairs of concordant MZ twins both of the twins
were ascertained independently, so in effect were
counted twice. Similarly 1/3 pairs of concordant DZ
twins were ascertained independently. This illustrates
the importance in these studies of the method of ascer¬
tainment of samples.

Environmental influences certainly include factors
such as fetal nutrition, exposure to maternal metabo¬
lism, infections and birth trauma but also included are

non transmitted genetic effects. Examples of these are
somatic mutations, repeat sequence expansion,
imprinting and variation in methylation which could
effect the expression of inherited genetic factors.
Gottesman & Bertelsen (1989) showed that the off¬
spring of discordant MZ twin pairs had the same high
rate of schizophrenia whether their parent was the
schizophrenic or the unaffected co-twin. This observa¬
tion could be explained by the operation of 'genetic'
factors unique to each individual that influence the
expression of the inherited disease-related genes, and
thus alter the penetrance of the disease.

Family and twin studies have established evidence for
a substantial genetic contribution to schizophrenia,
bipolar disorder, Alzheimer's dementia, autism and
reading disorder, and a weaker but important genetic
contribution to panic disorder, alcoholism, anorexia
and Tourette disorder. Twin studies have been particu¬
larly informative in measuring the size of the genetic

contribution to nearly all aspects of behaviour and per¬
sonality cognitive abilities, sexual orientation and even

happiness. In these cases die intra (within) pair and the
inter (between) pair, variances and the intraclass corre¬
lation are calculated (Emery 1986). For a variable
under strong genetic influence, the correlation will be
higher between MZ than DZ twins. In a recent study in
which 1380 pairs of twins completed a personality
questionnaire, correlations for a 'well-being' scale were
0.44 for MZ and 0.08 for DZ twins, leading to the
remarkable conclusion that a person's baseline level of
cheerfulness and contentment is largely a matter of
heredity, with a heritability of 40-50% (Lykkcn &
Tellegen 1996).

A systematic study of twins reared apart and assessed
in adulthood, the Minnesota twin study, has provided
an unusual opportunity for studying the effects of
nature and nurture on personality, occupational and
leisure interests, and social attitudes (Bouchard ct al
1990). In this special situation the within-pair correla¬
tion of a trait is a direct estimate of the variance due to

genetic factors.

MAPPING AND FINDING GENES

When quantitative genetic approaches suggest an

important genetic contribution to a disease the strategy
adopted to identify genes may follow one of two
approaches. Functional cloning is possible if the cause
of the disease is known with some certainty and a can¬
didate gene can be examined directly. For most psychi¬
atric conditions where we have no clear understanding
of the underlying disorder the strategy of positional
cloning is adopted. The position of the disease-related
gene is first localised to a particular chromosomal site,
using linkage analysis and association studies, and only
then can the gene be characterised. This approach has
been successful for identifying genes responsible for
many single-gene disorders, including cystic fibrosis,
Huntington's disease, muscular dystrophy and some
familial cases of Alzheimer's disease. QTLs for reading
disability have also been localised by similar methods.

Manipulating DNA
Many analyses require DNA to be handled in small
lengths. DNA can be randomly fragmented by irradia¬
tion or ultrasound but the discovery in 1970 of bacterial
enzymes - restriction endonucleases - that cut DNA
only at definite, irregularly occurring base-pair motifs
meant that lengths of DNA could be ordered into a

highly specific map using the cut sites defined by such
enzymes (restriction mapping). Within a year a restric-
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tion map locating the various enzyme cut sites had been
made of the DNA from a virus (SV40). The fragments,
after digestion with such enzymes, can be loaded into
an agarose medium (a gel) and separated by elec¬
trophoresis. The separated fragments can be trans¬
ferred from the gel to a membrane (usually nylon) in a

blotting process, and subsequently fixed for further
study. The whole process is termed Southern blotting
after its originator in Edinburgh.

Amplifying DNA: the polymerase chain
reaction

Undoubtedly the greatest technological advance in
molecular biology in recent years has been the develop¬
ment of the polymerase chain reaction or PGR. Since
its invention it has permeated all aspects of laboratory
work, and has become a standard tool in DNA diagnos¬
tics. Duplex DNA can be caused to unwind (melting or

denaturing) into single-stranded (simplex) DNA by
heating to over 90°C. Cooling reverses the process
(annealing). In the PCR small pieces of DNA arc

chemically synthesised that are complementary to
unique DNA sequences that bracket the stretch to be
amplified. Each such oligonucleotide primer of a pair is
specific to an opposite strand of the duplex DNA tem¬
plate. Melting of the DNA allows these primers to bind
to die separate strands and cooling reforms the duplex.
Heat-stable DNA polymerases, isolated from bacteria
that live in hot mud springs, allow the amplification of
DNA between and including the primers when the
DNA has been rcmelted by heating. The whole process
is repeated in a cyclical fashion widt an exponential
amplification of the template DNA, and the reactions
are automatically carried out in tubes in the wells of an

efficiently controlled heating and cooling plate or ther¬
mal cycler. With the correct choice of primers the PCR
allows the specific and highly sensitive amplification of
DNA from tiny amounts of starting sample. The con¬
servation in the use of valuable human material is

immense; for example, over 250 separate amplifications
of a DNA polymorphism can be done with die PCR on
the same amount of DNA required for one analysis
with a restriction enzyme digest. The PCR is also much
faster than alternative amplification systems, and
results can be obtained within hours rather than days.
Its limitation, at present, is that it is usually restricted to
templates of around 5 kbp or less.

LINKAGE ANALYSIS

Genetic mapping follows the descent down the genera¬
tions of DNA markers in pedigrees and their segrega¬

tion with illness. Either very large single pedigrees, or
collections of smaller families where the effect of link¬

age is additive, arc studied. Another method is to study
pairs of affected siblings.

Linkage analysis exploits the characteristic of all
chromosomes to recombine during meiosis. Recombi¬
nation occurs when homologous chromosomes pair up

during meiosis and exchange stretches of DNA. On
average recombination takes place at about two stretch¬
es of DNA on each chromosome every mciosis or, put
another way, if two points are separated by 1 mbp of
DNA then recombination will occur between them

roughly once in every 100 meioscs; the statistical unit to
describe dtis rate of recombination is termed the centi-

morgan (cM). Recombination ensures a mixing of
genetic material so that two traits that are physically far
apart on a chromosome or on separate chromosomes
will assort independently of each other (Mendel's law of
independent assortment). In general, the closer a poly¬
morphic marker is to a disease locus on a chromosome,
the more often the two will remain together from one

generation to the next. If in a mating a marker and a
disease become separated, we say that recombination
has taken place. In a family or group of families the
number of recombinants divided by the total number of
offspring is called the recombination fraction; this is a
useful quantity because over short distances the recom¬
bination fraction is proportional to the physical distance
between the two loci, just as the chances of two cards
becoming separated when a pack is cut is proportional
to their distance apart in the pack. Genes on different
chromosomes, or far apart on the same chromosome,
cosegregate randomly and have a 50:50 chance of
remaining together during meiosis and being transmit¬
ted to an offspring. The recombination fraction will
therefore lie between 0 (which would indicate that a

polymorphic marker was actually a physical part of the
gene responsible for the disease, so the marker and the
gene would never become separated) up to 0.5 (indicat¬
ing completely independent assortment of marker and
gene). The conventional statistical method of testing
for linkage, is to calculate the LOD score from the
recombination fraction (Morton 1982). The LOD
score is the common logarithm of the odds that the
recombination fraction has some given value, divided
by the odds that the value is 0.5. For diseases where die
mode of inheritance is known and the phenotype can be
clearly defined, it is conventionally accepted that a
LOD score of 3 (odds in favour of linkage of 1000:1) is
considered proof of linkage, and conversely a LOD
score of-2 (odds against linkage of 100:1) is accepted
as exclusion. For conditions, including most psychiatric
illnesses, where the mode of inheritance is uncertain
and the phenotype far from clear, a stronger burden of
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proof is needed to avoid false-positive claims of linkage
and LOD scores of 4 or greater would be preferred
(Lander & Kruglyak 1995). Calculating a LOD score is
simple for a small family where the mode of inheritance
is clear, all cases of the disease arc identified (fully pen¬
etrant) and all family members are available for study.
This rarely happens in practice and certainly, as applied
to psychiatric genetics, linkage analysis must make
assumptions about mode of inheritance and deal with
incomplete penetrance and must also cope with the
probable situation that more than one gene may con¬
tribute to a disorder. Assumptions need also be made
about defining the phenotypc (e.g. in schizophrenia,
whether to include only cases of definite schizophrenia
or to include also schizotypal personality disorders and
affective disorders in the same family). Allowances
must be made for age-dependent penetrance, sex-
linked diseases and other possibilities including
imprinting (the differing phenotypes, depending on
whether inheritance is from the mother or the father).
In general, these complex situations that probably most
closely match the reality of psychiatric genetics can be
incorporated into the various linkage programmes
available (Terwilliger & Ott 1994).

Genetic markers, to be useful for linkage analysis,
must be polymorphic (have two or more alleles with a

gene frequency of at least 1%). In the past, markers
were limited to classical markers such as blood types
and HLA, but now with very large numbers of genetic
markers, closely spaced across the whole genome, link¬
age analysis has become a routine method of investiga¬
tion. Repeat fragment length polymorphisms were the
mainstay of early linkage studies in psychiatry, but have
been largely replaced by various repeat length polymor¬
phisms, including variable number tandem repeats
(VNTRs) and short tandem repeats (STRs), usually
based on the variable length of di-, tri- or tetra-
nucleotide repeat stretches.

The fine mapping of a disease locus by linkage is lim¬
ited in part by the available density of polymorphic
markers, and sets of specific markers have now been
created, spaced apart at an average of lOcM or less
throughout the entire human genome. Over 5000 high¬
ly informative microsatellitc markers varying in the
number of repeats they contain have been produced
through the Gencthon initiative in France (Dib et al
1996). They can be directly amplified by PCR and
visualisation after electrophoresis. Incorporation of
fluorescent tags to the amplified product allows direct
visualisation of the size of the segment during gel elec¬
trophoresis, and with automation the throughput of
markers can be high. With such advances the time
needed to place a disease gene on a chromosome and
find its neighbouring markers has decreased consider¬

ably. It has been noted that it took 17 years to map
breast cancer to 17q21, but only two years to map pro¬
static cancer to lq24-25 with around the same number
of informative mcioses (King 1997). Genetic mapping
can constrain a disease mutation to within a few million
base pairs, and paves the way for the identification of
the gene itself by physical mapping of the region.

The availability of dense maps of markers and the
development of adequate software for data analysis
have made possible a large number of linkage studies in
schizophrenia and manic-depressive illness, often
involving whole genome scans using several hundred
markers and large groups of multiply affected families
(Baron 1997, Karayiorgou & Gogos 1997).

ASSOCIATION STUDIES

linkage analysis is performed on families, whereas
association studies involve populations of patients and
healthy controls. In the search for genes these two
approaches arc entirely complementary. The idea of
association is simpler and is well known through the
long-established association between HLA subtypes
and some common diseases, including diabetes,
rheumatoid arthritis and ankylosing spondylitis. There
are three interpretations of an increased frequency of a
marker polymorphism in patients over controls:
• It could indicate linkage disequilibrium between the

polymorphic marker and a gene responsible for the
phenotype. An ideal setting for an association study
would be a completely isolated island population
where the disease had been introduced many

generations previously by a single founder. Linkage
disequilibrium between the disease gene and
polymorphic markers close to the gene would be
detectable in this population many generations on,
because all affected individuals being descended
from the same founder would have inherited the
same mutated disease gene and flanking
polymorphisms.

• Association could occur because the polymorphic
marker itself is a functional variant that affects the

phenotype (pleitropy). One example is the
association of late-onset Alzheimer's disease with

ApoE4. The frequency of ApoE4 is about 0.4 in
individuals with Alzheimer's disease, compared with
0.15 in controls. This QTL increases the liability to
develop dementia but is neither sufficient nor
necessary to cause illness (Corder 1993).

• An apparent association could be due to population
stratification and it is important to match
populations carefully in this type of study.
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Association strategics arc useful in the study of quanti¬
tative traits and in large populations may detect genes
of small effect that are not detectable by linkage.

PHYSICAL MAPPING

A combination of methods is used to pin down the
exact locus of a mutated gene within the stretch of
DNA identified by genetic mapping. Total genomic
DNA can be fragmented and cloned into a variety of
vectors, each harbouring one specific piece. A collec¬
tion of such pieces is termed a library, and this, in theo¬
ry, will include DNA fragments that derive from the
region of interest. However, in making a library the
order of the DNA fragments is completely lost. The
goal of physical mapping is to assemble the correct
DNA fragments from such a library into a continuous
overlapping stretch (contigous DNA or contig map)
which will contain the gene of interest. Yeast artificial
chromosome (YAC) libraries with large insert sizes are
ideally suited to such contig building. Linked marker
probes from the genetic map can be hybridised to indi¬
vidual YACs in the library and the human DNA from
these characterised. To define each piece of DNA
uniquely, a variety of landmarks is used; for example,
restriction enzymes, especially those that cut very
rarely, can help provide a fingerprint of the YAC clone.
A recent advance has been the generation of sequence
tagged sites (STSs). These are stretches of unique
DNA, up to 1 kbp long, for which oligonucleotide
primers have been designed, and thus capable of PCR
amplification. STSs are being independently assigned
to specific chromosomal locations by a variety of meth¬
ods, such as radiation hybrid mapping (Hudson et al
1995), and a dense map of over 30000 STSs spaced at
100 kbp intervals is anticipated (Weatherall & Wilkie
1996), STSs can be used to characterise YACs and to

identify them in libraries.
These approaches are illustrated by the analysis of a

chromosomal abnormality associated with schizophre¬
nia and other major mental disorder. A large family was
described in which a balanced reciprocal translocation
involving chromosomes 1 and 11 was significantly
linked to the development of schizophrenia, schizoaf¬
fective disorder and major depressive disorder (St Clair
et al 1990) and it was strongly suspected that the
abnormality had affected a gene at one or other of the
breakpoints, either by direct disruption, a microdele-
tion, or through a long range effect on gene regulation
or chromatin structure (position effect mutations, see
Bedell et al 1996). The linkage result was strong
enough to justify positional cloning of the region. The
boundaries of the translocation were established by flu¬

orescent in situ hybridisation (FISH) with probes on to
mctaphase preparations, and a series of somatic ham¬
ster-human hybrid cell lines created, containing various
portions of human chromosome 11 to act as mapping
tools and marker sources (FTetcher et al 1993). The
breakpoint defining the chromosome 1/11 boundary on
the derivative chromosome 1 was found to be visible
under phase contrast microscopy, and microdissection
of unstained preparations generated large insert size
libraries, all of which could be amplified directly by
PCR (Muir et al 1995). The pooled clones were also
used as a paint library to confirm the cut zone, and used
directly to identify YACs as part of the construction of
the physical map of both chromosomes 1 and 11 (Petit
et al 1995). A YAC contig spanning the chromosome
11 breakpoint has been constructed (Evans et al 1995)

- and more recently the equivalent contig for chromo¬
some 1. Those clones that span the breakpoint should
contain the mutated gene if this is directly disrupted.

Detecting genes

The process of physical mapping can be slow and
labour intensive. If the major aim is to detect genes in a
region, other complementary approaches can be taken.
Exons code for mRNA and the level of this in a tissue
correlates with gene activity. The turnover of mRNA is
very variable, and most mRNA degrades rapidly after
death. However, with fresh tissue collection and careful
preparation, mRNA can be converted into its comple¬
mentary form (complementary DNA or cDNA) and
this can be cloned into an appropriate vector resulting
in a cDNA or expression library. Cross-hybridisation
of tissue cDNA libraries with other DNA pools can
identify genes of interest in a region. For instance, a
series of coding sequences were found on cross-link¬
ing fetal brain cDNA library with microcloncs
obtained from the t(l;ll) schizophrenia-associated
translocation breakpoint (Brookes et al 1995). Other
methods of DNA-DNA cross-hybridisation include the
identification of the cross-species conservation of
sequences which are likely to be important genes (zoo
blotting). The establishment of the end-sequences of
huge numbers of random cDNA clones has led to over

300 000 partial gene sequences being registered in a
public computer database (db EST - see Boguski ct al
1993). These stretches of genes are termed expressed
sequence tags or ESTs and can be amplified by PCR
front clones of interest. The mapping of ESTs on to
chromosomes is a major part of the human genome
project (see below). The partial EST sequence can be
used to identify the complete cDNA in a cDNA library,
or to screen YAC clones. The identification of all the

genes in a given stretch of DNA would mean that after
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linkage is found the set of genes in the region could be
directly examined for mutations, without having to
walk through the intervening non-coding DNA. With
the progress of the human genome project such a posi¬
tional candidate gene approach is becoming a reality.

Detecting mutations
There arc now a variety of methods of detecting gene
mutations (Cotton 1997). Direct sequencing is the
most obvious, but it is time intensive and expensive,
especially if the gene is large and has many exons.

Single-strand conformation polymorphism analysis
(SSCP) relies on the different gel mobility of a mutated
strand (even single base substitutions) from the wild
type. Denaturing gradient gel electrophoresis (DGGE)
relies on the differential melting of mutated duplexes
versus the wild type by denaturant. If there is a gradient
of denaturant concentration down the gel then the frag¬
ments will melt, and halt, at different levels on the gel.
Other methods are based on mismatch between a

mutated strand and a wild type strand in a duplex (het-
eroduplex), causing the formation of loops and cruci¬
form arrangements which can be attacked by enzymes
or chemicals (mismatch cleavage). A refinement of this
using high performance liquid chromatography has
been useful in detecting mutations in the breast cancer

type 1 gene. The method chosen to scan DNA samples
depends on the type of mutation and the error rate that
can be supported. Ideally a 100% detection rate is
desired, but is not currently available, even with direct
sequencing.

THE HUMAN GENOME PROJECT AND
THE HUMAN GENE MAP

The human genome project has the capacity to enor¬

mously facilitate and influence our understanding of
the molecular basis of human disease, including psychi¬
atric disorders. With the large scale mapping of DNA
and genes it is likely that the time taken to identify dis¬
ease mutations will shorten dramatically, in fact far
faster than equivalent advances in the therapy of such
conditions. This raises moral and ethical dilemmas
around the control of and access to individuals' genetic
information, and the use of genetic screening pro¬

grammes in conditions that are not currently amenable
to medical treatment. Because of the complexity of psy¬
chiatric disorders it is in this field that the most difficult

problems will arise in the short term, but in the longer
outlook it is with genetic advances that the hopes for a
fuller understanding of the pathophysiology and treat¬
ment of these conditions lies.
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Learning disability
Walter J. Muir

INTRODUCTION

The last decade has witnessed a huge change in the care
of people with learning disability. Ideas about the locus
of care, and the types of medical and social intervention
that are appropriate, are in continuing flux and even the
nomenclature used to describe an individual's complex
patterns of disabilities has changed. Our large institu¬
tions that provided accommodation and the day-to-day
needs of so many individuals, for so much of their lives,
are rapidly becoming a thing of the past. More than
ever it is a time when the psychiatrist involved in the
medical care of this large and important group of peo¬

ple must reassess his or her role in providing for their
multifaceted needs. The pressures of community care
arc different from those of the institution, and often
more complex and difficult to deal with. Nevertheless
there are also aspects which are invariable. The majori
ty of people with learning disability, whether children or
adults, live at home with their families. The role of the
family in the care and support of the person is thus piv¬
otal, and helping the family is often as integral to the
part played by the psychiatrist ac helping the person
with the disability directly.

It is impossible in this chapter to cover all aspects of
learning disability that may be important to the psychi¬
atrist. To understand learning disability it is really nec¬

essary to understand the huge variety of conditions with
which it is associated. There have been great advances
in molecular genetics, leading to significant progress in
our understanding of the cause of many of these condi¬
tions, especially the two most common genetic condi¬
tions in which learning disability is a component -

Down's syndrome and fragile X. These conditions are

paradigms for other causes of learning disability and
will be discussed in some detail.

It is also a time to reassess our concept of disorder
and disease with reference to learning disability. In the
past it was often, either openly or implicitly, considered
a disease. The problem with the person was said to be
his or her 'learning disability', and treatments and inter¬

ventions were based on an assumption thai common
denominators permeated this group of people and
could be acted on in the same sorts of ways. Thus our

hospitals which cared for large numbers of people with
learning disability were often divided into wards for
people with 'special needs' or 'challenging behaviours'
with similar uniformity in therapies. Such broad group¬

ings are no more representative of the underlying con¬
ditions than the term mental illness is of the
multifarious collection of psychiatric disorders. This
simple use of the term learning disability cannot do for
the future. To understand the role learning disability
plays in a person's life, we must consider what it means
with respect to that person's adaptation to the internal
and external environments present at a given time, and
think more broadly than in terms of the patient-focused
medicine taught in the traditions of Osier. Barton
Childs (1995) has championed this important change
in our view of disease, the originator being Garrod, who
was the pioneer in the study of inborn errors of metabo
lism that underlie many of the disorders causing learn¬
ing disability. The competency of any person's
adaptation to the world, at any point in time, is a com

posite of three main histories or time frames, the proxi¬
mate cause of disease depends on the immediate
molecular (and thus genetic) and sociocultural situa¬
tion, the second time frame is the developmental histo¬
ry, and the third, the genetic and cultural inheritance
patterns. The factors are interlinked - the present bio¬
chemical and biophysical constitution is the product of
the developmental interactions between inherited
genetic factors and the external environment. For a

given situation, disease or disorder is seen as an incon¬
gruence between these factors and the present environ¬
ment, and thus it is hard to imagine a condition which
does not have a dependence on genetic factors for its
appearance. This concept of disorder as incongruence
is epitomised by learning disability, and the move away
from simple definitions based only on intellectual
impairment, to include problems with social adapta¬
tion, is congruent with this model. Learning disability is
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a common denominator in many conditions, and it is
with the conditions and their psychiatric and medical
associates that the focus should rest. In this chapter
important conditions which have learning disability as a

component will be examined. In people with severe and
profound learning disability, even where an underlying
condition cannot apparently be found, an organic cause
can nearly always be presumed. Even in mild learning
disability, previously thought to be multifactorial (and
often, by implication, indefinable in simple molecular
terms), there is increasing evidence for the involvement
of organic pathologies.

THE DEVELOPMENT OF THE CONCEPT

Learning disability is a concept rather than a condition,
and a vast variety of specific and non-specific patholo¬
gies include it as part of their clinical state. Definitions
have used administrative and social outcomes as their
constructs and learning disability, in itself, is not a dis¬
ease or illness. A confusion between learning disability
and mental illness continues, and is still present in
our legal definitions, with the terms mental disorder or
mental impairment used to encompass both ideas.
Alternatively, there was a school of thought, now rapid¬
ly disappearing, that regarded mental illness and learn¬
ing disability as mutually exclusive, and signs and
symptoms of mental illness in people with learning
disability were interpreted as behavioural or adaptive
problems - a source of considerable inappropriate treat¬
ment and distress for the individuals concerned.

However, it has long been recognised that there are
certain common denominators in the definition of

learning disability, the most important being a combi¬
nation of intellectual impairment, an associated degree
of social or adaptive dysfunction, and an onset before
adulthood. Many people with intellectual impairment
without social or adaptive problems do not become
involved with the special services for people with learn¬
ing disability, and so are never classified as having
learning disability. On the other hand, it is recognised
that many people who come to use such services may
have no measurable reduction in intellectual skills, but
by default of their social or adaptive problems, and
especially problems in living independently, attract the
label of having learning disability, a label that, if incor¬
rectly given, is every bit as hard for that person to shake
off as the misdiagnosis of a mental illness. The number
of people in learning disability hospitals with IQ mea¬
sures in the normal range was the most obvious and
notorious result of incorrect labelling (Castell & Mittler
1965), and their detention in hospital was legitimised
by the concept of moral insanity.

That many children and adults suffered from this
triad of core difficulties in varying degrees and combi¬
nations had been recognised for centuries. Descriptions
of learning disability have been found from ancient
Egyptian texts, and concern for the welfare of those
with 'weak minds' was an ancient duty, noted especially
in writings dating from at least the first millennium bc
from the Far East (China, Confucius; Persia,
Zoroaster). A distinction between those with mental ill¬
ness and people with what we would now call learning
disability was made early (Clarke 1975) and enshrined
in English legislature at the time of Edward II ('King's
Prerogative', De praerogativa regis, 1325) for the pur¬
poses of managing a person's estate. The 'born fool'
was to have his estate managed for him; the person
whose mental state fluctuated between periods of lucid¬
ity and madness was to have his estate held in trust until
he was ready to reassume it. Berrios has pointed out
(1994) that attempts at a medical subdescription of dis¬
orders associated with learning disability began during
the 17th and 18th centuries. Cullen studied the various

heterogeneous classifications of learning disability and
classified congenital amentia as being present from
birth. By the early 19th century the problems of under¬
standing learning disability taxed those same psychia¬
trists studying mental illness. Pinel advanced the idea
of acquired and congenital forms of learning dis¬
ability. Esquirol proposed a developmental rather
than disease-oriented model, and Seguin was the major
advocate of an interventionist and educationalist

approach to treatment. In Britain, Pritchard did not
consider learning disability to be a form of mental ill¬
ness and stressed that the developmental delay was pre¬
sent from birth. He also graded the extent of the
intellectual impairment from the profound through to
the normal. However, in Europe the confusion between
mental illness and learning disability meant that the
then current idea that degeneration was a part of the
natural history of psychoses was extended to learning
disability, culminating in the eugenic arguments and
mass sterilisation programmes which started as early as
1907 in some states of the USA.

NOSOLOGY

Much confusion has occurred over the correct term to

describe people who have a combination of intellectual
impairment and adaptive dysfunction, which has left a
number of terms in concurrent use within any one

country, completely different terms used in others, or
the same terms used to mean different things. All our
major classification systems use the term mental retar¬
dation. At present the term learning disability has wide
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acceptance in Britain, and has largely, although not yet
legally, replaced the term mental handicap. It is used
throughout this chapter, although it should be remem¬
bered that for the person the most important qualifiers
are their first and second personal names and not a

descriptive label.
Over the last century the terminology used has been

interlinked with legislature, and various legal definitions
have been introduced as the older terms were (slowly)
replaced. For instance the term 'simpleton', which was

adopted by Duncan for those whom we would now
regard as having mild learning disability, was later
replaced with the term 'moron' by Goddard, as it was
felt that die former term was too derogatory (Penrose
1954). This in turn was later replaced with 'feeble¬
minded'. In the UK the Idiots Act, (1886) made for the
'provision of asylums for care, education and training of
those classed as idiots and imbeciles from birth or from
an early age'. The Lunacy Act, 1890 however contin¬
ued to confuse the mentally ill with the learning dis¬
abled. A lunatic was 'an idiot or person of unsound
mind'. Many of the now unacceptable terms used to
describe the extent of a person's learning disabilities
were enshrined in the Mental Health Act of 1913. The
act defined the classes of 'mental defectives', using the
terms idiots, imbeciles and feeble-minded persons
roughly corresponding to profound/severe, moderate
and mild degrees of learning disability. A fourth term,
moral defective, was also included. This could be inter¬
preted as a person widi learning disability and seriously
irresponsible aggressive or criminal behaviour, but the
act only implied, and never stated, that the person who
was a 'moral defective' should also have learning dis¬
ability, leading to the admission to hospital of many
without learning disability.

The amended act (1927) gave a definition of mental
deficiency as 'a condition of arrested or incomplete
development of mind' existing before the age of 18
years whether arising from inherent causes or induced
by disease or injury. If mind is taken to encompass both
social, adaptive and intellectual functioning then the
definition is surprisingly close to that used today. A
Royal Commission (1954/55), in part set up to account
for tire number of compulsory admissions with a diag¬
nosis of moral deficiency, recommended revising termi¬
nology and abolishing the term moral deficiency. It's
key recommendations were to allow voluntary admis¬
sion to hospital, improved facilities for community care
with an emphasis on training rather than occupation,
the provision of suitable hostels for adolescents, that
early certification of children should be avoided and
they should be provided with welfare services as for
normal children, the coordination of hospital and local
authority services in the care of the learning disabled,

and a system whereby appeals against detention could
be heard by independent tribunals. Most of these ideals
are still held today. The 1959 and 1960 Mental Health
Acts introduced the terms mental subnormality
(England and Wales) and mental deficiency (Scotland).
More recently, the 1983 and 1984 Acts have intro¬
duced the terms of mental impairment and mental
handicap, although diey arc both classified as forms of
mental disorder along with mental illness. This is
unfortunate, as it tends to maintain the confusion that
learning disability is a congener of mental illness.

The transcultural confusion in terminology also
began early. Fifty years ago 'feeble-minded' equated to
mild learning disability in the UK, but was a blanket
term for all types of learning disability in the USA.
(Baker & Cantwell 1995). In Germany and Scandinavia
the term 'oligophrenia' was widely employed.
Oligophrenia was used by Kraepelin to signify all levels
of learning disability. Bleuler (1923) recognised the het¬
erogeneity of oligophrenia and that it included both
congenital and childhood acquired learning disability.

For research purposes the most widely used term is
mental retardation, which has the merit of being under¬
standable irrespective of culture. The terms learning
disability or learning difficulties used in the UK mean

specific and different Axis I disorders in the USA. Even
in the UK learning difficulties have been applied to
conditions as disparate as profound degrees of intellec¬
tual impairment and specific reading disorder. It would
seem wise to restrict the terminology to learning dis¬
ability for general purposes (and this is generally pre¬
ferred by people with learning disability), and accept
the use of mental retardation in research.

Systems of classification: ICD-10, DSM-IV and
the AAMR

The terminology used to describe and categorise people
with learning disability has advanced considerably with
the multiaxial systems of DSM-IV (APA 1994) and the
American Association on Mental Retardation criteria

(AAMR 1992). ICD-10 (WHO 1992, 1993) also uses
similar criteria, although not a multiaxial approach. All
three systems are similar in their requirements for diag¬
nosis and in stressing tire duality of problems - intellec¬
tual impairment coupled with diminished social
adaptive functioning. In DSM-IV the term mental
retardation is used for learning disability and is coded
on Axis II, as opposed to specific clinical conditions
such as learning disorders and pervasive developmental
disorders which are coded on Axis I. Thus a person
with autistic disorder on Axis I can be qualified as also
having mental retardation (Axis II) which may be mild,
moderate, severe or profound. The person may also
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have another medically relevant condition such as

epilepsy, which would be coded on Axis III; psychoso¬
cial and environmental problems are noted on Axis IV,
and Axis V allows an overall assessment of adaptive
functioning. DSM-IV defines mental retardation as

being characterised by:
• intellectual impairment (IQ of 70 or less)
• impaired adaptive functioning
• onset before 18 years of age.

The AAMR classification uses the same three basic
criteria as DSM-IV but is more complex, with extensive
definitions of patterns and degrees of support needs.
ICD-10 again uses the term mental retardation and lists
it amongst the mental and behavioural disorders.
Although it states that the impairment occurs during
the developmental period, there is no age criterion as in
the other two systems. Any other disorders that can be
identified as being present can be used to generate an

independent additional code. The same IQ bands used
in DSM-IV are used to define the degrees of intellectu¬
al impairment. The DSM-IV guidelines arc perhaps the
most useful, certainly for research in learning disability.
The definition of mental retardation as an Axis II label,
rather than a primary disorder, also fits best with its
highly heterogeneous causation (Bregman & Harris
1995).

PREVALENCE AND EPIDEMIOLOGY

Bearing in mind the dual nature of the definitions of
learning disability - the intellectual impairment and the
problems of adaptive functioning - it is difficult to give
an overall picture of how many people have learning
disability, and in practice most weight is given to the
intellectual deficit, which has the simple merit of being
quantifiable. The best measure of intellectual impair¬
ment is still IQ testing, and although the pattern of
strengths and weaknesses within the overall test result
are perhaps more important, the global score is used to
define the subgroups of learning disability. It is impor¬
tant to remember that any IQ score will have an error
value of plus or minus 5 points, which renders the cut¬
off levels defining mild, moderate and severe levels arbi¬
trary for any individual. However, for a population an

IQ of 70 is around two standard deviations from the
mean, and can be considered distinctive. Using this
definition, about 3% of the population should have
learning disability. In practice differential mortality and
diagnostic changes with time mean that this estimate is
too high and a widely accepted figure is around 1-2%
(Bregman & Harris 1995). Recently introduced short
forms of the standard Wechsler Adult Intelligence Scale

arc highly correlated with results using the entire test
(Nagle & Bell 1995), and their ease of use may result in
more accurate estimates.

It has long been known that the distribution of IQ in
the population is not gaussian but asymmetric, with
more people having low and very low IQ values than
expected. The easiest explanation is that the lower tail
of the curve comprises two overlapping distributions
and this has led to a 'two-group' interpretation.
Numerically the greater group is that defined by the
gaussian tail (i.e. the expected 2.27% of the population
with IQ less than 70), and this has been called
'sociocultural' learning disability or 'physiological'
learning disability based on the assumption that it is
determined by similar multifactorial influences control¬
ling IQ levels over 70.

Estimates of die prevalence of mild learning disability
tend to differ from expectation, sometimes to surpris¬
ingly low levels, indicating the difficulty in defining
caseness. In studies of children in Gothenburg the very
low level of 0.4% was reported, and in northern
Finland it was 0.55% (Hagberg ct al 1981, Rantakallio
& von Wcndt 1986). In over 50% of people with mild
learning disability no cause can be attributed. Around
15-20% had perinatal hypoxia, and congenital causes
are present in 10%. Only 5% have a defined genetic
syndrome, including trisomies. In the Scandinavian
studies, about the same number had the fetal alcohol
syndrome.

The excess at more severe levels of disability is con¬
sidered to be due to an organic or pathological group
with a cluster of disorders of definable aetiology,
including genetic causes and environmental agents such
as hypoxia, trauma and infections. Some people in this
group will have disorders such as autism, cerebral mal¬
formation syndromes and cerebral palsy without a yet
defined cause, but assumed to have definite biological
factors in their genesis. The 'organic' group comprises
around 0.3-0.4% of the general population and
10-20% of those with learning disability.

Causes of 'sociocultural' learning disability
IQ is not the sole criterion in determining learning dis¬
ability, and there must be problems with social adapta¬
tion before the label is given; thus many with IQ below
the 70 point cut-off' will never be involved with the
health or social services. The number who will require
special education will likewise vary, but obviously to a
lesser extent. IQ scores are not stable over time and the
intellectual development of the individual is highly
complex and plastic. IQ is, however, heritable. Twin
studies have shown a high degree of concordance in IQ
between twins reared together and apart (Bouchard
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et al 1990). Adoption studies have suffered from
methodological shortcomings but Horn et al (1979)
looked at the relation between the IQ of children who
were adopted within a few days of birth and the IQ of
their biological and adoptive mothers. The hcritability
was high for young children but became less for older
children. The children were also largely adopted into
affluent homes, and the adoptive parents had IQs well
above average. Mild learning disability is known to be
overrepresented in families from social classes IV and
V, especially where sibships are large, where the rooms
are relatively overcrowded and there is an association
with poverty (Birch et al 1970, Blackic ct al 1975).
Related to such findings arc the reports of a higher
prevalence of all levels of learning disability amongst
black 10-year-old children from Atlanta, Georgia com¬

pared with white controls (Murphy et al 1995). For
children with mild learning disability around 50% of
the variance was related to economic status, the educa¬
tion level of the mother, birth order and maternal age at
childbirth (Ycargin-Allsopp et al 1995). The social
interpretation is changing, however, and more recent
studies suggest up to 45% of people with mild learning
disability may have definite organic factors, including
subtle chromosome rearrangements and perinatal
insults from toxins such as alcohol. Thus estimates of
the importance of polygenic factors and social disad¬
vantage may have to be revised downwards, although it
is clear that they arc crucial factors in increasing the risk
of mild learning disability. At present there arc a num¬
ber of ongoing trials which aim to alter the outcomes by
removing the sociocultural and educational disadvan¬
tages for children with mild learning disability. A
comprehensive intervention programme for low birth-
weight infants during the first 3 years of life seemed to
increase the intellectual development measured at
3 years (Blair ct al 1995) but longer term outcomes are
awaited. A programme for early educational and social
intervention for children from disadvantaged families
has been followed up to the age of 15 and the results
have been compared with those for a control group
without such interventions, with encouraging results
(Campbell & Ramcy 1995). The findings, if confirmed,
have profound implications for the support and care of
children at risk of mild learning disability.

PREVENTION

An obvious aim is to prevent a child developing learn¬
ing disability. The control of neonatal infections and
improvements in obstetric care in developed countries
have limited many associated factors. There has also
been a substantial (but not uniform) increase in survival

of small-for-date deliveries, without a concomitant
increase in the numbers with learning disability.
However, other environmental associates, such as

poverty and social disadvantage, arc not so easily reme¬

died, and more recently recognised prenatal insults,
such as the fetal alcohol syndrome and the teratogenic
effects of substance abuse and associated infections

such as those caused by the human immunodeficiency
virus (HIV), may be a major problem for the future.
The prenatal diagnosis of disorders associated with
learning disability is becoming applicable to many

genetic and metabolic conditions, especially with the
advent of molecular diagnostics based on the poly¬
merase chain reaction, in association with improved
methods of amniocentesis, chorionic villus biopsy and
cell sorting methodologies. However, this must be tem¬
pered by the knowledge that the only 'treatment1 avail¬
able for many is termination, and therapies based on

gene targeting or even product replacement are still to
be developed.

Prenatal testing
A wide range of conditions, especially those associated
with large scale chromosome abnormalities or anatomi¬
cal malformations, can be detected in utcro. Specific
examples arc Down's syndrome and the neural tube
defects, discussed later in this chapter.

Newborn screening
In 1962 Guthrie developed an assay to measure pheny¬
lalanine concentrations in small amounts of blood and

paved the way for the widespread neonatal diagnosis of
phenylketonuria, an inherited inborn error of metabo¬
lism frequently associated with learning disability. The
detection, from a small blood sample spotted on to
filter paper (the Guthrie test), allowed early treatment
of phenylketonuria, with a drop in the incidence of
associated learning disability. Soon afterwards, Guthrie
developed a series of other tests for maple syrup urine
disease, histidinaemia and galactosaemia. Today,
screening for metabolic disease has developed into a
fine art. The tests are deliberately set to be oversensitive
to avoid false negatives and further investigations are
needed to confirm the diagnosis in any positive cases.

Screening can also be done for congenital hypothy¬
roidism, a previously widespread cause of learning dis¬
ability (cretinism). Usually the initial screen is for a low
thyroxine level and, if positive, this is followed by
thyrotrophin estimation. It seems from such pro¬

grammes that congenital hypothyroidism may occur in
1:3600-1:5000 newborns (Rovet ct al 1987).
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Carrier or heterozygote screening
Advances in genetics allow the inheritance of many
conditions to be studied, and carriers of a condition,
who may not display any clinical consequences them¬
selves, can be identified and counselled. This is the
province of the clinical geneticist, but the psychiatrist
may be called to advise and help on those conditions
specifically associated with learning disability. For
treatable conditions, studies on the extended family of
the proband may help allay anxieties and fears about
possible transmission of the condition. However, where
adequate treatments are not available, and this applies
to most inherited conditions associated with learning
disability, the situation is much more difficult, and car¬
riers may be stigmatised. Such diagnosis is available for
the fragile X syndrome. Diagnosis of this in a young
child has tremendous implications for the rest of the
family (see below) and requires careful genetic exami¬
nation, counselling and possibly long-term follow-up.
Mass screening programmes are more problematic.
They will have to undergo extensive cost-benefit analy¬
sis if the conditions are not directly treatable.

AETIOLOGY

Associated chromosomal abnormalities

Although human chromosomes have been studied for
over 100 years it was only in the middle of the 20th
century that the correct human somatic and meiotic
counts were established (Tijo & Lcvan 1956).
Advances in cell culture techniques and the advent of
DNA staining methodologies allowed the delineation of
chromosome abnormalities in association with a wide

variety of clinical conditions associated with learning
disability, and chromosome banding still lies at the
heart of the cytogenetic services. In the last decade
genetic advances have allowed the development of the
discipline of molecular cytogenetics, and a new era of
discovery is occurring. An outline of various chromo¬
somal conditions associated with learning disability is
given in Table 22.1.

The trisomies

Classical chromosomal abnormalities are found to

occur in around 0.6% of newborn infants. Trisomies
arc the most common single type of human chromo¬
some abnormality, and in addition to occurring in at
least 0.36% of all births (autosomal trisomies 0.12%;
sex chromosome aneuploidies 0.24% - see Evans
1977), they are found in over 25% of spontaneous
abortions, and are thus the leading cause of pregnancy

loss. Trisomies of the large chromosomes are rare, usu¬

ally lethal in utero, but occur more frequently in early
spontaneous abortions. Trisomies of the smaller chro¬
mosomes, and especially 13, 18, 21 and the sex chro¬
mosomes, are compatible with a full-term pregnancy.
Patau's syndrome (trisomy 13) and Edward's syndrome
(trisomy 18) are associated with severe congenital
abnormalities and profound learning disability.
Children with trisomy 13 usually die around 4 months
of age, with few surviving into the first years of life.
Trisomy 18 is also lethal and most die in the first year.

Trisomy 16 is of interest in that its occurrence seems
almost entirely related to maternal age. Trisomy 8 is
being increasingly described, especially with newer
methods of fetal investigation and diagnosis, but the
fetus rarely survives until birth. There is an excess of
male fetuses and mosaicism is usual. In surviving tri¬
somy 8 there is a moderate degree of learning disability.
However, in terms of both numbers affected, and the
importance to the specialist in the psychiatry of learning
disability, trisomy 21 or Down's syndrome holds first
place. Numerically the individual trisomies of the sex
chromosomes are next in rank.

Partial trisomies, involving duplication of a segment
of the chromosome or an entire chromosome arm, arc

known for many chromosomes; those of 4p, 5p, 6p, 7q,
9p, 10p, lOq, 11 q, 12p, 13q, 14q, 15q and 20p,
although rare, are the most important (de Grouchy &
Turleau 1990). Deletion of a whole autosome is usually
lethal. A partial deletion leads to monosomy of that seg¬
ment of the chromosome, and partial monosomy of 4p,
4q, 5p, 9p, 1 lq, 12p, 13q, 18p, 18q, 21p and q have
been described. The unitary features of all these rare

syndromes are learning disability of varying degrees and
growth retardation. With the advent of more sensitive
fluorescent hybridisation studies of karyotype, new syn¬
dromes associatied with more restricted chromosomal

rearrangements are being regularly described.

Down's syndrome
Down's syndrome is pictured in 17th century paintings
(Zellwiger 1968) but the first detailed description of the
condition was given by James Langdon Down (1866),
who used the term mongolian idiocy. The epithet, with
its incorrect and racial assumptions of origin, has been
changed to Down's syndrome (or Down syndrome).
Shuttleworth (1909) studied the associates of the con¬
dition and found that people with Down's syndrome
tended to be the youngest in their sibship, and that
there was clear association with advanced maternal age
at the time of birth. A variety of causes were later put
forward to account for the development of Down's syn-
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Table 22.1 Some important chromosomal abnormalities associated with learning disability

Chromosome Type of Common name Comments

involved rearrangement

21 Trisomy Down's syndrome Rare forms due to robertsonian
translocations

13 Trisomy Patau's syndrome Robertsonian translocations
in around 20%

18 Trisomy Edward's syndrome Nearly all due to full trisomy
8 Trisomy Usually mosaic, variable learning

disability, rare

X Sex chromosome Turner's syndrome Learning disability rare
monosomy

XXX Sex chromosome Trisomy X Mild learning disability to normal
trisomy

XXY Sex chromosome Klinefelter's syndrome Mild learning disability to normal,
aneuploidy male phenotype

XYY Sex chromosome Mild learning disability to normal,
aneuploidy male phenotype

5p Partial monosomy Cri du chat syndrome Profound learning disability,
; microcephaly

4p Partial monosomy Wolf-Hirschhorn syndrome Severe learning disability, many survive
to adult

17p11.2 Small deletion Smith-Magenis syndrome Usually seen on general microscopy,
self-injurious behaviours

16pter-p13.3 Small deletion rx-Thalassaemia mental Cryptic terminal deletion
retardation

15q11-q13 Microdeletion Prader-Willi syndrome Contiguous gene syndrome - paternal
origin of deletion; rarely uniparental
disomy - maternal

15q11—q13 Microdeletion Angelman's syndrome Contiguous gene syndrome - maternal
origin of deletion; very rarely
uniparental disomy - paternal

17p 13.3 Microdeletion Miller-Dieker syndrome Profound learning disability,
lissencephaly

22q11.2 Microdeletion DiGeorge's / Velo-cardio Mild to moderate learning disability/
facial syndrome behavioural, psychiatric disorders

drome, ranging from maternal alcoholism to tuberculo¬
sis and hypothyroidism (Smith & Berg 1976). The
cause is now known to be, in nearly all cases, the pres¬
ence of an extra full or partial chromosome 21.

Genetics That non-disjunction of genetic factors
could be a cause of Down's syndrome was early and
prescicntly suggested by Waardenburg (1932) but full
corroboration had to await the advent of karyotyping
methodologies. Lejeune (1959) showed that an extra
acrocentric chromosome existed in the fibroblasts of

people with Down's syndrome, and in parallel studies
this was also found to be a feature of bone marrow cells
from men and women with Down's syndrome by
Jacobs and her coworkers in Edinburgh (1959); all
studies from a variety of populations have shown that

Down's syndrome is associated with an extra copy of
chromosome 21.

Studies on the molecular origins of the extra chromo¬
some show it to be maternal in over 90% of cases

(Koehler et al 1996), but there is still uncertainty as to
whether the error occurs in the first or second meiosis.

Currently it seems that 75% of maternal errors occur

during the first meiotic division, whereas most paternal
errors (around 60%) occur at the second. Mitotic errors
account for around 5% of cases. The mechanism
involved in the creation of the trisomy is uncertain. It is
clear that in maternal first meiosis-derived trisomies

aberrant (reduced rate) recombination occurs between
chromosomes that will undergo eventual non¬
disjunction, and this is especially prominent in
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exchanges near the centromere, leading to reduced chi-
asma formation in this zone. One hypothesis is that an
aberrant pattern of recombination down the chromo¬
some may lead to a greater susceptibility for bivalents to
segregate abnormally. In the ageing ovum there may be
an increased dependence on the correct pattern of chi-
asma formation to ensure normal segregation of chro¬
mosomes, with the maternal age effect seen as a
double-hit phenomenon with ageing oocyte factors act¬
ing on a predisposed chromosomal set-up.

Nearly 95% of people with Down's syndrome have
full trisomy 21. Robertsonian translocations involving
acrocentric chromosomes account for another 5%.
Some of these (around 45%) are due to a robertsonian
fusion chromosome (usually between chromosomes 14
and 21) being inherited from a balanced carrier parent,
leading to a trisomy of the long arms of chromosome
21, which contains most of the genes for this chromo¬
some (depending on the whether the fusion is mono- or
dicentric, some component of the short arms of 21 may
also be present). Phenotypically the individual has full
Down's syndrome. The small short arms of the
acrocentric chromosomes contain many repetitive
sequences and show a great deal of sequence homology,
which may be related to the tendency to form fusion
chromosomes. The fusion and its normal homologue
are able to pair during meiosis. Other robcrtsonian
translocations arise dc novo and most of these are of
maternal origin (Shaffer et al 1992). The formation of
these dc novo chromosomes does not seem to have a

maternal or paternal age association. The situation is
even more complex in that proximal 21q loci usually
show a great deal of homozygosity, even if the parent
chromosomes were heterozygous for alleles in this
region. Fusion with chromosomes 21 and 22 can occur

but much more rarely. A familial balanced carrier of a
robertsonian (21;21) fusion is especially unfortunate as
all offspring will have Down's syndrome (monosomy 21
being non-viable).

A further 5% of people with Down's syndrome will
have two cell lines in their body, one with full trisomy
21 and one with a normal karyotype. Such mosaicism
may arise from loss of a chromosome 21 in a trisomic
cell early in embryogenesis or from an early mitotic
non-disjunction. Mosaicism is a complex phenomenon
with varying percentages in different cell lines (lower in
white cells than fibroblasts, for example) and varies
with time within the same cell line.

Prenatal screening "l"he relation of trisomy 21 to
maternal age is well established, but it is important to
remember that up to 80% of children with Down's syn¬
drome are bom to women under 35 years. Maternal age
considerations are thus only one factor in preventing
Down's syndrome. In the UK, screening of mothers

over the age of 35 is routine, but this is not the case for
younger mothers. The most commonly used marker for
fetal Down's syndrome is a lowered level of a-fetopro-
tcin in the mother's serum (Merkatz ct al 1984). More
recently a combination of maternal a-fetoprotein,
human chorionic gonadotrophin and urinary ocstriol
has been used to calculate the risk for a younger mother
of carrying a fetus with Down's syndrome (Wald et al
1988). A very large prospective study of over 25 000
mothers combined serum screening with ultrasound and
was able to detect 58% of fetuses with Down's syn¬
drome (Haddow et al 1992). A more invasive technique
is amniocentesis guided by ultrasound scanning, with
the culturing and karyotyping of fetal cells obtained
from a sample ofamniotic fluid. The main indication for
this is advanced maternal age. Tests for fragile X and
other conditions can also be made using DNA from the
sample. The test is carried out between 15 and 22 weeks
of pregnancy and carries a risk (0.5%) of losing the preg¬

nancy which adds to the risk of spontaneous second
trimester miscarriage. Chorionic villus sampling is a
method of obtaining placental tissue through trans-cer¬
vical or transabdominal routes; it also carries an
increased risk of fetal loss. Its main advantage over
amniocentesis is that it is an earlier procedure (10-12
weeks of pregnancy). Very early chorionic villus sam¬
pling has been associated in some reports with the
prevalence of fetal limb abnormalities (Firth 1991) and
it requires a highly experienced operator for its success.

Advances in ultrasound, especially colour Doppler
imaging, have led to an increasing detection rate of sys¬
temic abnormalities associated with fetal Down's syn¬
drome. Heart defects and gastrointestinal abnormalities
(especially duodenal atresia) can be detected. These
features in a fetus would indicate screening for trisomy,
but may only be detectable later in pregnancy. More
subtle variations such as thickening of the nuchal skin
fold and cystic hygromas (Nicolaides et al 1992) hold
promise of a higher sensitivity in specialist centres.

It is now possible to use the polymerase chain reac¬
tion to specifically amplify small amounts of fetal DNA
from the maternal circulation. Basically the method
involves isolating nucleated red blood cells contributed
by the fetus, using a flow sorting method to identify
those carrying specific fetal cell surface protein markers.
The method needs to be established to ascertain the

false-positive and false-negauve rates, but holds great
promise in allowing die early identification of a number
of conditions associated with learning disability, includ¬
ing Down's syndrome (Rose 1996).

In vitro fertilisation allows the possibility of pre-

implantation diagnosis of aneuploidies. Attempts have
been made to use fluorescent in situ techniques to iden¬
tify aneuploidy, as yet with mixed results.
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Clinical features Down's syndrome can be consid¬
ered as a paradigm of a multisystem disorder. 'Flic clini¬
cal variety is associated with a multiplicity of metabolic
and developmental disorders resulting from the pres¬
ence of the extra chromosome and its genes, and almost
every organ system in the body can be involved. It is
important to have some working knowledge of these, as
the interplay between the various systems can be exten¬
sive and confusing. The physical features of someone
with full trisomy 21 are usually well enough developed
at birth to allow immediate diagnosis.

There is a generalised disturbance of growth. The
mean height for adult men with Down's syndrome is
around 1.5 metres, and for women 1.4 metres. Growth
is reduced more in the limbs than the trunk. There is,
however, the complication that the rate of growth may
differ at different ages, and in spite of the reduced
stature the intrinsic bone development seems normal.
In fact the height at 10 years, as in normal individuals,
predicts the final adult height in children with Down's
syndrome (Rarick & Seefeldt 1974) and plasma growth
hormone is not reduced. However, serum insulin-like
growth factor (IGF-1) remains at a constant level
throughout life, rather than showing the normal
twofold difference between adult and childhood levels

(Sara et al 1983). Over 30% of both sexes tend to be
overweight and in one sample nearly 50% were obese
(Prasher 1995a). This was related to living at home
rather than in supported accommodation.

The outcome of differential growth anomalies in
Down's syndrome is especially seen in the shape of the
head and the features of the face. The head shows a

marked brachyccphaly, which develops after birth, wirh
a reduction in anteroposterior diameter. The maxilla is
also decreased in size relative to the mandible (Allanson
et al 1993). The bridge of the nose may be underdevel¬
oped and the eyes close together, with the characteristic
slope and presence of an cpicanthic fold. The
hypopharynx is narrowed and there is a greater suscep¬

tibility to sleep apnoea, especially in young people
(Howcnstinc 1992). Psychological disturbance, such as
excessive daytime restlessness and behavioural difficul¬
ties, in association with snoring can indicate this diag¬
nosis, for which remedial treatments are available. The
joints of die neck should also be a focus of attention in
young adults and adolescents. Instability of the atlanto¬
axial joint is associated with transverse ligament weak¬
ness and causes symptoms in around 1.5% (Pueschel &
Scola 1987). The X-ray diagnosis can be difficult and
require repeated films from different views to establish
it. It is often asymptomatic even when seen on X-ray,
and intervention is controversial. There is a general
consensus that it should not overtly restrict physical
activity, save in those sports where there is a high risk of

neck strain. Isolated cases of death in association with
medical procedures due to this anomaly continue to be
reported, including death during tracheal intubation
and in physical restraint. The need for, and the use of,
physical restraint procedures in adolescents and adults
with Down's syndrome and severe behavioural distur¬
bance needs to be very carefully evaluated.

One of the most striking features of the newborn
child with Down's syndrome is the muscular hypotonia,
some degree of which is an almost constant finding.
Involuntary reflexes that participate in forming the
background muscle tone are reduced in intensity, as is
voluntary muscle control such as hand grip. The
decrease in tone, which is thought to be central in ori¬
gin, continues in older children (Morris et al 1982).
Hypotonus and feeding difficulties during the neonatal
period are important correlates of early mortality. In a

large Californian follow-up study of the predictors of
mortality in people with Down's syndrome (Hyemann
et al 1991), individuals with one or more major medical
problem (such as heart and gastrointestinal abnormali¬
ties) can expect to survive to at least the age of 31. If
there is no major medical problem survival to at least
50 years can be expected.

Congenital heart disease occurs in around 50% of
children with Down's syndrome and is still a leading
cause of infant mortality (Mikkelsen et al 1990) which
requires early detection and treatment if pulmonary
hypertension is to be avoided. The echocardiogram can
reveal most defects (Wells et al 1994). Gastrointestinal
anomalies arc less prevalent and can be of a variety of
types. The incidence of congenital duodenal obstruc¬
tion is strikingly raised to nearly 300 times that in the
general population but the indications for treatment arc
the same.

The skin shows characteristic developmental anom¬
alies which once played a key part in the diagnostic
process. The dcrmatoglyphs of the palm and sole are

arranged in specific ways, with ulnar loops on the sec¬
ond finger and an arched tibial pattern on the hallucis
of the foot, and there is often a marked transverse pal¬
mar crease. The use of these in diagnosis is now limited
but they are of interest in that they represent develop¬
mental problems that occur during the third month of
fetal life. The skin itself is soft in children with Down's

syndrome, and the hair is soft and fine but has a ten¬
dency to dryness in adults; this may also occur in asso¬
ciation with hypothyroidism. The circulation to the
extremities is often poor and acrocyanosis in cold
weather is frequent.

It is unfortunate that the peripheral sensory systems
are very often affected in Down's syndrome. In the eye,

squints are common (up to 20%) and may require sur¬

gical correction. Myopia and other refractive errors are
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also present in over one-third of patients. A large num¬
ber of other conditions have also been described and

may be missed on general screening (Roizen ct al
1994). With the importance of visuospatial learning in
children with Down's syndrome the correction of such
abnormalities is essential. Later in life cataracts become
more common. Kcratoconus, an acute and painful
inflammation of the comea leading to scarring and the
formation of a cone-shaped protrusion, is rarer but
sight-threatening. There seem to be two peaks of inci¬
dence - one in late teenage years and one after the age
of 40.

Hearing difficulties are also marked. Otitis media
affects many children, and this may be exacerbated by
structural anomalies of the ear. Audiometry and audito¬
ry short latency (brainstem) evoked potential studies
have shown that the majority of children have a unilat¬
eral or bilateral hearing loss to some degree (Squires
et al 1986). This hearing loss is added to by the later
onset of sensorineural deafness. The more profoundly
disabled can find using corrective hearing aids and
spectacles difficult, but as they facilitate communica¬
tion, efforts should be made to encourage their use.
The provision of appropriate specialist audiometry ser¬
vices can help greatly (Yeates 1995).

The immune system in Down's syndrome is also
commonly affected (Ugazio et al 1990) and deficiencies
in immunological competence and surveillance may be
a common denominator for several disorders, including
infections, tumours and endocrine disturbances.
Infection, especially pneumonia, is still the leading
cause of death in Down's syndrome and the mortality
rate from infections is markedly raised when compared
with that of the general population. Although B lym¬
phocytes appear to have normal morphology there is a

tendency to raised levels of IgG and IgM antibodies.
Cell-mediated immunity is also altered, with a small
decrease in T lymphocyte numbers. The thymus is
often severely dysmorphic, and there is an associated T
cell maturation delay. A high frequency of transient
leukacmoid reactions occur in the newborn, and the
white cells involved always seem to be fully trisomic for
chromosome 21 (Sicbel et al 1984). Tire risk of true
leukaemia is raised in both children and adults, and
apart from the first year, where acute non-lymphocytic
leukaemia predominates, the spectrum of types is simi¬
lar to that seen in the general population (McCoy &
Epstein 1987). The treatment response in people with
Down's syndrome may differ and methotrexate may be
toxic at even standard doses.

Probably related to the immune disturbance is the
increased prevalence of thyroid dysfunction (usually
hypothyroidism) at all ages. Some cases are congenital
but most are of later onset, and the presence of thyroid

antibodies is variable. However, up to 20% of adoles¬
cents and adults with Down's syndrome may suffer
from it, and it is a crucial differential diagnosis to be
eliminated in the presentations of behavioural distur¬
bance, depression and dementia in these age groups.
Diabetes mcllitus is also more prevalent, and again is
postulated to have an autoimmune basis.

The central nervous system The overall average

weight of the brain is decreased by around 10-20%.
Other changes are more subtle. There is a decrease in
the number of gyri, cortical thinning in some areas and
the middle lobe of the cerebellum tends to be underde¬

veloped. The fine structure is also altered and there is a
decrease in neuronal numbers in a rather patchy fash¬
ion but including in the cerebellum, locus coerulcus
and basal forebrain. In the last area the decrease is

thought to be specific to cholinergic systems (Holtzman
et al 1996). Individual neurone morphology is also
altered, with abnormal dendrite formation. There are

also anomalies in neurone-associated cells, including
glial cell enlargement.

The development of the brain in Down's syndrome
involves abnormal degrees of neuronal differentiation,
abnormal cortical lamination (Golden & Hyman 1994)
and a decrease in the number of neurones eventually
formed (Wisniewski et al 1986). Studies of cultured
fetal neurones (Busciglio & Yankncr 1995) show nor¬
mal initial differentiation but subsequent degeneration
and programmed cell death (apoptosis). The cell death
may involve defects in the mechanisms that scavenge
free radicals in the cell. Such defects may underlie not
only the developmental anomalies that occur in Down's
syndrome but also predispose to the development of
dementia. Free radical excess is certainly one key candi¬
date hypothesis for the development of Alzheimer's
disease in the normal population, and one of the
triplicated genes on chromosome 21 is superoxide
dismutase, which performs a scavenging function.
The presence of pathological features of Alzheimer's
disease including neurofibrillary tangles and amyloid-
containing plaques is well documented and these have
been found in practically all individuals with Down's
syndrome over the age of 35 on whom postmortem
studies have been performed (Wisniewski et al 1985).
The brain distribution of these lesions is similar to that
of Alzheimer's disease of the normal population. The
dementia associated with Down's syndrome is further
discussed below.

Associated learning disability Intellectual dis¬
ability becomes apparent during the first few months of
life and increases as the child becomes older, with a pro¬

gressive increase in the delay in attaining developmental
milestones (Share & Veale 1974). Very early mile¬
stones, such as smiling at faces, may be delayed for only
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a few months, but later milestones, especially language
related such as the ability to form a sentence of three
words, may be delayed for up to 2 years. After the first
decade the intellectual disability tends to remain rela¬
tively static or only slowly progressive, with some late
teenagers showing a second growTh phase followed by a

period of stability until the decline with advancing
years, which, in many cases, is accelerated by dementia
(Gibson 1978, Shepperdson 1995). At around 5 years
of age most children will have test scores in the high
moderate to mild range of learning disability, and early
educational and psychological interventions may be a

key to maintaining this (see below). The variability in
intellectual attainment is well demonstrated by children
with Down's syndrome who are not mosaic in kary¬
otype having test scores in the normal (low average)
range (Kouscff 1978). There is evidence that the par¬
ents' educational levels, which partly reflect their IQs,
have an association with the degree of intellectual dis¬
ability of their Down's syndrome children (Libb et al
1983, Sharav et al 1985).

Early intervention and intellectual and social
achievement Although the earlier studies on the
comparative upbringing of children with Down's syn¬
drome suffered from methodological difficulties, the
general conclusion is that children brought up in their
own homes do better than those in institutions or foster
care. One study has shown an increase of over 17 IQ
points at about the age of 10 years if the child is brought
up at home (Ludlow & Allen 1979). In the comparative
longitudinal survey reported by Shcppcrdson (1995)
the attainment levels were linked to the social class of
the parents, and were also higher for children of
younger mothers who gave greater stimulation.

A single measure such as IQ is, however, grossly
inadequate for understanding the profile of disability
experienced by the person with Down's syndrome.
Some consensus findings are emerging from studies of
the neuropsychological strengths and weaknesses asso¬
ciated with Down's syndrome. There seems to be a
preservation of visuomotor skills and coordination
(Thasc et al 1984). Haxby (1989) found diat young
adults with Down's syndrome, without confounding
medical problems, did better on tests of short-term
memory based on visual and spatial (Corsi's block tap¬
ping tests) rather than verbal tasks. Other adults with
learning disabilities but without a specific syndrome
showed the opposite effect. Wang & Bellugi (1994)
compared groups of adolescents with Down's syn¬
drome and William's syndrome and confirmed that the
subjects with Down's syndrome did less well on the
digit span test and better on the block tapping test. The
young adults with Down's syndrome also performed
better on tests of manual dexterity and sequencing of

movements. The relative deficit in auditory short-term
memory may be important in overall attainment, and is
compounded by the hearing problems that children and
adults with Down's syndrome arc susceptible to
(Gravel & Wallace 1995). A detailed speech, language
and hearing assessment should thus be part of the back¬
ground to any educational intervention programme for
children with Down's syndrome, and strategies should
be adopted that combine written and oral communica¬
tion methods. Computer-based teaching could be help¬
ful in this context.

Psychiatric disorders There is an increasing reali¬
sation that people with Down's syndrome are affected
by the same types and numbers of psychiatric disorders
as anyone in the general population. Overall prevalence
figures vary. Myers & Pueschel (1991) found psychiatric
disorders of some form in nearly 18% of children and
27% of adults with Down's syndrome. In a large study
(using World Health Organization criteria) of over 200
adults, psychiatric disorders occurred at a rate approach¬
ing 30% (Prasher 1995b). In the study by Myers &
Pucschcl (1991) around 6% had major depressive disor¬
der. Collacott et al (1992) found a higher incidence
(1 1%) when all types of depression were included, and
this was nearly three times greater than in a matched
learning disability control group. Previous reports sug¬

gesting that adults with Down's syndrome were less
prone to mania (Sovner et al 1985) were possibly due to
underreporting of bipolar disorder rather than a true
decrease in incidence. Clinically the depression tends to

present with marked biological features (Pawlarczyk &
Beckwith 1987, Myers & Pueschel 1995), with promi¬
nent sleep disturbance, psychomotor slowing or agita¬
tion. Much less apparent are the cognitive associates
such as loss of interest in day-to-day activities, poor con¬

centration, or thoughts of guilt or worthlessness.
Suicidal thoughts are uncommon. Hallucinations (audi¬
tory and visual), however, may occur in a substantial
percentage. The relative lack of cognitive and subjective
symptoms of depression means that the differential diag¬
nosis can be difficult. The functioning of those who have
depressive illness seems to be poorer than matched
groups, with continuing problems in adaptive behaviour
even after recovery (Collacott & Cooper 1992). The
main alternatives arc dementia, physical disorders
including hypothyroidism, and bereavement reactions.
Dementia and depression may coexist and some have
suggested a definite relationship between the two in
Down's syndrome (Burt et al 1992). Bereavement is an

especially common occurrence for adults with Down's
syndrome. 'l"here are two contributing factors. Firstly,
the maternal ageing effect means many parents are older
when their child is bom; secondly, and more important¬
ly, the adult with Down's syndrome is usually looked
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after by his or her parents no matter what age they are.
The response to tricyclic antidepressants is usually
good, with some claims as to the greater effectiveness of
those with predominant actions on the serotonergic sys¬
tem. Sometimes a trial of antidepressants is needed to

help establish the diagnosis.
Schizophrenia has been long described as co-

occurring with Down's Syndrome (Neville 1959)
although it is not commonly diagnosed (Duggirala et al
1995). Small-scale studies suggest that a chronic nega¬
tive outcome is not common (Cooper et al 1995).

Other disorders reported in adults with Down's syn¬
drome include obsessive-compulsive disorder and
Tourette's syndrome but the true incidence of these is
uncertain. Children with Down's syndrome also seem
at increased risk from autism (Howlin et al 1995) but,
again, whether there is a definite causal relationship,
whether there is an increased incidence or whether the

co-occurrence is truly sporadic, is not certain.
Alzheimer's disease The development of demen¬

tia in adults with Down's syndrome was noted only
10 years after Langdon Down's original report (Fraser
& Mitchell 1876), and the pathological features of
Alzheimer's disease were described at postmortem
examination in an adult with Down's syndrome in 1929
(Struwe 1929). In fact plaques and neurofibrillary tan¬
gles occur in the brains of almost 100% of adults with
Down's syndrome (Kolata 1985, Wisniewski et al
1985a, 1985b) and the anatomical distribution of these
lesions is similar to that seen in Alzheimer's disease in

elderly subjects from the general population. These
changes, however, can begin as early as the second
decade of life in adults with Down's syndrome, and
have even been described in a 12 year old (Cork 1990).
The main component of the amyloid in Down's syn¬
drome is the amyloid (3A4 protein with 42 amino acid
residues (A(342). This is coded for by the amyloid pre¬
cursor protein (APP) gene on chromosome 21, muta¬
tions in which are the cause of a class of relatively rare,

early-onset familial dementia in the general population
(Goate ct al 1991). APP exists in three isoforms. In the
brain of the fetus with Down's syndrome there is an
almost fivefold increase in the expression of the APP-95
variant (Neve et al 1988), and a fourfold increase in the
APP-751 and APP-770 forms. These latter two iso¬
forms have structures suggesting that they may act as

protease inhibitors, and levels are increased in the hip¬
pocampus and striatum of adults with Down's syn¬
drome (Neve et al 1990). The role of the APP in the
development of pathology is still unclear, and there
must be some mechanism to explain why the plaques
and tangles do not, on average, appear until the third
decade, whereas the APP levels are persistently high
throughout life.

Teller et al (1996) showed that the abnormal accu¬

mulation of A(342 occurs from the 21st week in utero,
long before the formation of any plaques, right through
to the 61st year of life - a feature that is not seen in
matched control subjects. Normally the APP is
processed into Ap40 with only small amounts of A(342
produced. However, in Down's Syndrome the A(342
peptide is present even in the absence of amyloid
plaques. They suggested that in Down's syndrome a
mechanism must exist to degrade this protein and pre¬
vent it aggregating, and that it may be this mechanism
that fails with age, rather than the protein deposition
into plaques being the proximate cause of the disease.
Another candidate is the copper-zinc-requiring super¬
oxide dismutase gene (CuZnSOD) that lies in close
proximity to the APP gene on the long arm of chomo-
somc 21. SOD acts as a free radical scavenger of form¬
ing hydrogen peroxide, which is the substrate for other
enzymes to break down to water. Defective metabolism
of reactive oxygen species is certainly a feature of fetal
Down's syndrome neurones. Duplication of this gene
itself is not a necessary factor involved in producing the
learning disability but occurs in nearly all subjects with
Down's syndrome. Gliosis is also a prominent feature
in Down's syndrome and the gene coding for a key glial
calcium binding protein subunit (SI00(3) is also found
on chromosome 21. Interleukin 1 is a cytokine pro¬
duced by macrophages and promotes gliosis. It is also
involved in the cellular regulation of APP uptake.
Interlcukin 1-containing cells are markedly increased in
people with Down's syndrome and it may be a clue
linking a defective immune response to the regulation
of already aberrantly expressed proteins. It is also con¬
ceivable that all these factors may act together to induce
the histological changes and the temporal sequence of
the disease.

Clinical dementia in adults The signs and symp¬
toms of clinical dementia do not occur with the same

frequency as the histopathological changes; a broad
range of prevalences, from 6% to 75%, has been report¬
ed (Rabe et al 1990), probably reflecting differences in
diagnostic criteria and tests used, and cohort effects in a

period where the longevity of the person with Down's
syndrome has markedly changed. At the beginning of
the 20th century the average life expectancy for some¬
one with Down's syndrome was around 9 years

(Holland et al 1993). Now nearly 15% of men with
Down's syndrome and around 20% of women are over
the age of 55 (McGrother & Marshall 1990), with most
of this change occurring in the last 30 years. There is a
need to separate the effects of normal ageing in Down's
syndrome not due to Alzheimer's pathology from those
of the pathology itself. It is perhaps unfortunate that the
concept of premature ageing has been applied widely to

608



LEARNING DISABILITY

all the clinical changes in adults with Down's
syndrome, when in fact most of the evidence for this
concept is, as Epstein (1995) points out rather cir-
cuitously, based on Alzheimer's neuropathology. The
problem is further compounded by the difficulty of
diagnosis of dementia using standard criteria in adults
with Down's syndrome, and the fact that the presenta¬
tion may show several features that are atypical of
dementia in the general population (Dalton et al 1993).

Longitudinal studies have shown that adults over the
age of 50 with Down's syndrome showed a greater rate
of loss of adaptive behaviours than comparison groups
with other causes of learning disability (Zigman et al
1996a), and that the adaptive loss is global rather than
specific. Some studies found little evidence for deterio¬
ration in cognitive measures, including short-term
memory, in Down's syndrome adults (Devenny ct al
1992, Burt et al 1995), but in these studies Alzheimer-
type dementia was an exclusion criterion, and they
focused on an age group largely below 50 years

(Zigman et al 1996b). Studies looking at a wider age

spread do show definite declines, especially in tasks
involving planning and attention (Das ct al 1995).
Overall there is now considerable evidence from a wide

range of cross-sectional and longitudinal studies that
dementia develops in a sizeable proportion of adults
with Down's syndrome, and is especially likely over the
age of 50 (Berg et al 1993).

Prediction of who will and who will not develop
dementia amongst adults with Down's syndrome is not
possible at present, although some studies have
attempted to address this question. Changes in neu¬

ropsychological measures and in the timing of late audi¬
tory event-related potentials over a 2 year time period
have been described, and a marked increase in the
latency of the P300 waveform may indicate the onset of
dementia before clinical signs are apparent (Blackwood
et al 1988, Muir et al 1988). However, the high preva¬
lence of hearing loss in older subjects with Down's syn¬
drome makes such tests difficult. The alleles of genetic
polymorphism associated with the apolipoprotein E
gene on chromosome 19 may act as weighting factors
for the development of senile dementia (reviewed in
Pericak-Vance & Haines 1995). The protein produced
by this gene binds to amyloid (3 peptide in the plaques
and tangles of Alzheimer's disease. The most common
allele in Western populations is termed APOE3. Being
homozygous or heterozygous for a less common allele,
APOE4, is associated with an increased risk and
decreased age of onset of late-onset forms of Alzheimer-
type dementia in the general population, but studies on
adults with Down's syndrome have yielded conflicting
results. The rarest allele, APOE2, is associated with a

protective effect against the development of dementia

both in the general population and in Down's
syndrome. Although it is a promising development
the APOE genotype still needs further validating
research before it can be considered as a clinical test to

add to the dementia screening repertoire in Down's
syndrome.

Although there has been recent progress through
brain imaging in the identification of structural
(Schapiro ct al 1992) and functional (Deb et al 1992)
correlates of changes that precede its clinical appear¬
ance, the diagnosis at present is almost entirely clinical¬
ly based. Estimates of the incidence of presenile
dementia in adults with Down's syndrome obviously
rely on valid indicators of the condition. The incidence
is age related, with most follow-up studies indicating
that around 10% of adults with Down's syndrome
above the age of 40 will show clinical evidence of
dementia per year. This leads to an overall prevalence
of around 40% for clinical dementia in adults over the

age of 40, which correlates well with the numbers found
in practice. Knowledge of the number of persons in a

given region who have Down's syndrome is surprisingly
limited, at least in the UK. A survey of adult training
and resource centres, voluntary agency-run day centres,
clients on the lists of community learning disability
nurses, and information on children known to the
Scottish Down's Syndrome Association in 1995
(Table 22.2) found 343 persons with Down's syndrome
in community settings in the Lothian Region of
Scotland, of whom 139 were over 36 years old. These
arc minimum numbers, and between 30 and 40% of
these will be showing some clinical signs of dementia.
These figures are broadly comparable with those found
in Lanarkshire and Ayrshire by Irving (1992). 'l"he
increase in the number of adults with Down's syndrome

... . .. ... ■ ... ...

Table 22.2 Number of people in the community
with Down's syndrome by age in Lothian
Region, Scotland (minimum figures)'

Age range
(years)

Number

Under 10 61
10-15 26
16-25 40
26-35 77
36-49 109
50-59 28

Over 60 2

Total 343

Total over 36 years 139
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is projected to continue and peak at least 50% above
1990 levels between the years 2000 and 2020
(Steffelaar & Evanhuis 1989). For a presenile dementia
this will represent a considerable number of affected
people.

For diagnosis of any form of dementia there must be
a demonstrable deterioration in short-term and later
long-term memory, along with a worsening ability to
focus attention and maintain personal orientation
(Geldmacher & Whitehouse 1996). However, it is
apparent that the person with Down's syndrome is very
different in many ways from people in the general pop¬
ulation with presenile dementia or the dementia of old
age. Not only does he or she have a different metabolic
and genetic background, but usually also differs in
upbringing, education, language acquisition, work
placements and social support structure. Thus the
dementia, whether it is classically Alzheimer's disease
or not, will be acting on a different substrate, and thus
can be expected to produce different effects in all areas
of functioning. Disturbance of memory may not be the
initial symptom. Irving (1992) conducted a compre¬
hensive survey of adults with Down's syndrome and
dementia in two areas of Scotland, and found difficul¬
ties over multiple areas of function, with a deterioration
in self-care skills being the most common, followed by
loss of social and language skills and then memory loss.
Various behavioural difficulties are very common

(including wandering), and may arise for the first time
or may represent an exacerbation of long-term behav¬
ioural disorders. In common with other forms of

dementia, psychotic features such as auditory and visu¬
al hallucinations are quite frequent, although the degree
of learning disability may make their interpretation
difficult. Epilepsy may also arise for the first time, and
in a few cases may be the initial sign of dementia.
Although generalised seizures can occur, it is a clinical
impression that myoclonic epilepsy is a feature of the
dementia associated with Down's syndrome. There
may be a diurnal pattern, with a prominence of the fits
on awakening. Although the usual antiepileptic medica¬
tions arc useful, the epilepsy is sometimes difficult to
treat (Tangye 1979). Difficulties with speech produc¬
tion and the use of language are often important signs,
ranging from a simplification of speech through to
mutism. The rate of progression of the dementia is vari¬
able, but often rapid. In the later stages the person will
sometimes be immobile without help, and doubly
incontinent.

In the assessment of adults with Down's syndrome or
any other cause of learning disability the establishment
of a baseline level of functioning is important, but may
be a difficult and, at present, usually a retrospective
process. The work-up must be extensive, making full

use of information from key informants from the per¬
son's place of occupation and home as well as from the
clinical, physical and psychological examination of the
person himself. Psychological assessment using scales
such as the Vineland (Sparrow et al 1984) can be a very
useful adjunct to clinical diagnosis (Crayton & Oliver
1993) but as yet there are no specific tests that allow
diagnosis. Dementia is a process of change, and the
subject must be followed up over what will sometimes
be a considerable period of time to allow a diagnosis to
be made. Brain imaging studies, including computed
tomography and magnetic resonance imaging, need to
be repeated and can clearly show changes typical of the
progression of Alzheimer's disease. The differential
diagnosis includes major depressive disorder and anxi¬
ety disorder, both of which are common in adults with
Down's syndrome and are the mental health problems
that most commonly go unrecognised in people with
learning disability (Moss et al 1991), and endocrine
disorders - especially hypothyroidism. Both mental
health problems and medical disorders may occur in
the presence of dementia and require vigorous treat¬
ment. Indeed there is some evidence that adults with

Down' syndrome and dementia are at greater risk of
developing hypothyroidism than those without demen¬
tia (Percy et al 1990).

Alter the diagnosis is confirmed the psychiatrist has a
role to play in working with and supporting the family
or carers, treating the behavioural or psychiatric com¬

ponents of the condition, and also advising on the suit¬
ability of die particular environments that the person
encounters. Many of the current care settings do not

produce a compatible environment for the person with
dementia. For instance, the adult training centre (or
resource centre in some parts of the country) can serve

large numbers of changing clients. The noise levels arc
often high, and open plan design can lead to increased
confusion and behaviour disturbance. Similarly, hospi¬
tals usually have high ambient noise levels, multiple
staff changes and, to an already confused person, pre¬
sent an additional source of fear and disorientation.

Sadly, eventual hospital placement still too often occurs
for the wrong reasons and at the wrong stage of the ill¬
ness, simply due to the unavailability of an appropriate
alternative. Placement on wards for the care of the

elderly is certainly neither generic or appropriate and
leads to distancing of the person front die social work
and health care services for adults with learning disabil¬
ity, and die allied specialist therapies that arc appropri¬
ate to their needs.

The condition puts a tremendous stress on the family
or carers of the person, especially the parents, who
themselves may be experiencing problems of ageing - a
situation Janicki has described as 'two-generation age-
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ing'. The situation is inverted from normal ageing and
dementia, where the sufferer is usually looked after by
the children. Every attempt should be made to allow
the person to continue to live at home and to support
the parents in the immediate practical aspects of health
care, and also in making plans for future care. The car¬
ers are especially troubled by restlessness, loss of
speech, incontinence and wandering (Prasher & Filer
1995) and these behavioural problems need careful
management. Parents are also highly concerned as to
who will look after their son or daughter when they
themselves die, whether or not the person suffers from
dementia. After parental loss, it is in fact still the family
that usually look after the person with Down's syn¬

drome, and usually the siblings (most often a sister)
take over the role of carer. In the final stages of the con¬
dition the health needs may become overwhelming and
there is a great need for specialist provision of respite
and terminal care for the person. Studies on good pal¬
liative care for people with learning disability arc in
their infancy.

Sexual development and its problems Sexuality
and sexual expression are part and parcel of the normal
development of the adolescent with Down's syndrome,
as for anyone else. The sexual development of men with
Down's syndrome seems to follow a normal course,
with the development of primary and secondary sexual
characteristics. Girls with trisomy 21 start menstruating
at around the same age as others, and cycles are usually
regular and associated with regular ovulation (Scola &
Pueschel 1992). However, most men seem to have a

problem in spermatogenesis, with varying degrees of
impairment from the very mild to complete arrest with
reduced sperin counts. The oft quoted statement that
men with full trisomy 21 have never been known to
father a child is wrong in absolute fact (Sheridan et al
1989) but correct in principle. Men with mosaic
Down's syndrome, however, are fertile and have been
known to have children. The cause of the defective

spermatogenesis is unknown. Women with full trisomy
21 can be fertile (at least two dozen children have been
reported). Some, however, have problems with ovula¬
tion or slowed follicle growth.

Sex education is as appropriate for young people with
Down's syndrome as it is for any other person. It is as

important that they should learn and understand about
the formation and problems of human relationships,
and marriage, heterosexuality and homosexuality, as
about the mechanistic aspects of intercourse and body
function. Their learning disability in combination with
increased independence makes them vulnerable to
abuse and exploitation, and the dangers should be
included as part of their education, whether main¬
stream or special.

Sex chromosome aneuploidies

Abnormalities of the number of sex chromosomes are

not uncommon, at around 1 in 500 livebirths. The tri¬
somies are more common at birth than monosomy X
(Turner's syndrome, XO) but the latter is the most
common chromosome abnormality in spontaneous
abortions, whereas the former are rarely found
(Hassold & Jacobs 1984).

Only one X chromosome is active in any cell. The
second chromosome in normal females exists in a large¬
ly inactive state, after compaction and the formation of
a hcterochromatic Barr body in the late blastocyst stage
of embryo development. This inactivation is now

thought to be mediated, at least in part, by sequences in
the so-called X inactivation centre (XIC) situated in the
Xql3.3 region of the X chromosome to be inactivated,
and including a key gene termed XIST, an acronym of
'inactive X specific transcripts' (Brown ct al 1991). The
XIST gene may act via binding RNA rather than cod¬
ing directly for a protein. The key features of the inacti¬
vation process are: that the active gene(s) for
inactivation are cis acting, that is act on the chromo¬
some on which they reside; that activation of the genes
causes a spreading inactivation of the chromosome par¬
alleled by a methylation of CpG islands down the chro¬
mosome; and that the inactivation 'skips' key regions
on the partly inactivated X chromosome, including the
pseudoautosomal region, which continue to exhibit
gene activity. The homologous active X chromosome
docs not express XIST activity and is spared. The pat¬
tern of X inactivation is normally thought to be ran¬

dom, and females cells arc usually a mosaic, from the
active X chromosome point of view, of paternal X
derived and maternal X derived lines. However, the
extremes of the normal distribution may mimic non-
random inactivation and explain why some heterozy¬
gous carriers of X-linkcd disorders may be very severely
or minimally affected. Rarely there seem to be true non-
random inactivation patterns which can run in families.
In disorders with relevance to learning disability, some
families with the Lesch-Nyhan syndrome have multiply
affected females who are thought to arise through this
mechanism (Marcus et al 1992). Another, and more

common, rype of nun-random inactivation can occur in
identical female twins and can explain some of the clin¬
ical discordancy in the phenotype of X-linked disorders
that can be found in some pairs.

With the sex chromosome aneuploidies, all the extra
X chromosomes, if present, are inactivated, so that the
phenotypic consequences must be due to the higher
copy number of the genes on those chromosomes that
are spared from inactivation. The autosomes in some

way contribute to the inactivation process, and die
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correct count is needed to inactivate any extra X
chromosomes. In triploidies (cells with 69 chromo¬
somes) the extra X chromosome is not inactivated
(Jacobs et al 1979). Of the anomalies of sex chromo¬
some number, only those leading to an increased num¬
ber will show an association with learning disability.
Females with Turner's syndrome (XO) have a distribu¬
tion of IQ indistinguishable from the general popula¬
tion; in fact, mosaicism, which occurs in around a

quarter of cases, may on average confer a slightly higher
than normal IQ. The clinically important aneuploidics
have the karyotypes 47, XXY, 47,XXX and 47,XYY.
Various mosaic karyotypes (the other cell line usually
being normal) are also found. Higher number aneuploi-
dies are rarer.

Klinefelter's syndrome
The Karyotype 47,XXY occurs in around 1:1000 men,
and is thus a relatively common and important condi¬
tion. Around half the non-disjunctions are paternal and
half maternal in origin. Three-quarters of the maternal¬
ly derived cases show a maternal age effect, and most of
the paternally derived cases are associated with advanc¬
ing age of the father. The original clinical description
predated cytogenetic analysis (Klinefelter et al 1942)
and the original classification was later found to include
men who did not have XXY. The key criteria are now
held to be an XXY karyotype and male hypogonadism.
Diagnosis often occurs at puberty, with a variable
degree of development of secondary sexual characteris¬
tics, or through referral to an infertility clinic. Nearly
90% may have scant facial hair, and gynaecomastia may
occur in around 50% (Froland 1969). The adult with
Klinefelter's syndrome is usually taller than average by
around 4 cm (with especially long lower limbs) and an
asthenic body build. The average IQ of adults is around
90 and thus slightly below normal, and a relatively large
number will fall into the learning disabled range. The
disability is usually mild and most have IQ levels above
60. Specific learning disorders arc probably more com¬

mon, and require intervention, although the usual delay
in diagnosis predicates against this. The postulated
relationship of Klinefelter's syndrome to psychiatric
disorders, especially psychoses, was based on the stud¬
ies of individuals in institutions: the true relationship is
uncertain.

Trisomy X
This karyotype (47,XXX) is found in around 1:1000
women. That any syndrome is associated with this
karyotype is controversial. Generally there is little clini¬
cal evidence to suggest any abnormality (a slight

increase in height may occur, but this also correlates
with parental height). However, up to 70% may have
learning disorders (Ratcliffc & Paul 1986) and learning
disability is overrepresented, in association with a slight
decrease in average IQ from normal values. Some
women have reduced fertility, but most do not, and
their children have normal karyotypes. The reports of
an increased incidence of schizophrenia are interest¬
ing, and not necessarily associated with learning dis¬
ability.

47 XYY Males

Again this occurs in around 1:1000 men. Men with this
karyotype have even less phenotypic correlates than tri¬
somy X, and yet it has engendered a controversial sta¬
tus out of proportion to its clinical importance. Studies
on populations of men in maximum security psychiatric
hospitals in the 1960s seemed to show an excess of men
with this karyotype as well as men with Klinefeltcr's
syndrome (Witkin et al 1976). However, studies lacked
adequate comparison groups, and the high prevalence
of XYY in the general population meant that doubts
were soon cast on causal inferences relating karyotype
to criminal behaviour. IQ may be very slightly lower, on

average, than in the normal population, which may
account in small part for a general increase in behav¬
ioural problems in this group.

Sex chromosome polysomies and other
abnormalities

Where the number of X chromomes and/or Y chromo¬
somes increases above 2 then definite phenotypic
consequences result. X chromosome tetrasomy
(48,XXXX) and pentasomy (49,XXXXX) are rare but
well described. 48.XXXY and 49,XXXXY are more

common. The general finding is of a marked degree of
learning disability and a variety of physical abnormali¬
ties. The greater the number of X chromosomes, the
more profound the learning disability tends to be. The
extra X chromosomes all seem to be maternal in origin
in these conditions. All the extra X chromosomes arc

also inactivated, and the phenotype must largely be due
to an increased copy number of those genes escaping
inactivation.

Ring X and supernumary marker chromosomes
derived from the X chromosome are generally also
associated with learning disability in the carrier. In
some cases they may fail to inactivate, due to lack of
XIC. Thus the genotype is producing a disomy of
regions of the X chromosome that would not normally
be present even with multiple full copies of the X chro¬
mosome.
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Deletions and duplication ofparts of
chromosomes

Loss of a whole autosome (monosomy) is usually disas¬
trous for fetal development, and few survive to birth. A
great variety of deletions (partial monosomy) and
duplications (partial trisomy) of segments of an auto¬
some have been observed. These range from the whole
of a chromosomal arm down to very small deletions and
duplications that require specialised methods for detec¬
tion. In the extreme case a deletion may only become
apparent on molecular analysis.

Many of the larger deletions and duplications are
associated with learning disability, and there are some

paradoxical findings, such as that of partial trisomy 8,
which is associated with a greater degree of learning dis¬
ability than full trisomy 8. These conditions are rare
and only two at the extremes of the cytogenctically
detectable spectrum will be described.

Partial monosomy of the short arm of chromo¬
some 5 (cri du chat syndrome: Sp-) This occurs in
around 1:50 000 newborns. The infant has a character¬
istic cry which is said to be like diat of a kitten, hence
the epithet. Microcephaly is usually pronounced, and
dysmorphisms include hypertelorism and microg¬
nathia, the latter associated with dental malocclusion
(Niebuhr 1978). The learning disability is profound in
degree, and its depth may increase in some cases with
ageing. Many people with cri du chat syndrome live
well into adult life and puberty occurs normally. In the
vast majority of cases the deletion is a sporadic occur¬
rence, but rarely it can be inherited as the unbalanced
form of a parental translocation.

William's syndrome Learning disability is a com¬
mon associate of this condition, which also includes
growth retardation, characteristic facial features ('elfin'
facies), a hoarse voice and premature wrinkling and
sagging of the skin, and vascular anomalies especially
aortic stenosis. More relevant to the future understand¬

ing of other conditions associated with learning
disability is the highly variable pattern of cognitive
impairments that form a specific profile of weaknesses
and abilities (Ashkenas 1996). As children, these indi¬
viduals' ability to recognise faces is good, but they do
badly on the ability to assemble a whole object from
component parts, given a model to follow. Like many

genetic conditions associated with learning disability,
the phenotype is inconstant and diverse. This has often
led to a tacit assumption that such conditions are neces¬

sarily of polygenic effect. In the case of William's syn¬
drome there is usually a deletion of a small region
(around 2 cM) of the long arm of chromosome 7 lead¬
ing to hemizygosity, in that the implicated region is only
represented by one chromosome. One of the deleted

genes is that for elastin, which may therefore suffer
from a reduction in expression and account for vascular
changes. Elastin is not found in the brain, however, and
specific defects of the elastin gene are not associated
with learning disability or even the skin changes of this
condition (Morris et al 1993, Olson et al 1995). It is
likely that William's syndrome is a contiguous gene
deletion disorder and that the other genes deleted
determine the phenotypc. Parental imprinting may be
important in determining some of die outcomes of the
deletion in William's syndrome. Those in whom the
deletion is maternally derived are smaller in height than
if the deletion is paternally derived. Unusual cases of
William's syndrome with smaller deletions have been
described (Frangiskakis et al 1996) and are not associ¬
ated with learning disability but there are quite specific
and remarkable problems with the visuospatial task
described above. The strongest candidate gene is a
kinase (LIMK1) which is widely expressed in the ner¬
vous system and codes for a highly unusual protein with
two zinc-finger domains. There is currently much inter¬
est in the function of protein kinases in memory and
cognition, and William's syndrome may be a key to out-

understanding of the link between relatively simple
genetic abnormalities and specific alterations in highly
complex cognitive functions.

Contiguous gene syndromes Major advances have
been made using molecular cytogenetics in the detec¬
tion of syndromes based on chromosomal microdele-
tions, microduplication and cryptic translocations.
Most of these syndromes are associated with learning
disability, and include the Prader-Willi/Angelman syn¬
dromes of chromosome 15 and other, as yet seemingly
rarer, conditions. They are described in more detail in
Chapter 7. It is probable that the number of these con¬
ditions will rise dramatically as the methodologies are

applied to people with learning disability without
known aetiologies, and perhaps especially to those with
more severe degrees of handicap.

Associated genetic disorders showing
mendelian inheritance patterns
It is impossible to list here the large number of inherited
conditions that are associated with learning disability.
Very detailed accounts are given in relevant genetic
texts (Scriver et al 1995). An outline of some important
disorders following autosomal dominant, recessive and
sex-linked inheritances is given in Table 22.3.

Autosomal dominant conditions

The phakomatoses These are a cluster of condi¬
tions with neurocutaneous signs and a variety of
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Table 22.3 Selection of inherited disorders associated with learning disability. (In total, including those not
associated with learning disability, there are over 2000 dominant and 600 recessive disorders)

Inheritance pattern Common name Comments

Dominant Tuberous sclerosis Variable association with learning disability, three
different disorders

Dominant Neurofibromatosis Variable association with learning disability
Recessive Hurler's syndrome Lysosomal storage disease - mucopolysaccharides
Recessive Sanfillipo disease Lysosomal storage disease - mucopolysaccharides,

four different disorders
Recessive Sialidosis Lysosomal storage disease - glycoproteins
Recessive Niemann-Pick disease Lysosomal storage disease - sphingomyelins
X-linked dominant Fragile X syndrome FRAXA - triplet repeat expansion disorder, shows

anticipation
X-linked dominant FRAXE - triplet repeat expansion disorder, mild learning

disability

X-linked recessive Hunter' disease Lysosomal storage disease - mucopolysaccharides
X-linked recessive Fabry' disease Lysosomal storage disease -trihexosylceramides

causes (Riccardi 1990). The main disorders in this
grouping are neurofibromatosis, tuberous sclerosis,
Von Hippcl-Lindau disease and the Sturge-Weber syn¬
drome. Neurofibromatosis and tuberous sclerosis are

genetic and heterogeneous conditions. Neurofibro¬
matosis consists of several genetic conditions and is a

relatively common autosomal dominant disorder
(around 1:4000). Although learning disability may be a

component it is not a major association of the condi¬
tion, and the condition is very pleiomorphic even within
the same family. Von Hippel -Lindau disease is also
genetic but rare, and is associated with the development
of angiomatous tumours in various areas of the body.
The Sturge-Webcr syndrome is apparently not inherit¬
ed, and clinically features port-wine stain of the face,
and angiomas of the meninges in the temporal and
occipital regions leading to learning disability, epilepsy
and sometimes hemiparesis. There have been some

suggestions that dysfunctional cells in these disorders
arise from the neural crest, but consistent supportive
evidence for this is lacking. From its strong association
with learning disability, tuberous sclerosis is the most
relevant to the present discussion.

Tuberous sclerosis This group of disorders has
been known for well over a century. Their prevalence is
estimated at around 1:10 000, although this figure is
likely to be too low because the conditions are extreme¬
ly variable in clinical presentation and penetrance with¬
in families. Males and females are equally affected.
Clinically the key features arc learning disability of all
degrees, seizures, hamartomas of the central nervous

system (including the retina), depigmented skin patch¬

es (ash leaf spots) and fibromas of the nails. Sometimes
tumours also occur in the heart muscle and kidneys.
The most common feature is skin depigmentation (over
96% cases), which is especially noted under ultraviolet
light. Seizures are very common (90%) and often the
initial presentation in an infant, with 'salaam attacks'
(infantile spasms) being characteristic. However, all
other types of epilepsy, including partial and general
seizures, may occur. The partial and general epilepsy
can persist throughout to adulthood. Learning disabili¬
ty is present in up to 50% of people with tuberous scle¬
rosis, and can vary from profound to mild. There arc
often associated behavioural disorders.

Three forms of tuberous sclerosis exist. Tuberous
sclerosis 1 (TSC1) is caused by a gene on chromosome
9 near the ABO blood group locus (Fryer et al 1987). A
gene has been cloned for tuberous sclerosis type 2
(TSC2) and occurs on chromosome 16. This form of
tuberous sclerosis is said to be more often associated
with psychiatric and behavioural disorders than TSC1.
A third and rare type of tuberous sclerosis (TSC3) has
been described in individuals with a chromosomal
translocation involving chromosome 12.

Most studies have focused on TSC 1. There seems to

be no evidence for imprinting. Sampson et al (1989)
found a prevalence rate of around 1:12 000 in the west
of Scotland for children under 10 years of age. A high
percentage (60%) of cases were said to be new muta¬
tions, as neither parents showed any signs of the condi¬
tion. However, it is now clear that obligate carriers may
show no clinical evidence of the condition, and the
extended family of any new case, or indeed any case
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that has not been fully investigated, now needs genetic
examination.

Autosomal recessive conditions

A vast number of single gene metabolic disorders asso¬
ciated with learning disability show a recessive inheri¬
tance pattern. Individually most arc rare or very rare.
The most common, at around 1:15 000 newborns
(Levy 1991), is phenylketonuria, which holds a special
place as the first to have its metabolic consequences
described. This is an aminoacidopathy (there are 47
others known) with several genetic causes, and its con¬
sequences including learning disability require long
exposure. Supervised early dietary phenylalanine
restriction helps prevent this. At special risk are chil¬
dren of mothers who arc homozygous for the gene and
who may have poorly controlled phenylalanine levels.
The embryo in such cases is at risk in utero. Once
learning disability is established it cannot be reversed.

A large number of lysosomal storage diseases have
also been described (Suzuki 1996). Of those involving
mucopolysaccharide storage, Hurler's disease is the
classic, with severe learning disability and characteristic
skeletal abnormalities of short stature, kyphosis, flexion
deformities, a long head and characteristic facies. The
internal organs, especially the spleen and liver, may
be grossly enlarged. The defect is in the enzyme
a-iduronidase. The other lysosomal storage diseases
include a group involving the storage of sphingolipids
(e.g. Tay-Sachs disease) and glycoproteins (e.g. sialido-
sis). Most but not all of these rare conditions are auto¬
somal recessive, and thus will be expressed more

frequently in societies where cousin marriages arc more
common.

Mendelian and non-mendelian disorders
associated with the sex chromosomes

A growing number of conditions causing learning dis¬
ability have been linked to the X chromosome. In addi¬
tion to specific mendelian single gene disorders (e.g.
Hunter's and Fabry's diseases amongst the storage dis¬
orders), many factors pointed to an excess of sex-linked
conditions. By far the most important are the fragile X
syndromes which do not show true mendclian inheri¬
tance. A major advance in our understanding of the
causes of conditions associated with learning disability
has come through an understanding of the gene disor¬
der that leads to the fragile X syndrome. The work on
this condition heralded the identification of an ever

growing number of inherited disorders associated with
triplet repeat expansion, including Huntington's dis¬
ease. The inheritance of fragile X, which proved

difficult to understand before the genetic disruption
was pinpointed, is now relatively well understood, and
recent work on the molecular pathology of the condi¬
tion has raised important new questions about the sta¬

bility of genetic mutations.
It has long been known that more men than women-

suffer from moderate and severe degrees of learning dis¬
ability. Last century Johnson noted this from the data
provided by a census in the USA, and this has been
amply confirmed since then. In a large study of X-
linked learning disability Lchrke (1972, 1974) showed
that the sex ratio in surveys of people with learning dis¬
ability has always been biased towards men, and that in
families with more than one offspring with learning dis¬
ability the number of male-male sibling pairs was

greater than the number of male-female. A variety of
factors could explain this gender difference, including
the increased rates of premature birth, neonatal mor¬

bidity (and mortality) and congenital abnormalities. X-
linkcd genetic conditions that arc associated with
learning disability will also tend to be expressed to a

greater extent in men, due to the lack of a second com¬

pensating X chromosome. In females there are two pos¬
sibilities to balance the effects of a deleterious gene
mutation. First, there is a random inactivation pattern
of the X chromosomes (Lyon hypothesis) that means

only a percentage of subjects will be expressing the
chromosome with the mutation. Second, in cases where
the aberrant gene lies in a region which is spared inacti-
vation (e.g. the pseudoautosomal region), and as both
genes are active, there will be a compensatory normal
gene as well as the aberrant gene.

Fragile X syndrome
Familial disorders, with learning disability mainly in
men, have been described for some time. Martin & Bell
(1943) found a family in which 11 of the men had a
common set of clinical features including learning dis¬
ability, and similar families were subsequently
identified (Renpenning ct al 1962). In some of these
individuals it was later found that a cytogenetic abnor¬
mality of the X chromosome could be induced under
certain lymphocyte culture conditions, notably folate
deprivation or thymidilate stress (Lubs 1969,
Sutherland 1977). A very faintly staining and seemingly
constricted region near the end of the long arm, and
located more precisely on the banding pattern map of
the chromosome at Xq27.3, appeared in a percentage
of cells. The apparently tenuous nature of the anomaly
earned it the tag of 'fragile site' and other such folate-
dependent sites are now known, bodt on die X chromo¬
some and on autosomes. The identification of the

abnormality was important as its inheritance within a
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family could be studied, and its presence linked individ¬
uals with quite widely variable clinical features.

Turner and her colleagues (1992) systematically
looked for fragile X chromosomes in a large number of
learning disabled individuals in New South Wales,
yielding rates of around 1:2600 men and 1:4200
women. In Coventry, Webb et al (1986) found a rate of
1:1000 schoolchildren. These rates were approximate,
as the expression is so dependent on culture conditions
and is especially subject to false positives. A more
recent reanalysis of the positives in the Coventry sample
(Morton et al 1995) yielded a frequency of around
1:2200, and the most recent molecular-based studies
give a lower figure of 1:4000 males. However, this still
places the fragile X syndrome as the most common
inherited disorder associated with learning disability.

Physical features These are very variable and
overlap considerably with the normal population. The
most consistent are the large testicles and ears seen in
around 80% of adult men with the condition. The
increase in testicular volume may be dramatic - up to
and over 120 ml. A disorder of connective tissue may
account, at least in part, for the large prominent (antev-
erted) ears, and also for other, less consistent findings,
including a very smooth skin, hyperextensible finger
joints, flat feet and mitral valve prolapse. The face tends
to be long and narrow with a relative underdevelop¬
ment of the nridface. These features tend to be most

prominent after puberty; up to 20% of children with the
fragile X karyotype may show no clinical features. Most
will show some degree of cupping of the ears, although
the macro-orchidism is a postpubertal feature which
continues thereafter (Hagerman 1991, Butler et al
1992). Macrocephaly to a slight degree seems to be a

very stable finding (Patton reported in Bailey & Nelson
1995). In females with full fragile X syndrome the fea¬
tures tend to be less prominent, but similar in type with
large ears and the other facial features. As with males,
these features tend to become more prominent after
puberty.

Associated learning disability and behavioural
features Learning disability is usually the first feature
detected in male children with fragile X syndrome but
is highly variable, from profound to borderline.
Hagerman and his colleagues have reported a decline in
the IQ scores with growth (Hagerman ct al 1989,
Hodapp et al 1990) and have found that, although 44%
of preschool boys with fragile X tested in the non-

learning disabled range (IQ > 70; Freund et al 1995),
this reduced to 13% of all boys with fragile X tested out
of a total group of 250 males, and only seven individu¬
als maintained this into adulthood, of whom three had
an unusual mutation. In fact most adults with fragile
X syndrome will test within the moderate to severe

range of learning disability. Such declines in IQ scores
have been noted by others (Lachiewicz et al 1987,
Fisch et al 1991) but the reasons for this apparent
change in the degree of learning disability are not clear,
and such changes arc not restricted to the fragile X syn¬
drome (Hodapp & Zigler 1994). Females with full frag¬
ile X syndrome attain generally higher IQ scores, in the
mild range, or may not suffer from learning disability
but instead have specific learning disorders.

A behavioural profile has been described. Hand
flapping or waving and repetitive mannerisms arc some¬
times seen in men with fragile X, and, coupled with
shyness, social anxiety, gaze avoidance and poor rela¬
tions with their peer groups, have suggested an overlap
with autism, although the social adaptation does not
seem to be so disturbed. Neurological and imaging
findings (see below) suggest that" there may be a true
link between the two conditions rather than each being
a phenocopy of the other. Women with fragile X also
tend to be shy and anxious and a percentage of females
with a diagnosis of autism test positive for fragile X
(Bailey et al 1993). Communication difficulties exist,
with conversational rigidity and perseveration, and
some have noted a cluttered and overdetailed form of

speech (Grigsby et al 1990). The incidence of mood
and personality disorders is said to be raised, including
schizotypal personality disorder, but the numbers stud¬
ied are small. In contrast, people with fragile X also
have areas of great relative strengths. Their domestic
and daily living skills are especially well preserved and
often improve in adulthood (Dykens 1995).

Genetics Early studies on the inheritance of fragile
X syndrome revealed several peculiarities that made its
interpretation along classical mendclian lines impossi¬
ble. The penetrance of the condition seemed very low
when compared to other X-linked disorders. Sherman
and her colleagues (1985) studied over a hundred fami¬
lies with fragile X syndrome. They found that the
daughters of women who must be obligate carriers of
the disordered gene had a much greater chance of hav¬
ing learning disability than the daughters of unaffected
male carriers (the so-called normal transmitting males).
The daughters of normal transmitting males, in fact,
were practically never intellectually affected. They
could identify fragile X chromosomes, by karyotype
directly or inferred from intellectual impairment, in
only around half of the female obligate carriers.
Further, on examining the structure of the pedigrees
the degree of learning disability in fragile X seems to
increase in the younger generations - they exhibited the
phenomenon of genetic anticipation and in the case of
fragile X this was called the Sherman paradox. The
gene disrupted in fragile X was finally cloned and
sequenced in 1991 (Krctncr et al 1991, Oberle et al
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1991, Verkerk ct al 1991) and given the designation
FMR-1, an acronym lor fragile X mental retardation
gene type 1. It is now clear that disruption of the func¬
tion of this gene alone is sufficient to cause fragile X
syndrome. Nearly all cases of fragile X arc associated
with a large sequence of multiply-repeated DNA
nucleotide base pair triplets (cytosine - guanine gua¬
nine or guanine - cytosine - cytosine, depending on the
strand chosen). The most common nomenclature used
to describe this repeated triplet is (CGG) „ where n is
the copy number of the triplet of base pairs within the
brackets. This non-coding sequence of DNA is found
in the 5' untranslated end of the FMR-1 gene. In men
with the full fragile X syndrome the copy number of the
triplet was found to be very large, from over 230 to well
over 1000, which represents 690 to well over 3000 base
pairs of DNA. With such large repeats in the gene the
cytosine residues of CG base pairs are very highly
methylated (by enzyme action), not only in the repeat
itself but also in the surrounding areas of DNA in the
gene, including the CpG island and promoter region of
the gene, which is essential for correct DNA poly¬
merase binding and thus DNA transcription. The con¬

sequence of such a degree of methylation is to
inactivate or silence the gene, and no transcription
occurs, and therefore no gene product (protein) is
formed. Rare individuals have been described who have
other FMR-1 disruptions, such as deletions of the gene,

intragenic mutations, even a single base pair mutation,
all silencing the gene, and produce the full clinical phe-
notypc of fragile X syndrome. Thus it is tire specific
lack of the protein product (called FMRP, fragile X
mental retardation protein) that is causal in fragile X
syndrome.

When the repeat region DNA from the normal popu¬
lation (that is from other than fragile X subjects and
their families) was examined it was found to be much
smaller and variable in size from individual to individ¬
ual - on average from 6 to 50 repeated triplets with a
mean value of around 30. Normally this size of the
repeat is stable when passed on from one generation to
another. These triplets are mostly CGG but around 1 in
10 is AGG. Thus there are two sources of variation in
the population: the number of CGG triplets and the
number of interspersed AGG (Fu et al 1991, Snow ct al
1993). It is now known that lack of AGG sequence
(which will increase the number of 'perfect' CGG
repeats) or an increase in the number of CGGs towards
the 3' end of the sequence tends to make the inheri¬
tance less stable, and the repeat sequence can expand in
size when passed on in the normal population (Hirst
et al 1994). This may be one source of a slow increase
in size of small triplet repeats in the general population.

In the families of subjects with fragile X syndrome

the size of the repealed triplet is different. Normal
transmitting males and obligate carrier females were
found to have between 60 and 200 repeats. Repeats in
this size range are termed premutations and are highly
unstable when transmitted by a mother to her child.
This transmission nearly always causes the premutation
to undergo a large expansion, and is the key to under¬
standing the unusual inheritance patterns. Smaller
sized premutations may expand (further CGG triplets
are added to the 3' side) by maternal transmission to

large premutations, and large premutations to the very

large mutation seen in individuals with full fragile
X syndrome. Passage by paternal transmission shows a
limited amount of instability and the premutation may
have a small gain or loss in size. Thus the daughters of
normal transmitting males will have the premutation of
much the same size as their fathers. However, when
they pass an X chromosome to their offspring then the
triplet repeat premutation will be expanded to a great
degree and usually the full very large mutation results
with, on average, 50% of their sons having full fragile
X syndrome and 50% of their daughters being het¬
erozygous for the mutation. An increased number of
interspersed AGG triplets (or rather a decreased length
of'perfect' CGG triplets in the 3' direction) confers sta¬
bility on the premutation and reduces its likelihood of
full expansion (Eichler et al 1994). Thus both sequence
and size of the premutation contribute to the likelihood
of the development of full fragile X syndrome.

The exact time and locus of the expansion of the pre¬
mutation during mother-to-child transmission is not
clear. Men with full fragile X have a premutation in
their X carrying sperm and not the full mutation
(Reyniers et al 1993) and they are thus prcsumatily
technically able to father a daughter who would not
have full fragile X. The implications of this are very

important. Either a regression in size of the mutation
has occurred, the mechanism of which would be of
great interest in gene therapy, or the mutation expan¬
sion has occurred postzygotically, sparing the clonal
germ cell line. FMRP does not seem necessary for cor¬
rect spermatogenesis and so a third hypothesis, an
active selection against mutation-containing sperm dur¬
ing spermatogenesis, would have to rely on some com¬

ponent other than FMRP as a trophic factor. Whatever
the case, some imprinting mechanism is needed,
specific to female transmission, to recognise the premu¬
tation as compared to a normal sized repeat. Another
feature that still needs to be accounted for is die quite
sizeable frequency of somatic mosaicism in people with
the mutation and premutation. The most recent evi¬
dence (Maker et al 1997) has found that intact ovaries
from fetuses with full fragile X syndrome carry the full
mutation which is unmethylated. This suggests that the
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gcrmline is not a protected environment for the expan¬
sion and that there must be some form of contraction in
fetal testes. Further, the expansion must precede the
mcthylation, and must be a germline or a very early
event in zygote development.

The cytoplasmic protein normally produced by this
gene (FMRP) has structural features suggesting it is
able to bind RNA, and its widespread and very general
distribution in adult tissues is consistent with a general
housekeeping function (Devys et al 1993). Higher lev¬
els occur in brain (cortex and especially cerebellum)
and testes. The role it plays in development, and the
effects of its deficiency, arc not yet clear, but studies in
mice with knock-out mutations of the gene arc under¬
way. Adults with fragile X syndrome were early known
to have abnormal brain electrical activity shown by
EHG (Wisniewski et al 1991) and event-related poten¬
tials (St Clair ct al 1987, Muir et al 1988). Brain imag¬
ing has subsequently revealed that the posterior
cerebellar vermis is smaller in both men and women

with fragile X syndrome compared with matched con¬
trols. They also seem to have abnormally large hip¬
pocampi, as well as larger caudate nuclei and, in males,
increased lateral ventricular volume (Reiss ct al
1994,1995). The involvement of the cerebellar vermis
is of interest as this has also been postulated as a region
disturbed in autism. Hippocampal involvement would
be consistent with delays in late evoked potentials, but
these can be disturbed by many other mechanisms.

Epidemiology of the mutation and its place in
diagnosis Another unusual feature, for an X-linked
condition, is the apparent low rate of new mutations
and evidence for a founder effect (common ancestor),
especially in well studied Swedish and Finnish families
(Oudet et al 1993, Malmgren et al 1994). It appears
that the premutation can be carried silently over many

generations, which at first seems at odds with the high
frequency of the condition, but there may be a slow
overall 'creep' in size of the premutation over genera¬
tions. The haplotypes of markers close to the mutation
can be used, as well as the sequence of the mutation
itself, to follow the disorder down families. These mark¬
ers show linkage disequilibrium in a variety of popula¬
tions. The French ancestors may have been different
from the Finnish and Swedish, who may have shared at
least one common ancestor. Studies in the UK, howev¬
er, have shown a wider diversity of haplotypcs, and evi¬
dence for a common ancestor is not so strong
(Macpherson et al 1994). It may be that a different
process can account for the increase here, with occa¬
sional stepwise 'jumps' upward in the size of the pre¬
mutation. These indications of population differences
make generalisations about the absolute numbers of
people carrying the premutation difficult. However, in a

very large study from Quebec (Rousseau et al 1995) the
mutation size was examined in over 10 000 females. A

premutation size of 66 triplets or over was found in
around 1:500 females. A similar frequency was found
for repeats from 55 to 63 triplets long, which are at
lower risk of mutation in one generation at least. The
predicted number of children carrying a full mutation
from these figures is around 1:2900, broadly compati¬
ble with the figure seen in the general population.

The mutation can now be studied directly from a
venous blood sample. The repeat can be detected and
sized, either on a gel after restriction enzyme digestion
or by direct amplification by the polymerase chain reac¬
tion (Oostra ct al 1993). Many individuals who may
have fragile X have not yet been screened, and it is only
in the last few years that the tools for accurate diagnosis
have become available. The lack of screening is proba¬
bly most apparent in adults with learning disability. If
there are physical features and/or if there is a family his¬
tory of learning disability it is important to test for frag¬
ile X and obtain genetic counselling for the family.
Prenatal screening is possible but controversial if the
fetus is female, when prediction of outcome is limited.
A recent antibody test for the full mutation would allow
a routine screening in the newborn, but like all new

procedures will require a cost-benefit analysis. It is
often very difficult to detect fragile X syndrome until
the child is several years old and shows significant
delays in attaining developmental milestones.

Education and support of the family There is at
present no cure or therapy for the fragile X syndrome
itself, and the diagnosis, like all associated with learning
disability, is a major event in the parents' life. The fam¬
ily will need support, and this may also apply to the
extended family as the implications of the disorder
become clear. If parents have a son with fragile X syn¬
drome then they will have to consider the effects on
their other children if they have any, or are planning to
have any. The possible delay in the appearance of prob¬
lems must be addressed both for the son and also for

any daughters who may carry an expanded premutation
or the full mutation. Obviously early access to clinical
genetic counselling is important.

There is much that can be done to alleviate the asso¬

ciated problems and capitalise on adaptive strengths of
someone with fragile X syndrome. At present, however,
strategies are very general and designed to help people
with learning disability in die widest sense. A greater

understanding of the profile of learning disability in
fragile X will help in maximising the educational poten¬
tial of those with the condition, and the way ahead
seems to lie in identifying the particular constellation of
weaknesses, strengths and natural histories of syn¬
dromes such as fragile X that have associated learning
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disability. When such knowledge is gained then appro¬

priate, and disorder-specific, interventions can be
designed.

Other disorders associated with fragile sites
Amongst the folate-sensitive fragile sites two on the X
chromosome and one on chromosome 16 have been
studied in detail. All are associated with a large GCC
triplet expansion that is methylated. The original fragile
X syndrome is now called FRAXA to distinguish it
from FRAXE and FRAXF on the X chromosome. The

presence of FRAXE is associated with a mild degree of
learning disability, but the causal gene has not yet been
isolated. FRAXF and FRA16 have yet to be associated
with any clinical disorder.

FRAXE lies some 600 kb further towards the tip of
the X chromosome long arm than FRAXA. The GCC
repeat that it contains is polymorphic and has a similar
pattern to the FRAXA repeat (Knight et al 1994).
Maternal line expansion seems to occur and the full
mutation contains between 200 and 1000 triplets and
is methylated. A candidate gene sequence has recently
been identified (Gedeon et al 1995). FRAXE-
associated X-linked mental retardation occurs at a rate

of around 1:100 000 (Allingham-Hawkins & Ray
1995).

Non-genetic causes

Injury to the central nervous system can be caused by a
wide variety of non-genetic mechanisms (Table 22.4).
Although the brain is a plastic organ, especially during
childhood, severe insults will have profound implica¬
tions for cognitive development. The toxic damage can
be done in utero, in the perinatal period, or in child¬
hood itself.

Intrauterine and neonatal damage
Infections A growing number of infections by

viruses or bacteria are known to be associated with the

later development of learning disability. Those that can
infect the developing embryo itself can cause a consid¬
erable range of congenital disabilities. The most com¬

monly known, and feared, are the rubella and
cytomegaloviruses. Other agents such as that of toxo¬
plasmosis, and other viruses such as hepatitis B and
herpes simplex, may also be implicated. Infection with
the syphilis bacterium, formerly an important cause of
congenital abnormalities, is now very rare and should
be detected early with current screening programmes,
and the increase (although still rare) in HIV carrier sta¬
tus in pregnant mothers may supplant it as a cause of

learning disability in their children. 'Hie HIV virus and
the acquired immune deficiency syndrome (AIDS) may
occur in up to 30% of infants of HIV-positive mothers,
who also have higher rates of carriage of other infec¬
tions. There is an overlap in the destructive conse¬

quences of such infections. Sequelae such as deafness,
blindness, microcephaly or hydrocephalus with associ¬
ated mild to very profound learning disability and
epilepsy are usually associated with obvious infection.
Silent infections, of which cytomegalovirus is the most
common, are more insidious and chronic forms, as
detected by antibody assays, may be associated with
progressive developmental delays, without early clinical
signs of infection (Pcckam et al 1983). The infections
which do not seem to cross the placenta, such as
measles, mumps, the coxsackic viruses and influenza,
seem to able to produce damage, and thus later learning
disability, by the secretion of toxins or perhaps by stim¬
ulation of an immune response at critical developmen¬
tal periods. Rarely an encephalitis may result after
routine immunisation, with consequent learning dis¬
ability. Severe encephalitis and meningitis are also
important causes of learning disability at any stage of
childhood.

Toxins and irradiation Severe damage to the fetus
can result from high levels of alcohol ingestion by the
mother, associated with the development of the fetal
alcohol syndrome. That alcohol can affect the fetus has
been known for a considerable time (Lemoinc et al
1968), and although the term fetal alcohol syndrome
was coined almost quarter of a century ago (Jones &
Smith 1973), it is only in recent years that its impor¬
tance as a leading cause of learning disability has been
recognised. A characteristic set of features occurs in the
newborn of mothers who have severe dependency on
alcohol and who continue to drink heavily through their
pregnancy. They have small heads and arc small in
overall length. The eye fissures are small, as are the
maxilla and mandible, and there may be cleft palate and
joint deformities, lite neonatal mortality of such
infants is high, and a degree of learning disability is usu¬

ally found in those who survive. Alcohol crosses the pla¬
centa but its mode of toxicity is unclear. The effects of
smaller amounts of alcohol arc hard to judge but some
have estimated the fetal alcohol syndrome to be an

extremely frequent cause of learning disability
(Schenker et al 1990).

A variety of other substances can also harm the fetus
and lead to learning disability. Cocaine abuse in the
mother can be associated with a varied degree of learn¬
ing disability in the child. Lead and other metal poison¬
ing is now rare. Some prescription drugs, including
antiepileptics such as phenytoin, have a well-known
potential to damage the fetus. Exposure to high doses
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Table 22.4 Selection of non-inherited conditions associated with learning disability

Cause Specific type Timing of insult Comments

Infective agents Cytomegalovirus Pre and postnatal Persistent carriage rate of around 1 %
Rubella virus Pre natal Immunisation programme important in

decreasing incidence, rare cases
postnatal

Toxoplasma gondii Pre and postnatal Postnatal, especially with HIV infection
through vertical transmission

Syphilis Prenatal Now rare, vertical transmission
Herpes simplex Neonatal and Childhood
Listeria monocytogenes
Other causes of A whole variety of cerebral infections can

meningitis and lead to permanent damage
encephalitis

CNS and skull Micro- and Prenatal
developmental macrocephalies
information Spina bifida Prenatal Learning disability often secondary to

infections
Hydrocephalus Pre and postnatal With meningomyelocoele and

Arnold-Chiari malformation
Craniostenosis Pre and postnatal
Callosal agenesis Prenatal
Lissencephalies
Holoprosencephalies

Toxins Maternal alcoholism Prenatal Fetal alcohol syndrome
Lead encephalopathy Infancy/ Childhood Much rarer than previously
Bilirubin and haem Neonatal Rhesus incompatibility is now much less

products common than formerly

Teratogens Coumarin anticoagulants Prenatal

Phenytoin Prenatal

Hypoxic damage Small-for-date infants Along with other developmental problems
Severe prematurity Along with other developmental problems
Birth trauma

Uncertain origin Cerebral palsies
Autism Infancy
Rett's syndrome Infancy
Childhood disintegrative Infancy

disorder

of ionising radiation during pregnancy is also associated
with learning disability in the child.

Injury and hypoxia Any condition causing severe

degrees of hypoxia in the fetus or infant has the poten¬
tial to induce learning disability. Prolonged and difficult
labour, respiratory difficulties and cerebral cyanosis
from a wide variety of other conditions can thus lead to
brain damage. Some cases of cerebral palsy probably
result from such mechanisms. Severe epilepsy, and
especially prolonged status epilepticus, can also be
associated with severe hypoxia. Any direct injury to the
developing brain can also lead to damage. Thus

neonates who experience birth trauma, and later those
unfortunate children who suffer trauma from accidental

or deliberate severe injury to the head, can sometimes
develop learning disability.

Developmental and anatomical abnormalities
of the central nervous system

Neural tube defects These are fairly common
conditions (around 1-9:1000) in which the developing
neural tube fails to close completely, a process usually
achieved by the end of the fourth week of fetal develop-
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mcnt. Learning disability, which can range from mild to
profound, is not caused directly by these conditions but
is a secondary consequence of an associated hydro¬
cephalus or ascending meningitis. The learning disabil¬
ity itself is often made more complex by the presence of
paralyses and sensory impairments.

The most severe form, anencephaly, occurs when the
axis fails to close at the head end, and the condition
results in stillbirth, or at most a survival measured in
hours. At more caudal levels, failure of closure can
result in an encephalocele, with protrusion of the
meninges covered in a layer of skin. This is relatively
uncommon but is usually associated with severe learn¬
ing disability, and sometimes blindness. Failure to close
at a still more caudal level results in spina bifida cystica
with a myelocele or open meningomyelocele. Most
have an associated Arnold-Chiari malformation at the
base of the brain and there is resultant hydrocephalus in
80% (Laurence 1990). This can progress very swiftly
and, if untreated, can result in interruption of the spinal
cord, with double incontinence, lower limb paralysis,
sensory anaesthesia, developmental pelvic and lower
limb abnormalities, and a markedly increased risk of
meningitis. Where the protruding meninges are covered
with skin or a thick membrane however, there may be
minimal neurological and cognitive deficits. A single
vertebral anomaly may appear lower down the spine as

spina bifida occulta, and may not be associated with
clinical disorder.

The epidemiology of neural tube defects is complex,
with well-defined regions of increased incidence such as
the west of Scotland and Ireland, and the south of
Wales. In such pockets the heritability of the condition
is lower than elsewhere, implying that environmental
factors arc especially important. Overall the causes are

complex and multifactorial. There is an excess of affect¬
ed females, but twinning is very rare, possibly due to
the increased lethality of a double pregnancy. A variety
of environmental insults, such as hypoxia, radiation,
drugs and even potato blight, have been suspected, all
of which interact with the genetic background, which in
some cases shows a familial pattern. Recently, folic acid
deficiency has been shown to play a role, and maternal
supplements may help reduce the recurrence risk if
given before the 28th day of pregnancy. The open neur¬
al tube causes raised levels of a-fetoprotein which are
used, in combination with ultrasound and amniocente¬
sis, to make in utero diagnoses in midtrimcster. The
uptake of screening is high and in some areas of tire UK
there has been a dramatic reduction in the rate of neur¬

al tube defects.

Congenital hydrocephalus In addition to its asso¬
ciation with neural tube defects, hydrocephalus can
result from of a variety of other conditions, ranging

from specific anatomical abnormalities (aqueductal
stenosis, Dandy-Walker malformation) and congenital
infections to idiopathic cases. The incidence is around
1:2000 livebirths, though it is markedly increased in
stillbirths. Surgical shunt insertion has revolutionised
prognosis but learning disability is still a problem,
especially in cases where secondary infection has
occurred.

The cerebral palsies and the profound and multi¬
ply handicapped This term is used here for want of
one more appropriate, and is restricted to people with
varying degrees of spastic diplegia or quadriplegia fol¬
lowing brain injury from a number of different causes,

including hypoxia and birth trauma. Its non-specific
phenomenology hides a multitude of causal factors.
Where present, the associated learning disability can

range from the mild to the profound. The most difficult
situation is where profound learning disability coexists
with deep degrees of quadriplegia. This is often associ¬
ated with other motor (including swallowing) and auto¬
nomic control problems, and sensory impairments that
can range to cortical blindness and deafness. In such
cases of profound and multiple handicaps the care
needs are intense, and can sometimes only be met in an
intensive nursing environment. Management of long-
term tube feeding, oral and tracheal suction, physio¬
therapy to prevent pressure sores and contraction
deformities, and the difficulties in communication can

be a very harrowing experience for both the family and
health care staff involved, and counselling and psycho¬
logical support is essential. For those people who are
cared for at home, regular respite is needed, and com¬

munity care provision should be adapted to include the
medical needs, which often cannot be met in standard
nursing home facilities.

DISORDERS OF UNKNOWN, PRESUMED
BIOLOGICAL. AETIOLOGY

Autism and pervasive developmental disorder
Pervasive developmental disorder is a fairly recently
introduced concept that, in the DSM-IV classification,
embraces autistic disorder, childhood disintegrative dis¬
order, Rett's syndrome, Asperger's syndrome, and
unspecified forms of autism (Campbell & Shay 1995).
Unfortunately there is no clear evidence for causal links
between these conditions, and autistic disorder, or

autism, is itself heterogeneous in origin. At present they
sit in a grey area of psychiatric classification, encom¬

passed by both child psychiatry and learning disability,
and with a multitude of aetiogcnic theories existing to
explain their origin and development from psychody-
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namic constructs, psychological dysfunctions through
to biological and genetic diatheses.

Autism is a disorder of major concern to the adult
psychiatrist specialising in learning disability. Kanner's
early assumption of a good cognitive prospect for chil¬
dren with autism by treatment of the supposed psy¬

chogenic disturbance is not tenable. Between 75 and
80% of children and adults with autism have learning
disability, and on average this is moderate in degree.

Autism

Development of the concept
The condition was first described over half a century
ago by Leo Kanner (1943), who considered that it
exhibited five characteristics - 'a profound lack of affec¬
tive contact with other people', 'an anxiously obsessive
desire for the preservation of sameness', 'a fascination
for objects which are handled with skill in fine motor
movements', 'mutism or a kind of language that does
not seem intended to serve interpersonal communica¬
tion', and 'the retention of an intelligent physiognomy
and good cognitive potential manifested, in those who
can speak, by feats of memory, or in the mute children,
by their skill on performance tests, especially the Seguin
form board' (Kanncr & Eisenbcrg 1956). Kanner, as

Wing points out (1991), did not recognise learning dis¬
ability as a component part of the syndrome, but rather
explained failure on tests of IQ on the basis of lack of
cooperation. It is unfortunate that many myths about
the syndrome that developed during the 1950s still hold
sway, even with members of the medical profession.
Bertelheim (1956) introduced the idea that the prime
cause of autism was an unloving and threatening rela¬
tionship with the parents in the earliest years - the so-
called 'refrigerator mother'. Kanner also felt that he
could detect some autistic traits in the child's parents
that could contribute to this supposed abnormal bond¬
ing. The idea that the mother and her upbringing of the
child is the root cause of the autism has probably been
as damaging as Bateson's theories of the double-bind as
a cause of schizophrenia. There is no evidence that the
parents of autistic children are less affectionate or car¬

ing than others, and even at its conception the idea
could not explain why other children in the family were

completely normal. However, even today there are par¬
ents who suffer from guilt based on this erroneous idea.

The use of the terms childhood schizophrenia and
childhood psychosis to describe autism have also
caused problems. The term autistic, in the sense of
autistic aloneness or social withdrawal, was first con¬
ceived by Bleuler (1950) as one of the four primary
diagnostic symptoms of schizophrenia. The psychody-

namic base to the origin of autism was questioned in
the early 1960s, and it is now clear that it is a disorder
of developmental neurobiology and consequent devel¬
opmental psychology. Autism is not a variant of schizo¬
phrenia (Rutter 1978), this being an outdated concept
based on presumed psychodynamic origins of schizo¬
phrenia. Schizophrenia beginning in childhood is a very
clear disorder, and very rare. 'Ihe term childhood
schizophrenia should be restricted to mean this, and the
important restriction was introduced into DSM-III.
The terms infantile psychosis and infantile autism
should probably be abandoned, as the person grows
to become an autistic teenager and then an autistic
adult.

Classification

Current definitions all revolve around dysfunction in
three main areas - Wing's triad of two-way social inter¬
actions, communication, and restricted, repetitive
behaviour. (Rutter & Schopler 1987).

The current revision of the international classifi¬

cation of mental and behavioural disorders, ICD-10
(WHO 1992), has created a classification group of
pervasive developmental disorders which includes
childhood autism (F84.0) and atypical autism (F84.1)
within the larger grouping of disorders of psychological
development. The disorders also include Rett's syn¬

drome, Asperger's syndrome and overactivity disorder
with learning disability and stereotyped movements.
The definition of autistic disorder in ICD-10 requires
an onset before the age of 3 as well as the triad.

The interaction deficits include an inadequate appre¬
ciation of social cues and/or a lack of adjustment of
behavioural response in accordance with social context,
and especially marked problems in initiating and sus¬

taining two-way relationships. There is also a lack of
appropriate social use of whatever language skills have
developed, the poor use of conversation and relatively
little reciprocal exchange. There is a lack of appropriate
response to other peoples verbal and non-verbal cues,
and the tonality of speech is restricted or unusual with
little use of emphasis, cadence or accompanying ges¬
tures. There are also stereotyped and repetitive patterns
in behaviours, interests and activities. These are restric¬
tive and tend to impose a rigidity and routine on a wide
range of daily activities, and there is a great resistance to
change in these functions. In children there may be a

specific attachment to unusual objects and at all ages
motor stereotypies may occur, such as flapping and
rocking movements.

This definition mirrors that found in DSM-IV (APA
1994) for autistic disorder (299.00), which has a well
defined set of diagnostic criteria, and it is useful to
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paraphrase these here. A total of at least six items from
three groups is required for diagnosis:
• At least two items from a series of qualitative

impairments of social interaction. They show a
marked impairment in the use of multiple non¬
verbal behaviours, such as cye-to-eyc contact, facial
expressiveness, body posture, and gestures used to
regulate social interaction. They fail to develop
relationships appropriate to their developmental
level with their peer group. There is a limitation in
their ability spontaneously to seek out and share
enjoyments, interests or achievements with other
people. They fail to reciprocate appropriately in
social or emotional interactions.

• At least one item from a series of qualitative
impairments in communication. They do not
develop, or show a delay in developing, spoken
language, which is not accompanied by attempts to
compensate through other ways of communicating,
e.g. by gestures, or signing, or imitation. Where
speech has developed adequately they have a marked
impairment in the ability to initiate or sustain a
conversation. They show a stereotyped and
repetitive use of language, or idiosyncratic and
peculiar language. They lack varied spontaneous
make believe play or social imitative play appropriate
to dteir level of development.

• At least one of the following restricted, repetitive
and stereotyped patterns of behaviour, interests and
activities. They display an all-encompassing
preoccupation with one or more stereotypes and
restricted pattern of interest, abnormal in intensity
or focus. They have an apparently inflexible
adherence to specific and (seemingly) non¬
functional routines or rituals. There arc stereotyped
and repetitive motor mannerisms. They have a

persistent preoccupation with parts of objects.

With DSM-IV, autistic disorder moved from being
an Axis II disorder to an Axis I disorder, in part due to
the increasing acceptance of its origin in disturbance of
developmental and ncurobiological processes. Learning
disability is not required for its diagnosis, and when
present, is classed as an Axis II associated condition.
However, people with autistic disorder who do not have
learning disability arc very much the minority.

These criteria have been validated in a large multi¬
centre study by Volkmar et al (1994) of 1000 young

people, including 454 with autism and 240 with other
pervasive developmental disorders. Another large study
of over 700 children with developmental disorders or

learning disability (Waterhouse et. al 1996) compared a

variety of classification systems (DSM-III, DSM-IIIR,
DSM-IV and ICD-10) and found that all were able to

identify autistic core groups with significantly lower IQ
and adaptive functioning levels. Within the autistic
diagnoses two separate groups could be identilied, one
with lower and one with higher degree of functioning. A
possible relation between the high functioning group
and Asperger's syndrome needs further study. A study
from Norway (Sponhcim 1996) confirmed the validity
of the DSM-IV subgroups of pervasive developmental
disorder, and for autism in ICD-10. The former
classified slightly more cases as autistic disorder, where¬
as the latter tended to put these into the other (and for
ICD-10 more numerous) groupings included in
pervasive developmental disorder. There were some
difficulties with the diagnosis of Rett's syndrome by
ICD-10 criteria but the agreement about the diagnosis
of autistic disorder between the two instruments was

high.

Epidemiology
The estimated prevalence of autism very much depends
on the diagnostic criteria used. As a label, it has been
incorrectly applied to many children and adults with
learning disability, and especially those who have been
in institutions for extensive periods, who show some of
features resembling autism, especially tire stereotyped
movements and the development of rigid and repetitive
behaviours. Studies on hospitalised patients have
shown that up to one-third may have autistic spectrum
disorders and this group also tends to have severe
behavioural difficulties. Studies have also focused on

children, when it is clear that autism continues into
adulthood. The early studies (Lotter 1966) gave a rate
for the full syndrome of 2:10 000 children. More recent
studies have shown on average a much higher preva¬
lence, between 10 and 20 per 10 000 children (Wing &
Gould 1979, Gillberg et al 1986 - Rutter's criteria;
Tanoue et al 1988 - using DSM-III criteria). The latter
figures, if replicated, place autism as a rather common
disorder with a rate of between 1:1000 and 1:500 chil¬
dren. If adults with autism were also considered the

figures would obviously be considerably greater.
Consistently more males than females arc affected, with
the sex ratio reported to be between 2:1 and over 3:1.
The predominance of men is even more pronounced in
those with the mildest learning disability. A heteroge¬
neous causation could explain this finding, with a sub¬
group of autism associated with mild degrees of
learning disability due to an X-linked disorder. The
true cause is however unknown. Kanner's original pos¬
tulate of a link to higher social class in the parents of
these children has received no support from recent
studies.
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Clinical features

Most of the behavioural changes that we associate with
autism require the development of complex abilities in
children and thus the diagnosis of autism is rarely made
in the youngest years, and usually not until the child is
around 4 years old. The implication that autism was
present at an earlier age is usually based on a retrospec¬
tive analysis of the developmental history. Lister (1992
MD thesis reported in Happe 1994) looked at a large
cohort of over 1000 children at 12 months, 6 years and
12 years for predictors of autism, but found nothing at
12 months associated with the later development of
autism. Johnson et al (1992), in a retrospective analysis,
again found very few problems and normal socialisation
at 12 months in those who were later diagnosed as hav¬
ing autism, but at 18 months they were beginning to
show specific problems in social interactions, and high-
risk studies on the siblings of autistic children also indi¬
cate that deficits may start to appear at around
18 months (Baron-Cohen et al 1992).

The clinical picture is very variable, and the atypical
case seems more common than the full classical picture,
especially when associated with more severe degrees of
learning disability. It is clear that autism is not restrict¬
ed to childhood but can continue right through adult¬
hood (Shah et al 1982), and, if associated with learning
disability, can cause immense social problems for the
person. The social difficulties can be manifest as alone-
ness and indifference to the social presence of others
through to a highly passive stance in social interaction.
The gaze avoidance, stressed in the earliest descrip¬
tions, is often not a feature: there is, rather, an inappro-
priateness of eye contact, sometimes with long periods
of staring. The structure of the social interaction is dis¬
organised, sometimes in very subtle ways, so that it
takes detailed analysis to pinpoint what has happened.
The person may use social cues and body language
inappropriately; for instance, one person breaks into
song or whistling at odd points of a conversation, and
is, at first glance, over-friendly, staring directly and
openly welcoming, which later is seen as a stereotyped
and inappropriate approach to making initial contact
with people. In children any play that exists is not
influenced by other children, and does not display nor¬
mal degrees of imaginative development. Speech may
never develop, especially in those with more severe
learning disability, but sometimes in those whose devel¬
opment in other areas is much greater. The presence of
mutism in such a person can be disconcerting, some¬
times extending even to the utterances of cries of plea¬
sure or pain, although the facial expression of emotions
may be relatively intact. In those who arc able to devel¬

op speech it can be very repetitive in its content and
echolalic. The repertoire of themes for conversation can
be very narrow, but within these can be surprisingly
developed, to the extent of an obsession with the intrin¬
sic detail and facts of the specific topic. The conversa¬
tion is held on this topic, usually despite attempts by
the correspondent to change the subject. Stereotyped
movements are again more prominent in those with
severer degrees of learning disability, but mannerisms
and tic-like activity (which, to the person is purposeful
and aware) can be seen even in those with mild degrees
of handicap. Hand flapping, gazing and body rocking
are among the most common. Some people may spin
around repetitively, sometimes with their hands out¬
stretched. There is often a fascination for objects which
may form part of their mannerisms, for instance the
twirling of sticks or feathers in the hand. Objects may
be collected repeatedly and hoarded - records, cards,
envelopes - and may be arranged in special patterns.
There may be a preoccupation with a temporal routine.
The person must rise at a specific time, must go to cer¬
tain places at definite times of the day, and will tend to
incorporate rituals and mannerisms around a specific
timetable. In some people with autism there also an
increased need for personal space. In adults, at least, a
feature of our hospitals for people with learning disabil¬
ity has often been a great deal of external space, and
some people with autism seem driven to use this to the
utmost extent, walking in fixed routes over the grounds.
Attempts to change such behaviours by psychological
interventions, or even physical limitation of activity,
have not been entirely successful, and often seem to
cause a great deal of anguish and meet with exceptional
resistance from the person with autism. There is an

important view that we should accept that the person
with autism has specific environmental and temporal
needs, and although these may differ from the general
norms, they should be met and accepted, rather than
frustrating attempts made to change them.

Biology
Autistic disorder, like schizophrenia, probably compris¬
es a group of conditions that share the same clinical pic¬
ture. At present most of our understanding is based on
the natural history of the condition in children, and
continuing studies through adulthood are needed.
Autism is more frequent in males, suggesting a sex link¬
age of the condition in a percentage of cases. Autism
also shows a tendency to run in some families. Overall
the rate of autism in the siblings of a proband is around
3% - a marked increase over the rate in the general
population - and other cognitive impairments including
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language disorder arc also raised in sibs (Bolton &
Ruttcr 1990). If atypical autism and Asperger's syn¬
drome arc included the rate is around 6%; if other
forms of pervasive developmental disorders arc also
included then nearly 7% of sibs will be affected
(Watcrhouse et al 1996). Twin studies also indicate a

genetic component. The concordance rate for monozy¬

gotic twins is much higher than for dyzygotic twins
(Folstein & Rutter 1988), but is not full, and other fac¬
tors must play a role. In studies of families multiply
affected with autism (Ritvo et al 1985, Spencc et al
1985) an autosomal recessive inheritance has been sug¬

gested, however the heterogeneity of the condition
must make such interpretations difficult. Medical ill¬
nesses that involve the central nervous system have
been found in up to one-half of cases of autism, espe¬

cially those with the more profound degrees of disability
(Reiss et al 1986, Wing 1994). They include tuberous
sclerosis, untreated phenylketonuria, neurofibromatosis
and neuronal damage caused directly by infections such
as congenital rubella and herpes simplex, or perhaps
indirectly via immune mechanisms with cytomegalovirus
(Stubbs 1988). It is unclear whether these associations
arc real or coincidental but it is reasonable to assume

that some will be true phenocopies. Of relevance to the
excess of males with autism is a suggested association
with the fragile X syndrome (Le Couter 1988), though
recent studies have not revealed any triplet expansions
in autism. Holdcn et al (1996) looked at 19 families
with at least two boys with autism or pervasive develop¬
mental disorders and found no evidence for expansion
of triplet repeats at three fragile sites on the X chromo¬
some.

Brain imaging in autism has revealed a number of
non-specific abnormalities. Some studies have implicat¬
ed the cerebellar vermis (Courchcsne et al 1988), which
also has been reported abnormal in fragile X syndrome.
Postmortem studies have shown Purkinje and granule
cell loss in the cerebellar vermis and cerebellar hemi¬

spheres. There are also cytoarchitectural abnormalities
in the hippocampus and amygdala which have led
to comparisons of autism widt features of the
Kluver-Bucy syndrome. In the hippocampus the cellu¬
lar abnormality suggests immature brain development,
perhaps during the first 6 months of pregnancy. The
occurrence of autism after herpes simplex encephalitis,
which has specificity for hippocampal structures, may
also be related to damage in this area.

Such abnormalities in brain development might be
expected to influence neurotransmitter systems.
Serotonin has been found to be increased in autism

(Young et al 1982), but such a change is not specific to
this condition and is found in many other people with

learning disability. Trials of serotonin-lowering agents
such as fenfluramine have not produced evidence for
consistent effect in double-blind cross-over trials (Ho
et al 1986, Kohler et al 1987). Endorphins have
also been reported as increased in the cerebrospinal
fluid (Gillberg 1988). The prevalence of stereotypics
and mannerisms has also suggested hyperactivity
in dopaminergic systems, based on comparison with
motor dysfunctions in animal studies. Most studies
have not found consistent differences in the levels of

dopamine metabolites in autism, but neuroleptics are
sometimes useful in control of mannerisms in people
with learning disability in general.

Abnormalities of psychological development
A number of psychological theories have been devel¬
oped or adapted to try and explain the psychological
deficits in autism, but our limited knowledge about the
neural processes involved in communication and social
interactions has limited the testability of these models;
the idea that a single common process underlies the
genesis of the three areas of difficulty in autism may be
over-simplistic. Currently the theory with the greatest
explanatory power as to the development of the symp¬
toms and signs is the 'theory of mind' where people with
autism are said to have difficulties in attributing mental
states as part of the self or independently as belonging to
others - in other words, difficulties in developing cogni¬
tive representations of such abstract concepts as self and
non-self, essential to the understanding of social interac¬
tions and dieir cognitive repercussions. The ability to

recognise that mental sets can exist in other people inde¬
pendent of the self is said to be critical to socialisation,
communication and imagination (Frith 1992). Autistic
children fail on tests such as the Sally-Ann task designed
to test their ability to generate secondary abstractions
about mind-sets, tests that children of comparable men¬
tal age with Down's syndrome and control children
seem able to cope with. "litis important finding is made
even more interesting by the fact that some children
with autism seem to do better than controls on tests that
set out to investigate beliefs about objects rather titan
other peoples mind-sets (Leslie & Thaiss 1992), sug¬
gesting the problem may be specific to the ability to cor¬
rectly attribute belief systems to other people. Most of
the subjects tested were at the mild end of the learning
disability spectrum, and some studies have really been
on very able children, who perhaps would fall into the
Asperger's syndrome category. With the probable differ¬
ences in the aetiology of autism, and the sex differences
related to the ability level, the generality of the results
awaits further study.
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Associated behavioural and psychiatric
problems
Most of the behavioural difficulties that are associated
with autism seem to result when changes are made in
the predictable routines of day-to-day life. Aggression to
others or self-injurious acts are usually a response to
fear, either fear of change or as a reaction to change
underway. Problems with communication, especially
lack of speech, often mean that the person with autism
has to use other ways of imparting his or her concerns,
such as screaming. The understanding of the meaning
of such outbursts, which may otherwise be interpreted
as temper tantrums, is important in helping the person.
The introduction of new environments and routines is
best done over a long timescale, with gradual changes in
day-to-day living building up to the eventual goal. The
needs of someone with autism are very different from
the needs of others, and the concept of normalisation for
them docs not usually mean that they should be forced
to adopt the norms of general society. They have a right
to have their own specific needs met, and this means the
design of an appropriate environment and routine.

There is some indication that psychiatric problems
increase in people with autism as they grow into their
teens and adulthood. Bipolar disorder and major
depressive disorder have been reported as starting in
adolescence, as well as an increase in the severity of
some behavioural symptoms such as obsessions, and an

apparent lack of motivation. There are no reports of
any increase in schizophrenia.

Therapies
The main aim with children is to allow as full an educa¬
tion as possible. Help with language acquisition is espe¬
cially important, and requires a highly individualised
educational programme. Intervention may be required
to reduce any behavioural disorders that may interfere
with learning, and the full cooperation of the family is
needed to make a success of these. Behavioural thera¬

pies may need to be carried out on a one-to-one basis,
and although the person can fully exist in a group, and
often in group living, there is often little constructive or

understanding interaction with others. The general
treatment focus at present is on helping the person to
generalise social skills, to target the development of
expressive language, and to use task analysis to aid day-
to-day living (Matson et al 1996). The importance of
involving parents, siblings and peers is recognised, as
well as situating the intervention in the person's natural
environment, and the concept of identifying and tack¬
ling the pivotal behaviours around which others evolve
is helpful.

At all ages the management of change is a difficult
issue. Change can be of three basic sorts - change in liv¬
ing environment, change in the temporal structure of
the daily routine, and change in social contacts and car¬
ers. The effects of the last are often forgotten when the
person is living in supported accommodation away
from home. The effects of a high staff turnover may be
noticeable in increased behavioural difficulties. Even

though there may be difficulty in forming relationships,
the person with autism has a need, like all other people
with learning disability, for consistency.

Drug therapies have a limited role in autism.
Antipsychotics, especially haloperidol, have been said
to have a beneficial effect in reducing anger and irri¬
tability in children, with facilitation of language devel¬
opment. Long-term movement disorders, including
tardive dyskinesia, are a significant problem with such
medication in this group. In adults antipsychotics are
used widely and in wide-ranging doses, often as a last
resort to try and reduce behaviour disturbance or severe

stereotypic movements and mannerisms. There is a
well-known tendency to continue such medication on a

long-term basis once started. Antipsychotics are proba¬
bly helpful in a subgroup of people with autism, espe¬

cially to reduce agitation when enforced change occurs,
but the need should be regularly reviewed, and it is usu¬

ally better to try and examine the environmental needs
of the person to see if these can be met and a routine
maintained. Trials of serotonin blockers have shown

equivocal beneficial effects but may help in individual
cases.

Rett's syndrome and childhood disintegrative
disorder

Rett's syndrome and childhood disintegrative disorder
arc progressive conditions, the latter being exceedingly
rare. Most children with these syndromes eventually
develop severe to profound degrees of learning disabili¬
ty. Rett's syndrome nearly always affects girls, and there
is a disastrous loss of previously acquired skills after the
age of 5 months. Movement disorders develop and are

helped by haloperidol. In the late stages the severe

handicap may be accompanied by epilepsy, decreased
mobility and growth retardation. The cause is as yet
unknown.

OTHER ASSOCIATED CONDITIONS

Epilepsy
Epilepsy is common in people with learning disability -

it may be found in over 40% of hospitalised patients -
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and reflects the degree of developmental damage to the
brain. It is impossible to cover the field here, but sever¬

al points arc important to the psychiatrist. Epilepsy may

begin at any age, and its presentation may change with
time, and be of multiple forms in the same person. In
tuberous sclerosis, for example, early infantile spasms

may later be replaced with grand mal seizures and sim¬
ple or complex partial seizures. The epilepsy in some
cases may become progressively worse with time, in
association with progress of hamartomas in the brain.
Temporal lobe seizures can produce a variety of behav¬
ioural manifestations from limited tics and stereotypies
through to complete motor automatisms and psychosis¬
like behaviour. The peri-ictal period is often difficult for
the person whatever the seizure type. Confusion and
discomfort may lead to apparent aggression and out¬
bursts. The person with a prolonged recovery period is
best nursed in a quiet and familiar environment.
Attention should be paid to soiling and wetting associ¬
ated with a seizure: many people with learning disability
are very conscious of their appearance and can be very
distressed at the loss of dignity.

Treatment of the multiple forms of epilepsy may be
difficult. Newer antiepileptic drugs, such as lamotrig-
ine, vigabactrin and gabapentin, are sometimes very
helpful in adjunctive control of refractory epilepsy and
have been used with marked success in many people
with learning disability. However, drugs such as viga¬
bactrin can be psychotropic and precipitate behavioural
and mood disturbances in predisposed people.
Carbamazepine can be used if mood control is needed,
and is a useful alternative to lithium in some cases.

Status epilepticus, or serial repeated seizures, is a med¬
ical emergency. Rectal diazepam may abort the condi¬
tion, but some need intravenous benzodiazepines for
control. If there is any difficulty in obtaining speedy res¬
olution the person is best transferred to the appropriate
medical unit. That repeated status attacks can lead to
further brain damage is a controversial issue, but a clin¬
ical impression is that it can occur if associated with
repeated episodes of severe cyanosis. The management
of complex and severe epilepsy in those with learning
disability is best done by a specialist, in some areas a

neurologist; in other areas specialist epilepsy services
for people with learning disability have been successful¬
ly established with clinics based in health centres or

general practices.

Dual diagnosis: the occurrence of psychiatric
illness

Psychiatric disorders, and especially the most severe
disorders such as schizophrenia and bipolar illness, can
not only be diagnosed in people with learning disability,

but occur at a much more frequent rate than in the gen¬
eral population. In the past the two conditions were
thought to be mutually exclusive (Shapiro 1979), as the
necessary communication skills to allow full presenta¬
tion of a psychosis were not present in someone with
learning disability. The definition of psychiatric disor¬
ders in the learning disabled has also suffered from
diagnostic overshadowing (Reiss & Syszko 1983,
Sovner 1986), leading to a substantial level of under-
diagnosis (Reiss 1990), further confused by the histori¬
cal distinction between primary and secondary
handicaps.

Currently there is a tendency to use the term dual
diagnosis to embrace those with learning disability and
a major psychiatric illness. At the most superficial level,
a psychosis is a particular combination of behaviour
and communication disturbances, and the patterns and
intensities of these within such a disturbance, combined
with their development over time, lead to the applica¬
tion of a specific diagnosis such as schizophrenia or

bipolar disorder. In people with learning disability,
efforts have been made to separate similar disturbances
into those considered to be behavioural disorders and
those which are psychiatric disorders, with the implica¬
tion that the former are reactive events to external and

environmental circumstances. There is little evidence

that such a division is useful or has meaning, and if a

person's symptoms and signs fall into a classifiable
grouping within the terms of DSM-IV or ICD-10 then
that particular diagnosis should be used (Szymanski
1994).

"Ifie level of psychiatric morbidity in people with
learning disability is, in fact, high at all ages. In children
and adolescents with learning disability recent studies
have confirmed previous reports (Ruedrich &
Menolascino 1984) of high rates of psychiatric disorder.
In a study in New South Wales, Einfcld & Tonge
(1996) found that over 40% of those aged between 4
and 18 had severe emotional or behavioural disorder or

psychiatric disorder. Most (90%) of the parents of these
children reported great difficulty in obtaining appropri¬
ate specialist help. There is a lack of adequate longitu¬
dinal studies following children through to adulthood
to identify predictors of different psychiatric outcomes.

Schizophrenia
Kraepelin originally introduced the term

Propfschizophrenie to describe those cases of dementia
praecox arising in people with learning disability, and
thought the conditions coexisted in about 7% of people
with learning disability. He felt that this psychosis
was of especially early onset and itself led to the devel¬
opment of intellectual disability. Bleuler was later to
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deny that there was a true association, an idea that
persisted, and was further confused by the later use of
die term childhood schizophrenia in the context of
autism.

It is now widely accepted that the incidence of schiz¬
ophrenia is raised in those who also have learning dis¬
ability. On average the rate is raised threefold over the
general population. Many of the earlier studies were
hospital based. Reid (1972b) found a 3% rate of schizo¬
phrenia or paranoid psychosis in hospital residents,
using a clinical diagnosis. On follow-up, he felt die dis¬
order ran a more benign course than in non-learning
disabled individuals. In the Camberwcll studies
Corbett (1979) found schizophrenia at similar levels in
hospital and community settings, at a rather higher
level than other reports, of around 6%. Most studies
have been hampered by a lack of adequately validated
rating scales for psychiatric disorder in those with intel¬
lectual disability. There is a great awakening of interest
at present in the relationship between schizophrenia
and learning disability and the other dual diagnoses,
especially in the implications they have for future ser¬
vice provisions in the community. However, the propo¬
sition that mental health problems of the learning
disabled are greater than in others has not been accept¬
ed with open arms by professions other than psychiatry,
and there is a continuing need to refine the diagnostic
process and clarify the true prevalence of schizophrenia
and other psychiatric disorders.

Clinical features There is little overall difference in
the presentation of schizophrenia between those with
mild learning disability and those in the general popula¬
tion (Meadows et al 1991), but the age of onset is
significantly earlier (on average 23 years). Thought dis¬
order and complex persecutory delusions are probably
less evident. In persons with moderate degrees of learn¬
ing disability hallucinations may occur, and, in combi¬
nation with persecutory feelings, may lead to fear, social
withdrawal and rarely aggressive outbursts.

In people with severe or profound learning disability
a lack of communication skills means that diagnosis on
conventional lines is often impossible. However, unless
one holds the view that a degree of intellectual develop¬
ment is absolutely necessary for the presentation of
schizophrenia, there is no reason to suppose that they
cannot suffer from the same disorder. Acting on a dif¬
ferent neurological substrate, this produces a behav¬
ioural disturbance that can be very distressing for the
person and the carers. There may be aggressive out¬
bursts or bizarre behaviours in response to apparently
fearful stimuli, mood lability, an increase in stereotypies
and mannerisms, or an onset of these anew. After
extensive investigation there may be no physical or
environmental reasons for the change in the person, nor

any consistent prccipitants. The diagnosis is always
difficult, and will remain as unspecified functional psy¬
chosis, but the symptoms often show a response to a
trial of neuroleptics. A detailed family history can be
useful and familial schizophrenia is not uncommonly
found.

Aetiology In common with schizophrenia in the
general population the cause is unknown, and is likely
to be multiple. The two striking features of schizophre¬
nia in people with learning disability, the increased inci¬
dence (which is perhaps an underestimate, as those
with severe and profound learning disability are exclud¬
ed) and the earlier age of onset, could be explained
by one (or all) of several mechanisms. There could be
the coincidental occurrence of schizophrenia and learn¬
ing disability. However, this would not explain the
increased rate. The schizophrenia could be a result of
developmental insult in learning disability encroaching
on the anatomical areas that arc involved in the genesis
of schizophrenic symptoms - thus schizophrenia would
be secondary to the cause of learning disability. The
learning disability could be a consequence of a very

early and severe form of schizophrenia (as originally
proposed by Kracpelin), and the age of onset is certain¬
ly earlier. Or, finally, the coassociation between schizo¬
phrenia and learning disability may be a true one with
one a common cause. One such common cause could
be a contiguous gene deletion syndrome which resulted
in the loss of genes needed to prevent both disorders.
These syndromes tend to be non-inherited however,
and one feature of people with dual diagnosis is a strong

family history, often for both disorders. The familial
coassociation can be complex and coexist with other
disorders or chromosome rearrangements (Holland &
Gosden 1990, Sharp et al 1994, Mors et al 1997), and a
final possibility is that the disorders arc actually differ¬
ent facets of one underlying inherited genetic condition.

Bipolar disorder
Bipolar disorder disproportionately affects those with
learning disability but not, it seems, to the same degree
as schizophrenia. Depression as a symptom is extremely
common in those with learning disability (Sovner &
Hurley 1983). The prevalence rates for bipolar illness
and depression are uncertain, and estimates vary widely
from 2 to 12% of the learning disabled population
(Rcid 1972a, Heaton-Ward 1977, Corbctt 1979).
These figures are in general higher, however, than the
general population prevalence of around 0.8%. Reliable
diagnosis can be difficult in those with learning disabili¬
ty but in those with mild to moderate degrees of learn¬
ing disability the standard diagnostic criteria can be
valid (Fraser & Nolan 1994). Unlike schizophrenia,
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even in those with severe degrees of learning disability
the diagnosis can be usefully made using the biological
features of depression and mania (King et al 1994). As
in schizophrenia, the presence of a family history in
such cases is also helpful (Sovner 1989) in increasing
the likelihood of correct diagnosis. There have been few
studies comparing the symptom profile of bipolar disor¬
der in adults with learning disability with illness in the
general population and very little is known of the natur¬
al history of the disorder. However, it is generally
thought that the symptoms of depression are modified
by learning disability, and certain behaviours (hyperac¬
tivity and wandering, mutism, unexplained temper
tantrums, etc.) may be symptomatic of depression in
this group behaviours that are not seen in depression
in the general population ('depressive equivalents':
Cole & Hardy 1985).

Major depressive disorder
The increased susceptibility of adults with Down's
syndrome to depression has already been noted.
Depression can occur in any person with learning dis¬
ability, and is found in children as well as adults. The
biological features are sometimes more marked than the
subjective feelings of depression, but a low mood is a

frequent symptom even in the more severely disabled.
Suicidal thoughts and acts can occur in people with
mild and borderline learning disability, but are not fre¬
quent and indeed seem to be rare in the more severely
disabled, and may be difficult to separate from a form
of self-injurious or ritualistic behaviour. A time chart of
sleep, activity pattern, eating and cyclical changes in
mood associates (aggressive, self-injurious behaviour,
sexual behaviour, irritability, anhedonia, apathy and
withdrawal) as well as observed mood changes can help
to establish diurnal or other circadian rhythms and
point to the diagnosis. In more severely handicapped
adult women the time course associated with the men¬

strual cycle must be considered, and a painful premen¬
strual period or menses themselves can be mistaken for
mood disorder.

Other disorders

Chronic anxiety disorder can occur but is difficult to
distinguish from depression. Low self-esteem may be a

confusing feature of both conditions. Personality disor¬
der is difficult to define. Rcid & Ballingcr (1987) felt
that it was present in some form in over 20% of those
with mild to moderate handicap in hospital. The rele¬
vance of this diagnosis in people with overall develop¬
mental delays is uncertain, and it is difficult to say
whether features such as passiveness and dependence

are the product of an abnormal personality develop¬
ment or part of the cluster of symptoms that charac¬
terise specific aspects of the person's learning disability.
The approach to help the person, who may be very vul¬
nerable when these features arc predominant in their
presentation along with learning disability, is supportive
and there is the danger that appending the diagnosis
of a personality disorder, unless the clinician is on
very certain grounds, may lead to an exclusion ol
the individual from the required services. Attention
deficit/hyperactiviry disorder is a prominent feature of
children (and adults) with learning disability, and the
criteria for this condition can be met in up to 20%. The
use of stimulant medications may help in the mildly
learning disabled who meet die full criteria, hut their
effectiveness in the many children who have only some

symptoms, and in people widi severe or profound
learning disability, has not been shown.

There have been reports of increased levels of obses¬
sive-compulsive disorder in learning disability (Vitiello
ct al 1989) and it is said that the phenomenon of
hand washing is less common dian in the general popu¬
lation. The distinction from the ritualistic behaviours
associated widi autism requires care however, and the
psychological consequences of the obsessions and com¬

pulsions need to fit clearly widi the diagnostic criteria
for obsessive-compulsive disorder.

Treatment issues

Oral and depot neuroleptics arc frequently used in
treating psychiatric and behavioural disturbance in peo¬
ple with learning disability. Between 5 and 10% of
those in hospitals (Wressel et al 1990) and up to 5% of
those known to community learning disability health
services (Thinn ct al 1990) may receive depot neurolep¬
tics, and overall psychotropic drug use may be as high
as 30% in the community. The most common indica¬
tion is schizophrenia or schizophreniform psychosis
(Gravcstock 1996), which account for around 50% of
those on depot, but a significant minority (23%) do not
have psychosis. A major worry in those who have
epilepsy is a reduction in seizure threshold, but this is
by no means a contraindication and the adjustment of
the dose of neuroleptic or anticonvulsant can usually
allow such cotherapy. Long-term use is associated with
the possibility of chronic movement disorders, includ¬
ing tardive dyskinesia, which may superimpose
and worsen existing movement abnormalities, or be
confused with stereotypies intrinsic to the condition
producing the learning disability. Although chlorpro-
mazine, thioridazine and haloperidol remain in exten¬
sive use, the newer neuroleptics such as sulpiride and
risperidone seem to be well tolerated in people with
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mild learning disability and psychosis. Clozapine is use¬
ful as a therapy in resistant cases, although the intensive
initial monitoring of blood parameters is sometimes
difficult if the person is unwilling to undergo repetitive
venepuncture (a problem which is rather more wide¬
spread than admitted in subjects with severe and pro¬
found degrees of handicap). Very low doses of
medications will obtain an effect in some people with
learning disability, presumably as a result of differences
in metabolism. Clinical experience has shown that
syrup or liquid formulations arc helpful, and hospital
pharmacies may be able to make up very low dose sus¬
pensions of some neuroleptics such as sulpiride.

Mood-stabilising medications are frequently used in
treating various behavioural problems in the learning
disabled (Crabbe 1994), often empirically or on the
basis of cyclical behavioural changes. The use of antide¬
pressants is governed by the same criteria as in the gen¬
eral population, always keeping in mind the increased
likelihood of epilepsy in this population and of cardiac
or other systemic problems, especially in adults with
Down's syndrome. Lithium can be used in bipolar ill¬
ness but possible interactions with systemic disorders
(e.g. hypothyroidism) must be taken into account.
Carbamazepine is increasingly used as a mood-
stabilising agent, and is useful in those who also have
epilepsy. The dose levels needed to control mood may
be slightly lower than those for epilepsy in some cases
and should be titrated individually.

Behavioural disorders: challenging
behaviours

The concept
As with psychiatric disorders, behavioural problems are

overreprcscnted in people with learning disability. The
term 'challenging behaviour' is used to describe a vast
number of different maladaptive behaviours, ranging
from minor antisocial behaviours leading to some dis¬
ruption of day-to-day living up to serious aggressive out¬
bursts against others or the person themselves. The
reported prevalences of such behaviours are high, as is
their persistence (Einfeld & Tong 1996). Studies on

people with learning disability in seven health districts in
north-west England (Qureshi 1994) used a set of criteria
to define when a behaviour could be considered chal¬

lenging - at least one of the following should hold true:

• At some time must have caused more than minor

injuries to themselves or others or destroyed their
immediate living or working environment.

• At least weekly had a behaviour that required
intervention by staff or placed them in physical

danger, or caused damage that could not be rectified
immediately or caused at least an hour's disruption.

• Caused over a few minutes' disruption at least
daily.

Seven per cent of people with learning disability met
the criteria overall, with those in hospital showing a

higher prevalence (14%) than those in community
placements (5%). People aged between 15 and 34 years
were especially prominent, with 15-19-ycar-olds being
the greatest problem in the community, and 25-29-
year- olds in hospital. Most of the people were classified
as having severe to profound learning disability, and
only a small percentage of these were said to have men¬
tal illness, but most of those within the small group of
mild to borderline learning disability were said also to
have mental illness. This may reflect the difficulties of
diagnosis of mental illness in the more severely handi¬
capped, but also indicates that a substantial percentage
of people who exhibit challenging behaviour may not
have a concurrent psychiatric disorder. Reid &
Ballinger (1995) have followed up a group of 100
severely handicapped men and women since 1975 and
found a worrying persistence of many problems, espe¬
cially symptoms of the autistic type, such as emotional
withdrawal, stereotypies and avoidance of eye contact,
in the 67 surviving people. Noisiness, overactivity, irri¬
tability and social withdrawal were also persistent.

Types
The numbers and forms of challenging behaviour are

truly legion, as are their causes and meaning, so that the
usefulness of any descriptive typology is open to debate.
It is postulated that many behaviours are related to
institutionalisation; however, they are also found in
people who have never been in hospital, and a persis¬
tent decrease on resettlement from hospital to commu¬

nity has yet to be adequately described.
The minor disorders are often of an antisocial rather

than destructive nature but their chronicity and form
can be highly degrading to the person and prejudice
social acceptance and integration. Shouting and
screaming may simply be ways of either attracting
attention or, conversely, protecting the personal space
of an individual. Repetitive extreme noisiness is wearing
for the person, other residents and care staff. Anal pok¬
ing and faecal smearing are often due to difficulties in
toileting or to constipation rather than a behavioural
disturbance per se, but are extremely distressing.
Similarly, self-induced vomiting and other food-related
behaviours such as deliberate choking are unacceptable
in a normal living environment. Stealing, often of food
or hot drinks, is important in hospital settings, and pcr-
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haps often genuinely produced by them. It can be a

game which some use to create attention, but has atten¬
dant dangers of scalding. True caffeine addiction may
result in some cases, and the resultant dysphoria misin¬
terpreted as psychiatric illness.

Aggressive outbursts can be against person or proper¬

ty, and while severe physical violence is fortunately rare,
it is a major limiting factor in community provision for
people with severe degrees of learning disability, espe¬

cially if there are no factors that predict outbursts.
Self-injurious behaviour is a worrying problem that

can range from simple skin picking through to severe

eye gouging, head banging and face beating. Repetetivc
self-injury and self-mutilation is perhaps the most dis¬
tressing of all the problems that present to psychiatrists
in learning disability. It is much more common in peo¬

ple with severe and profound degrees of learning dis¬
ability (Reid et al 1978), and in this group it is
associated with the presence of other challenging
behaviours such as noisiness, overactivity, irritability
and stripping. The overall prevalence may be around
10% in all forms, and between 1 and 2% for the most
severe (Corbett 1975).

Aetiology
This is complex and all factors tend to interact, so that
one particular type of behaviour may relate to different
causal mechanisms at different times.

Associated biological disorders
Since challenging behaviours are most prevalent in peo¬
ple with severe learning disability, definite biological
disorders might be expected to be associated with them.
The discipline of behavioural phenotypes that attempts
to relate clusters of behaviours with particular clinical
syndromes is an emerging one. However, behavioural
associations for the two most important disorders with
a defined biological basis, Down's syndrome and the
fragile X syndrome, have proven difficult to define and
validate. F.ven in discrete disturbances such as in

phenylketonuria, the metabolic changes lead to non¬

specific and variable behavioural consequences. At pre¬
sent only two conditions stand out as being associated
with a definite constellation of behaviours.

The Lesch-Nyhan syndrome (Johnson & Patel 1996)
is extremely rare, but has assumed prominence out of
proportion to its incidence owing to the striking degree
of self-mutilation associated with it. At birth such chil¬
dren appear healthy, but by 3-4 months dystonias
become apparent, along with a delay in attaining devel¬
opmental milestones. The later development of spastic¬
ity, choreiform movements and transient hemiparesis

can lead to tire diagnosis of cerebral palsy, but the
appearance, at around 2 years, of self-destructive biting
of the lips, the inside of the mouth and the fingers,
points to the correct diagnosis. The degree of learning
disability is variable. The condition follows an X-linked
recessive inheritance pattern and is due to a mutation in
the HPRT (hypoxanthine phosphoribosyltransferase)
gene with a near total lack of the enzyme and an associ¬
ated hyperuricaemia. Dopamine levels arc reduced in
the basal ganglia and in synaptic terminals, but not in
the cell bodies in the substantia nigra. The other mon-

aminergic systems seem intact. Treatment studies using
oral 5-hydroxytryptamine (5-HT) have been claimed to
reduce the incidence of self-mutilation, but other stud¬
ies have not been able to reproduce this. Behavioural
interventions have produced similarly disappointing
results. The peripheral consequences such as hyperuri¬
caemia arc treatable but the centrally mediated behav¬
iours persist. The gene can be genetically inactivated
('knocked-out') in mice but these do not display symp¬
toms similar to those seen in man. Thus the link
between aberrant dopamine levels and severe self-muti¬
lation is still to be uncovered, and most people who
self-mutilate do not have this syndrome.

The Prader-Willi syndrome occurs in around
1:14 000 children and is usually due to deletions or uni¬
parental disomy of an imprinted region of chromosome
15. The inheritance of the condition is described in

Chapter 7. rl"he overeating behaviour exists in nearly all
cases, but to varying degrees, and studies suggest that
abnormal time patterns or control of satiety may play a
role. Overeating can lead to enormous degrees of obesi¬
ty (Holland 1991).

Psychological associates
At the root of many psychological interventions for
challenging behaviours is the concept that both the
behaviours and ways of modifying them are learned and
maintained by positive or negative reinlorcers (Bailey &
Pyles 1989). Reinforcers are divided into primary ones,
such as food, drink and pain, associated with basic bio¬
logical needs, and secondary ones that result from a

pairing with primary rcinforcers. Social rcinforcers
(praise, pleasant environments, aversive stimuli, etc)
are generally thought to be secondary in type. The
antecedents of a behaviour can be difficult to deter¬

mine, and the use of a given behaviour may generalise
beyond the original inducing stimuli and rcinforcers.
However, it is important to try and understand both the
origin of the behaviour, its original maintaining factors,
the present maintaining factors, and the meaning it has
for the person. This last has often been neglected, with
the focus on changing the behaviour rather than view-
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ing it as a form of communication (Durand 1990) or as
an expression of frustration at difficulties in communi¬
cation. It is important also to consider whether the
behaviour is a consequence of physical, emotional or
sexual abuse (Turk & Brown 1993), whether by family,
carers or other people with learning disability. Other
inducing stimuli include undetected or untreated pain
(for example, a person may scratch the face in response
to earache, or bite others when they have soiled them¬
selves). Epilepsy has been postulated as a cause of chal¬
lenging behaviour (Gedye 1989), and in clinical
practice good epilepsy control can help reduce distur¬
bances arising during periods of peri-ictal confusion.
The behavioural automatisms during ictus in temporal
lobe epilepsy should be considered as part of the illness
rather than a challenging behaviour. Social rcinforcers,
including positive responses as well as aversive ones
when the behaviour occurs, have often been shown to
be maintaining factors. The linking of unwanted behav¬
iours to positive reinforcements such as warm social
responses, or concern, often leads to the person being
labelled as attention seeking, and ignored, rather than a
focus being made on the cause of the anomalous
responses.

Environmental factors

The living situation can play an important role in main¬
taining a behaviour or preventing the adoption of alter¬
native wanted behaviours. Much of the concepts of
chronic institutionalisation lodged against hospital care
can be viewed as the presence of a non-therapeutic
physical and personal environment where the person
does not have opportunities to develop the skills to alter
behaviours. Some behaviours may be an ethological
response to surviving in large groups of people where
interactions with staff are few. On the other hand, some

environmental needs, such as stability and continuity of
day-to-day living patterns and adequate personal space
based on individual needs, may be lacking in communi¬
ty placements and may also contribute to behavioural
problems. To alleviate rather than contain severe
behavioural disturbance it is essential to design the liv¬
ing and personal environment to the person. Two of the
most prolific precipitants of behavioural disturbance
are multiple residential placements in a short period of
time (which can occur, for instance, as a person with
developing dementia is shuttled from one care place¬
ment to another as they are successively unable to cope
with a rapid rate of decline) and multiple changes of
care staff over short periods of time, as can happen both
as hospitals close and in the community where organi¬
sations have to employ staff on short-term contracts
because of budgetary uncertainties.

Assessment and treatment

Assessment must address the possibility of psychiatric
disorder. In people with profound degrees of handicap
the presence of a family history of psychosis and a cycli¬
cal component in the behaviour pattern may indicate
the diagnosis. Medical problems such as incontinence,
constipation, infections, epilepsy, endocrine distur¬
bances and sources of pain should be assessed. Sensory
impairments and, if present, the way in which they arc
influenced by the living environment should be consid¬
ered. A restricted range of communication skills may
mean that the behaviour is a way of attracting attention
to problems. For people who have no, or limited, verbal
skills, the use of Makaton or Sign-along forms of sign
language for people with learning disability is very help¬
ful but facility in these modified forms of British sign

language for the deaf is not a common skill in psychia¬
trists. The use of an interpreter, the advocate if the per¬
son has one, is essential here. The carer can make
detailed behavioural diaries, or use the aberrant behav¬
iour checklist or other psychometric instruments to
chart the periodicity and relatedncss of the behaviours.
It is often helpful for the clinical psychologist and psy¬
chiatrist to work together on diagnosis and manage¬
ment.

Treatments should address the possible causes, stim¬
uli and rcinforcers of the behaviour, and the environ¬
ment in which it occurs. In general, outcomes are better
for people with milder disabilities where teaching of
anger management and self-management skills and the
self-monitoring of unwanted behaviours can be com¬
bined with operant interventions to replace unwanted
with wanted responses. Interventions with people with
severe and profound degrees of learning disability have
been less successful on the whole, and it can be consid¬
erably more difficult to implement a behavioural treat¬
ment programme within the necessary restrictions of
the person's own home or place of work than in a spe¬
cialist behavioural unit. Whether the treatment pro¬

grammes successful in such situations can generalise in
place and time to the normal living environment is also
largely untested. Physical restraint used to be quite
widely used as a treatment rather than an emergency
measure in people with learning disability, especially in
those with severe self-injurious behaviour. Restraint can

mean anything from the wearing of splints and protec¬
tive headgear controlled by the person themselves,
through to gloves for repetitive picking of skin, to full¬
blown devices to secure limbs in those who beat them¬

selves, and the use of isolation and 'time out' rooms

(Harris 1996). Where the device can be applied and
taken off by the persons themselves, the result is some¬
times surprisingly good. In such situations the extra
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physical control seems to provide an extra psychological
barrier against self-injury. Recently there have been
questions as to any superior efficacy of imposed
restraint when compared with other methods, as well as
moral questions as to acceptability. Emergency restraint
for short periods by trained staff may be needed to pro¬
tect the person from severe injury, but repeated use
should be thoroughly reviewed. Positive programming
methods (LaVigna et al 1989) are an altcnative that use
non-avcrsive programmes based on the teaching of
skills functionally equivalent or related to target behav¬
iours to establish a more socially appropriate repertoire.

Pharmacotherapy is still often used, even when psy¬
chiatric disorder has been eliminated as a diagnosis. In
profoundly handicapped people a trial of neuroleptic is
sometimes used with severe disturbance without recog¬
nisable precipitants, and is successful in some cases,
with the secondary interpretation of an underlying psy¬
chiatric disturbance. Unfortunately the use of such
medications tends to become long term in some cases
in spite of the increased risk of tardive diskinesia. Good
practice would advocate periodic attempts at drug dose
reduction, and clinical experience would suggest this
can be succcsful if done very slowly, and by small incre¬
mental amounts. Complete drug washout, in hospital if
necessary to ensure safety, can help in those maintained
on high doses of medication for long periods. There is
little indication that people with learning disability as a
whole are any more, or any less, susceptible to the
extrapyramidal effects of neuroleptic medications, and
concurrent rather than emergency prescriptions of anti¬
cholinergics arc not warranted save in cases of high sen¬

sitivity. It should also be remembered that both
neuroleptics and anticholinergics will reduce the seizure
threshold in a person with epilepsy. There is currently
much interest in the use of selection serotonin reuptake
inhibitors (SSRIs) in the management of various forms
of challenging behaviour but the results so far have
been conflicting, and often anecdotal. Clomipramine
has been used to decrease self-injurious behaviour in a

very small controlled study (Lewis et al 1996), but
more selective agents such as fluoxetine have been
claimed to increase aggressive behaviours (Troisi ct al
1995).

DEVELOPMENT OF SEXUALITY AND
RELATIONSHIPS

Sexuality is an inevitable part of development, and no
less so in those with learning disability. Sex education
and counselling are very important for them, as is the
development of stable interpersonal relationships. The
taboos of the past were applied in extremis to people

with learning disability, and any form of sexual activity
was often seen as unacceptable. Families often had
(and still have) extreme difficulty in talking about the
sexual development of the person with learning disabili¬
ty, and a whole range of genuine and unwarranted fears
were repressed. People with learning disability are more

prone to sexual exploitation, but this is all the more rea¬
son to ensure an understanding of their own sexuality
and development, and also the issues of consent. The
field is covered in detail by Craft (1994). The law has
clear boundaries on various sexual practices, and the
person should appreciate these. The law also defines
valid sexual relations as based on an ability to consent;
this is usually lacking in severe and profoundly disabled
people, and any sexual activity with them by others
would constitute an offence (Gunn 1994).

Education can be in a group or on individual basis,
and finding the best contraception for the person is
essential. Family planning clinics can offer advice, and
community learning disability nurses serve an impor¬
tant liaison function. There are now numerous

instances of people with learning disabilities marrying,
and in some cases having children. Where inherited
syndromes are a risk factor, then genetic counselling is
appropriate.

Some sexual behaviour may be unacceptable due to
the locus of behaviour (e.g. open masturbation in pub¬
lic places) or because of its direction (e.g. exhibitionism
in public, or in front of children). The meaning of such
problems for the person may be completely different to
such behaviours in a person of normal intelligence, and
in many cases is due to inappropriate education or
unawarcness of age appropriateness of a behaviour.
However, it is also important to define when these are
not the root of the problem, and people with mild
learning disability can commit offences in public, or
with children, for the same reasons as those without
learning disability. It is rare that sexual problems arc-
due to psychiatric illness but the psychiatrist in learning
disability is often called to assess and treat such difficul¬
ties (see below).

THE FAMILY

The person with learning disability is usually cared for
by the family, and the needs of the family often go

unrecognised in the face of the needs of the child.
Tizard & Grad's (1961) findings arc still true: most
children with learning disability do not impose intolera¬
ble management problems on their family; most par¬
ents wish to keep the child at home; it is not inevitable
that the parents will always wish to care for their chil¬
dren at home. The reason for the last finding has
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changed however, and has moved from considering the
alternative as being institutional provision to that of
independent living.

The first crisis is when the family learns the child has
learning disability. The way in which they are first told,
or more frequently have their suspicions confirmed, can
have a lasting influence on the way they perceive the
child, but it is still sometimes done abruptly without
detailed explanation of the implications or support
needed. The phases of adaptation to the diagnosis paral¬
lel grief reactions, going through shock, denial,
anger and eventual adaptation (Cunningham 1983).
Psychiatrists are little involved in helping families at this
time, most of the work being the province of the obste¬
trician or paediatrician. Some families can find support
from others who have gone through the same problems,
and the voluntary agencies can provide support groups
and peer counselling. The community paediatrician
plays a vital role in both providing direct help and coor¬

dinating services for the child's health needs. The effec¬
tiveness of some early intervention programmes has
been mentioned above. Even with early intervention the
stress to a level of clinical significance can be very high
(Bcckman 1991). The family's, and especially the moth¬
er's, strategies for coping with child's problems and the
mother's own levels of social support are important fac¬
tors in determining die eventual self-sufficiency of the
person (Sloper & Turner 1996), but the reciprocal
effects of the person on other important areas of family
life, including the parents, marriage and perceived satis¬
faction with life must also be noted (Slopcr et al 1991).
The other area is the effect of the child on the siblings.
There may be role reversal in the family where a younger

sibling takes care of an older one with learning disability.
However, it does not seem that there is a reduction in
the quality of social relationships or time outwith the
family for other siblings. Parental and family teaching
workshops or teaching of skills in their own homes
(Portage schemes) can achieve a high level of success in
assisting parents to learn and to teach their children nec¬

essary living skills. Portage schemes can start before the
child is 1 year old, and be instigated by health visitors or

community learning disability nurses.
The next family milestone is schooling. The parents

usually wish their child to attend mainstream schools,
and can have great difficulty in accepting that he or she
may be failing in such circumstances, or may need
special educational provision, which to many is an
additional stigma to the diagnosis. Although assisted
learning at normal schools is an educational goal, the
reality is that it is not universally available, and chronic
class failure may be detrimental and delaying to the
child who needs a specifically adapted educational cur¬
riculum.

Adolescence can also be problematic, and behaviour¬
al and emotional difficulties are as apparent in the per¬
son with learning disability as in any other teenager.
Often these are interpreted as challenging behaviours to
be treated, rather than as an intrinsic part of the devel¬
opment of emotional maturity. There is little difference
in quality from the non-learning disabled adolescent,
but the difficulties may be more intense due to prob¬
lems in communication and understanding, or may
occur at different times, with apparently teenage prob¬
lems lasting into the subsequent decade. The last phase
is the transition to adulthood and ageing. The transi¬
tion is not only personal but also one in terms of service
provision. The health services for the child arc usually
unified under paediatrics, but those for adults are

diverse, and access may be difficult. 'ITie transition is
also a time of 'letting go', with its implied increased risk
taking, for the parents, and it is often harder for them to
do so with their adult 'child' with learning disability
than their other children. The parents (and the siblings
after bereavement) remain the main carers for adults
with learning disabilities, and with dual ageing, older
parents usually become more and more concerned at
the future for their child when they are not around, but
arc faced with conflicting feelings as the relationship is
as important a source of support to them as it is to the
child. People in their fifties and sixties staying with their
octogenarian or even older parents are not unknown,
and much tact and understanding has to be used in
assessing and developing the person's own self-care
skills and in the discussion of future placements. There
is a change in attitude with younger parents however,
and more are able to come to terms with a future inde¬

pendent life for their child. School programmes are
now designed with independence in mind, with self-
care and work skill development as well as self-travel
and the use of community facilities. To ensure success
the parents must play a full role, and it is essential for
them to be involved in participating in the assessment
and choice of the future home for their child.

Bereavement

It has been mentioned that behavioural problems can
be precipitated by the death of a parent. A (false)
assumption in the past was that people with learning
disability did not understand death and thus did not

grieve. There arc now several studies which show that
this is not the case (McLoughlin, 1986) and it is clear
that not only do people with learning disability recog¬
nise death but that they also go through a grieving
process that may appear aberrant due to the different
communication styles used to express their emotions
and feelings. The degree of understanding which
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shapes the concept of death and dying may be related to
the level of cognitive development, as proposed by
Piaget, rather than the actual age of the person. Group
work with others who have been bereaved may be help¬
ful, but often individual support is needed. Cathcart
(1995) has reviewed this area and suggests support sys¬
tems. She also discusses the complementary subject of
how to support staff when someone with learning dis¬
ability, for whom they have cared for over long periods
of time, dies.

SERVICES

Residential and respite facilities
It has been known for a considerable time that most

people with learning disability live in the community,
usually at home with their parents and family no matter
how old they may be themselves (Kushlick 1966). This
even applies to those referred to specialist psychiatric
services, of whom in the region of 50% stay with their
families (Bouras ct al 1994). Other residential facilities
are provided by a variety of organisations, including
social work hostels and voluntary agency-run homes
through to social work-funded individual placements
with other families. Overall care in the community is in
general much more costly titan care in a hospital set¬
ting, with an average of between two and three and a
half times as much spent per head, and the desirable
staffed smaller settings usually have the highest budgets
(Turner ct al 1995). Hostels still tend to house similar
numbers of people to hospital wards, and the trend is to
srpaller groups in more domestic-type environments.
The provision of respite services is an essential lifeline
for many families. In the past these would have been
provided in hospitals and by social workers, but
increasingly voluntary agencies are providing good
respite services. The use of the respite service may be
initiated by the family, or by the person themselves, and
regular planned periods of stay can be more useful in
helping a family to 'recharge their batteries' than
emergency use at periods of extreme stress. With the
closure programme for most hospitals there is a need to
develop alternative resources for people with multiple
complex health needs, and cooperation between health
and social agencies in joint ventures offers one
solution.

Education

The role of the psychiatrist in learning disabilities in the
education of children with learning disabilities has
decreased as our service has become more adult orien¬

tated, and it is rightly the province of the teacher and
the educational psychologist. However, it is important
to be aware of the changes in education and especially
the trend to greater degrees of integration in main¬
stream settings. There has long been a tradition of spe¬
cial education for people with learning disabilities in the
UK, and no one is now considered to be unable to
benefit from education of some form. Early preschool
intervention and education is probably vital to later
development. A variety of preschool factors, including
parenting styles, the parents' interpretation of the value
of education, and the home learning environment, may
have some influence on eventual educational outcome

(Bryant & Maxwell, 1996). The goal for many, of
attending mainstream schooling, is often attainable,
with some able to attend mainstream classes with spe¬
cial tuition, and some helped by individually designed
curricula in special needs classes. The Warnock Report
(1978) redefined educational problems in terms of spe¬
cial educational needs, instead of starting from the
assumption of learning disability, and in some ways

helped the recognition that specific educational difficul¬
ties, including those defined in DSM-IV as learning dis¬
orders, can occur in any child. Independent special
school provision still plays a major role in the education
of those with more severe degrees of disability and asso¬
ciated problems, but there is an increasing degree of
integration of special and mainstream education in the
same setting. Education continues long after the person
is of school-leaving age. In some cases, especially in
special educational settings, the person may continue at

secondary school well past leaving age. The transition
from secondary schooling to further education (either
in college settings or training centres) or to work place¬
ments is a critical time, and it is important that the per¬
son's future is planned in advance and with their
involvement (Kohler & Rusch, 1996). The family's
involvement is also important and the family acts as a
stable and continuing factor during a period of change
(Rusch & Millar 1996). Failure to plan, with prolonged
periods without further education, can lead to skill loss,
especially in areas such as signing in people without oral
vocabularies. Tertiary educational establishments often
have learning support departments that can offer fur¬
ther skill training for people with learning disabilities.
Locality-based colleges usually offer a variety of special
classes, either full time, or part time in association with
other placements, in reading and literacy, numeracy
and basic computing skills, through arts and drama, to

specific work-related training. There are also attempts
currently being made to integrate with mainstream
classes, and projects such as that at Edinburgh's
Telford College have shown that some students, even
with profound multiple disabilities, can find useful edu-
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cation in such circumstances and are in general well
accepted by other students of the college.

Day services and work experience

Traditionally, day services have been a social work
responsibility, and in most areas adult training centres
or adult resource centres provide daily work and skill
development-related activities for large numbers of
people. These are of great benefit to many with learning
disability, and often serve as a staging post to more nor¬
mal employment. They are also therapeutic in them¬
selves, and can help provide a structured activity setting
for people whose challenging behaviour or health-
related needs make it difficult to integrate into current
normal work settings. A usual practice is for a maximun
of 4 days a week to be spent at the centre, with the fifth
day at home. For some groups of people the adult train¬
ing centre can be a difficult environment. The noise lev¬
els are usually high, and especially so at meal times, and
the number of people attending is large. For people
with Down's syndrome and dementia, and for some
users who are simply getting older and less tolerant, the
centre can be a confusing and frightening place.
Smaller, quieter areas within the main centre are one

way of improving the environment to meet their needs.
Voluntary agencies are also now providing day care,
and the type of provision depends on the ethos of the
organisation. There are some who provide a very struc¬
tured and sheltered working day, with small numbers of
people, and these can be very suited to meeting the
needs of those with autism. Many, and perhaps in the
future most, people with learning disability do not need
to attend such centres but can work alongside others in
the general population. Such work placements are often
very beneficial to the person's self-esteem, and behav¬
ioural problems in other environments may disappear.
The type of work needs to be matched to the person's
abilities but there is no reason why the role played by
the person with learning disability should not be every
bit as important as that played by colleagues.

Advocacy
Making themselves and their rights heard has never
been easy for people with learning disability, and they
have suffered considerably from the assumption that
they cannot make choices for themselves. The advocacy
movement, where a specified person gets to know and
understand a person with learning disability, can com¬
municate with and for them, and can advance the per¬
son's rights and feelings when needed, is one step in
trying to remedy these problems. In many cases the
advocacy movement started with concerns over medical

research on subjects unable to give informed consent,
and especially those with mental disorder. In the UK,
voluntary organisations involved with learning disability
have provided the impetus for the formation of inde¬
pendent advocacy groups, and give a structure that can
monitor and assess an individual's ability as an advo¬
cate. Difficulties have arisen in some areas, and in the
USA conflicts between advocacy groups and the scien¬
tific community have been long-standing and have
impeded the formation of agreed ethical guidelines in
this area, with widely disparate practices existing
(Bonnie 1997).

The move from hospital to community
In the UK over the 13 years from 1980 until 1993 the
number of people resident in hospitals for learning dis¬
ability decreased by over 26 000 (Emerson & Hatton
1994), reflecting a change in what is considered as the
most appropriate type of residential care and support
for the person with learning disability, a change which
predated the current and centrally driven process of
community care. By the 1970s most hospitals had
changed from being institutions with large numbers of
children into having a mainly adult population. The ini¬
tial moves into the community for many residents
occurred in that decade, with the discharge of large
numbers of people, usually with mild degrees of learn¬
ing disability and low levels of challenging behaviours
or mental illness. Community absorption was largely
into existing facilities, or those being developed in par¬
allel for people already based in the community. The
second phase began in the 1980s and is continuing; it
has the aim of relocating residential care of most of the
remaining people with learning disability away from
large hospitals. In theory this should be on the basis of
developing services according to the needs of the indi¬
vidual, rather than fitting them to available resources.
The move away from large wards to small domestic-
type environments is likely to be beneficial to all people
with learning disability, no matter the severity, and for
people with mild disabilities proper social skills training
and support systems can allow many to live in unstaffed
or minimally staffed domestic accommodation - in
other words their own homes (O'Brien 1994).

For those with greater dependency needs, staffed
accommodation is the more likely option. Overall the
person discharged from a large hospital may expect to
have more opportunities to use and develop new living
skills, although longer term studies indicate that these
may level off'or even fall (Cambridge et al 1993). They
will also have more contacts with other people,
although these still tend to be people with learning dis¬
abilities. Many studies in the past indicated that the
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total time stall'spent in direct interaction with residents
was low, and this is increased on discharge. This seems
to be related to die particular motivation of the staff
group involved, and does not relate to the ratio of carers
to residents (Felce & Repp 1992). There is more to
integration into a community than having a residential
placement. The use of community resources is almost
invariably increased on discharge, but this may be at a

superficial level, and less for those with more severe dis¬
abilities.

Care staff have to be selected with caution and
receive practical training in the skills needed to support
the individuals they will care for, although there are
some indications that any improvement in care so pro¬
duced may be temporary. The involvement of staff with
residents well before they are discharged from hospital
is important, and the transition phase can often be
helped by involvement of hospital staff in the new set¬
ting. It is useful to employ staff" with a wide experience
in detecting mental health problems and challenging
behaviour, through to an ability to manage epilepsy
with the use of rectal medication if needed. The legal
issues of such interventions have to be considered in

each case, and the situation is very different from that of
parents who have looked after their children since birth
and have become experts in particular aspects of health
care. Working stress and staff turnover in community
settings may actually be higher than in hospitals
(Murphy et al 1991), with negative repercussions on

many with learning disability who react badly to

change. Further investigation into such effects is need¬
ed to ensure the success of community care.

Some agencies, especially in the voluntary sector,
may feel unhappy at providing levels of care with an
extensive health component; others, with support from
specialist community learning disability teams, become
highly proficient.

The major problems for successful community living
away from hospital arise when the person has severe

challenging behaviours. The incidence of stereotypic
behaviours, such as rocking, do decrease on discharge,
but the more severe problems, including aggression, do
not, save in very small, intensively staffed community
settings (Felce et al 1994). It is a general impression
that hospital readmissions for those discharged from
long-stay care are usually due to levels of aggressive
behaviour unacceptable to the care groups, and it is
often difficult to re-establish that person with that par¬
ticular care group who may perceive themselves to have
failed. The problem of chronic severe behavioural dis¬
turbance, at present, still merits the provision of small
long-stay residential facilities that are managed by
health care staff skilled in behavioural methodologies,
and able and willing to use them to ensure the safety of

the person. In fact it should be accepted that small
numbers of people will always need, and have a right, to
be cared for in a hospital setting. Those formally
detained under sections of the mental health or crimi¬
nal procedures acts require hospital provision, and
there are those with similar degrees of behavioural or

psychiatric problems who, due to the severity of their
handicap, arc cared for as informal patients. The setting
docs not however need to be institutional, and this term
is best applied to the type of care rather than the locus.
Institutionalisation can easily become a facet of poor

community care and one of the challenges for the future
will be to monitor the quality of health and social ser¬
vice provision and delivery to guard against such prob¬
lems.

Psychiatric and health care provision
Proponents of complete normalisation for people with
learning disabilities have argued that psychiatric disor¬
ders should be managed by, and within, general psychi¬
atric services (Newman & Emerson 1991). In other
areas such as social work, provision is now largely by
the non-specialist. However, attempts to introduce
such models in practice have not been successful (Day
1994b), and there is little evidence that people with
learning disability would receive better psychiatric care
in mainstream facilities. In fact the opposite is likely,
and it is the right of people with learning disability to
have their specialist needs recognised and treated
appropriately, "lhe psychiatrist has a major role in the
diagnosis and management of psychiatric and behav¬
ioural disorders in people with learning disability. In
spite of the reduction in long-stay hospital accommoda¬
tion, there is a continuing need for inpatient and day-
patient places for the assessment and treatment of
people with severe psychotic illnesses and behavioural
disorders. These should be designed to be proactive as
well as reactive, and accept both informal and elective
admissions in addition to formally detained patients.
People who have learning disability and behavioural
disorders are also especially likely to need much longer
hospital treatment than is the case in general psychiatry,
and this should be taken into account when bed num¬

bers are considered; it would be inappropriate to
remove entirely the small number of long-stay places.

The main service is, however, and will increasingly
be, community based. Specialist community mental
health teams for adults with learning disability already
exist in most areas, and have long been multidiscipli-
nary. Ideally they comprise a consultant in the psychia¬
try of learning disability (and the Royal College of
Psychiatrists recommends one full-time consultant in
the psychiatry of learning disability for every 100 000
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population, recognising the considerable extra work¬
load involved in helping people with learning disabili¬
ty), community nurses (usually registered learning
disability nurses), a clinical psychologist, and sessional
inputs from specialist occupational therapists, speech
and communication therapists, physiotherapists and
dieticians. Specialist therapies, such as art and music
therapists, are extremely useful and have important
roles in facilitating and interpreting communication
with people with learning disability, as well as forming
part of individual treatment modalities. Strong links
with the area social work departments are needed, and
joint health and social work meetings on a regular basis
help in joint prediction and planning for problems.
Most of the work of community teams is done in the
person's home or work setting, and the multidiscipli-
nary nature can offer a wide range of treatment types
and environmental modifications that may be needed to
assist the complex nature of the person's problems.

THE LAW

The Mental Health Acts in the UK allow compulsory
admission to a hospital for treatment of mental illness
or behaviour disorder in people with learning disability,
and are described elsewhere in this volume. In England
and Wales, the term used to signify learning disability is
mental impairment, which is defined as a state of arrest¬
ed or incomplete development of mind including a

significant impairment of intelligence and social func¬
tioning. Severe mental impairment is defined as severe

impairment of intelligence and social functioning. The
distinction is left to the psychiatrist but in practice is
usually used to divide those with mild to upper moder¬
ate degrees of learning disability from those with more
severe conditions. In Scotland, mental disorder is taken
to encompass mental illness and mental handicap.
Mental handicap is defined as mental impairment along
the lines of the English definition. Under both acts the
person with learning disability also needs to have a
mental illness or manifest seriously aggressive or irre¬
sponsible behaviours.

Many severely and profoundly learning disabled peo¬

ple have an inability to understand or give informed
consent to any procedure. Such 'incompetent' patients
(common law) also often have no insight into their own

personal safety in the domestic environment, or into
road safety. The care of such people demands that they
be provided with a safe environment, which may
involve securing dangerous areas or preventing them
from wandering off without supervision, and this can be
done in good faith without recourse to formal proce¬
dures. However, it is probably good practice, where

treatments are considered for severe escalations of men¬

tal illness or behavioural disorder, for application be
made for detention under the appropriate section of the
act, which would protect the person's rights by pro¬

scribing the treatments allowed by a second psychia¬
trist. Elective (as opposed to emergency medical)
physical and psychiatric treatments, including sterilisa¬
tion, are not permitted without a court order.

Offences committed by people with learning
disability
There is little to distinguish in those offences commit¬
ted by people with very mild learning disability and they
shade into those in the general population. People with
mild learning disability are, however, more liable to

problems associated with lack of understanding and
adherence to society's social conventions and norms,
and are prone to low self-esteem. The chances of
offending are increased if the home circumstances of
the person arc socially disadvantaged, and the associa¬
tion of poor social conditions and mild learning disabil¬
ity has been noted above. Some of the studies which
indicated that repeated criminality was associated with
mild learning disability may have reflected a differential
arrest and conviction rate compared with the general
population, rather than a true effect.

It is rare for a person with severe or profound learn¬
ing disability to be charged with an offence. It is gener¬

ally recognised that in such situations, where such
people are involved, insight into the nature and conse¬

quences of offending is severely limited by intellectual
and social impairment. In rare cases where persons with
profound learning disability are also severely aggressive
to themselves (self-injury) or others, and who would
otherwise meet the legal definition of an incompetent
patient, there may be a need to use the Mental Health
Act to safeguard their rights, especially if neuroleptic
medication or physical methods including restraint arc
thought useful in treatment.

There are two important offence groupings in which
people with mild learning disability arc overreprcsent-
ed. The first is in sexual offences, and especially males
(Day 1990, 1994a). There may be problems with
immaturity and the tendency to offend against persons
of an emotional rather than actual age match. The per¬
son's understanding of the nature and gravity of the
offence is important, and whereas sex education may be
appropriate in minor offences such as single episode
exhibitionism, the rarer but very serious repeated
attacks on women or children may involve prolonged
treatment as a formal patient in a secure or special hos¬
pital setting. The second serious group is arson and
related offences, the most worrying of which is repeat-
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cd, apparently motiveless, fire setting. This seems to be
more common in the late teens or early adulthood and
in men with mild learning disability (Higgins 1995).
The danger to others in such cases is very high - even
a simple fire can endanger the lives of many.
Unfortunately long-term treatment on a formal basis
may again be required. The long-term needs of these
two groups of people with learning disability need to be
acknowledged in our plans for community care. Some
are cared for in our special hospitals and will continue
to be so, but there will also be a continuing need for
long-term hospital provision outwith these.

The appropriate adult
Although statutory and common law rights apply to any

person, people with learning disability are especially
vulnerable when they arc accused of, or witness to, or
victim of a crime. They may be readily confused, espe¬

cially with the stress of the situation, and may easily
make self-incriminatory, erroneous or conflicting state¬
ments. It is important to judge whether the person is
able to understand the significance of questions put,
whether he knows of his rights to have a lawyer and rel¬
ative contacted if detained, and whether he understands
the concepts of arrest, caution and charging. If the pro¬

ceedings reach the point where the person has to attend
court, the situation is compounded by the adversarial
system of interviewing adopted as standard practice in
the UK, The 'appropriate adult' scheme was devised to
circumvent some of the problems arising from such sit¬
uations, and it is mandatory for police in England and
Wales to have an appropriate adult present if they sus¬

pect the person of having a mental disorder (Police and
Criminal Evidence Act, 1984). In Scotland, at present,
it is a code of good practice rather than mandatory. The
appropriate adult should be a trained person (and train¬
ing must be multidisciplinary, involving police, psychi¬
atric, legal and social work professionals) and is there to
facilitate the process of interview for both the individual
and the police - acting to interpret and clarify questions
and meanings to both parties. The appropriate adult
should be present when a person is charged. His atten¬
dance is especially important if the person is to be
searched or intimately examined, especially if there is
any indication that the person has been sexually abused
or assaulted. During an interview he is not a substitute
for a lawyer, nor is he expected to provide the emotion¬
al support of a relative, but he would indicate whether
he felt a line of questioning was likely to lead to unreli¬
able answers, read any documents or statements signed
by the person, and note on this anything felt to be inac¬
curate. He would also indicate whether the person
needed medical assistance, or a rest period to recover

from stress. There is still much to be done to develop
and assess such services on a national basis. It is also

important to clarify the difference between the appro¬

priate adult's role and that of an advocate. The former
functions in a clearly defined observational and inter¬
pretative role and can provide moral support for the
person, in contrast to the much wider remit of the
advocate to provide emotional support, and interpret
and be a voice for, and active participant in safeguard¬
ing, a person's rights, interests and feelings.
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CHAPTER 3

Genetics and learning disability*
Walter Muir

Relevance of genetics to learning disability
Molecular medicine is increasingly becoming the dominant mode of
understanding pathology. The impact of molecular genetics on our
understanding of disease processes has been enormous, and is likely to
increase with the historic publication of the draft DNA sequence for
the complete set of human chromosomes, the genome. This is a
remarkable race between private (Venter et al, 2001) and public (Lander
et al, 2001) consortia. It is a starting point rather than an end in itself.
The genome map and sequence may be near complete and the total
number of genes in man perhaps surprisingly small. Genes can be seen
as regions of DNA that code for proteins, along with the initiation and
regulatory DNA elements that control the process. However, genes in
themselves are not the key functional structures. Their direct coding
sequences, exons, are transcribed into messenger RNA (mRNA or
message), which may itself have a regulatory role without further pro¬
cessing. The complete set of mRNAs at a given time in any cell is termed
the transcriptosomc - which, unlike the set of genes, has a short-
acting dynamic rather than changing across generations. Messenger
RNA is, of course, more commonly translated into proteins and these
make up the functional powerhouse of the cell.

Differential splicing and post-transcriptional processing of messages
are two of many ways that variations in protein structure can be
produced from a limited set of genes. The resultant subtle changes in
amino-acid sequence can lead to major changes in a protein's activity,
raising the available complexity by several magnitudes beyond that
apparently dictated by the genome alone. Thus, there is really no need
to have huge numbers of genes to produce the complexity of the human
organism. The total set of proteins expressed by a cell at any one time is
termed its proteomc. Efforts to characterise and understand the forces
that shape this shifting dynamic will, if anything, produce even more
important and exciting results than the genome project has done.

* See pp. 319-327 for a glossary of the molecular genetics terms used in this chapter.
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The result of interactions between genes, their products and the
environment is usually termed the phenotype. This need not be
restricted to physical features; cognitive performance and behaviours
are also highly important outcomes (behavioural phenotypes).

There are two related areas to be covered within this chapter, which
will therefore be selective. 1 will discuss rare conditions if they
illuminate mechanisms, and avoid some common ones if they are not
well understood at present. Overall, I will try to convey some of the
excitement and the pace of discovery that is happening in the field at
present.

Basic genetics
It is obvious that inheritance is a major factor in many conditions that
are associated with learning disability. From the viewpoint of intellec¬
tual functioning alone, the main determinant of mild learning disability
seems to be the largely random allocation of genes from both parents
with the additive summation or interaction of effects from many genes
(polygenic inheritance), taken together with the influences of internal
(biochemical) and external environments. Where each gene of influence
contributes only a small part towards any particular phenotype, they are
often called quantitative trait loci (Flint & Mott, 2001). There is
increasing interest in how such loci can be identified and their relative
contributions estimated, but the focus here shall be on those conditions
that result from large structural rearrangements of chromosomes, or
where one (monogenic) or a few (oligogenic) major genes operate.
These individually, of course, tend to be much rarer than complex
multifactorial disorders but the total number known is very large and
increasing, and it is through our understanding of them that much of
our knowledge about the genetics of conditions associated with learning
disability has arisen.

With the current pace of gene discovery for conditions associated
with learning disability, any attempts at numerical estimates must be
treated with some caution. There is a definite ascertainment bias
towards monogenic conditions, which arc more easily mapped, but out
of over 3000 currently known genetic disorders (some 70% monogenic),
nearly 40% are associated with a learning disability. The X chromosome
alone harbours loci associated with over 200 disorders related to learning
disability, of which approximately 40% have learning disability as the
only (currently) detectable phenotypic outcome (the so-called non-
syndromal X-linked mental retardations or MRX). Thus, learning
disability can result from a legion of individual and multiple gene
disruptions; the term has little specificity in itself and does not signify
a particular disorder. With the vast number of genetic conditions
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involved, it is neither useful nor possible to present a comprehensive
survey. Instead, I will focus on conditions that illuminate our under¬
standing of the genetic processes involved and show us how genetics is
rapidly transforming the biology of our field of interest.

Monogenic conditions may not show classical Mendelian-pattern
inheritance. In fact, it is becoming evident that clear dominant or
recessive patterns are the exception rather than the rule in conditions
associated with learning disability. Genes are usually expressed on both
chromosomes of a pair (biallelic expression). In rare cases, a mutant
product from one aberrant gene may suppress the transcription of the
normal gene on the other chromosome, leading to a dominant-negative
effect. Usually, however, gene disruptions on one chromosome of a pair
will only reduce the amount of product made (haploinsufficiency). The
severity of this reduction to the organism will determine whether a
disorder is inherited in a dominant or recessive fashion. The penetrance
of an inherited disorder can be thought of as a measure of how often a
given mutant genotype will result in a detectable phenotype. In a fully
(100%) penetrant disorder, a person carrying one copy (heterozygote) of
the mutant gene for a dominant condition, or two copies (homozygote)
for a recessive condition, was thought always to express the full clinical
disorder (such as in Huntington's disease). However, clinical variability
in the expression of even fully penetrant genes is often striking. In
some inherited eye conditions (aniridia), the expression within a single
family can range from full iris abnormality through to subtle changes in
the lens. The eye is easy to see, but more commonly a clinical outcome
cannot be detected in people who must be carriers of the mutant
genotype by virtue of their position in a family, and the disorder is said
to have partial penetrance. This results either from our current inability
to detect specific clinical features that are actually present, or from the
interacting influences of environment and other genes to fully suppress
all aspects of the clinical disorder. The body's homoeostatic mechanisms
apply from the gene level up, through biochemistry to adaptive
behavioural interactions with the environment, and only when this
homoeostatic buffering capacity is exceeded is pathology clinically
expressed - so partial penetrance is the rule rather than the exception.

Humans are diploid organisms in that we each usually inherit 23
pairs of chromosomes, one of each pair deriving individually from our
father or mother. One pair of chromosomes, the sex chromosomes that
determine genetic sex and in most cases also biological sex, have
particular differences in form and structure that lead them to be
classified separately from the 22 other pairs that are termed autosomes.
When we talk of chromosomes, we usually think of the metaphasc
structures that play only a small part in the normal cycle of the cell's
activity. Mostly, chromosomes are held in the nucleus at interphase -

in the form of extended filaments containing active genes producing

51



MUIR

the mRNA that is moved to cytoplasmic ribosomcs for translation into
the proteins that both dynamically and structurally form the basis of
the cell's function. However, at cell division a set of phasic changes
takes place and the chromosomes form compacted, dense, coiled
structures, with well-defined central regions (the centromeres).

In mitotic division, the diploid number of chromosomes in each cell
is preserved. The nuclear envelope disappears and the condensed
chromosome pairs replicate to form into discrete pairs of sister
chromatids. The centromeric kinetochores of these pairs link to
filaments (astral microtubules) that grow out from the spindle poles,
and the chromatids separate and move towards the opposite poles by an
energy-dependent interaction with the microtubules.

In meiotic division that forms germ cells (gametes), two stages of
division occur. In meiosis 1, sister chromatids pair with their homo-
logues at the equator of the spindle structure, where recombination
(crossing-over of DNA from one chromosome of the pair to the other)
occurs, as visualised by chiasmata or synaptic bridges. The chromatids
do not separate at this division; instead, each chromosome of the pair
moves into a separate cell that then divides again (mciosis 2) and the
chromatids segregate into gametes without further duplication (forming
four sperm, or an egg and three redundant polar bodies). Thus, each
gamete has half the chromosome count (haploid) of the parent cell -

the full diploid number is restored at fertilisation. There is a delay
(checkpoint 1) after meiosis 1 to allow the catch-up of other chromatid
pairs that are moving at an uneven rate towards the pole, which delays
anaphase until the correct number of chromosomes are present at the
pole.

The textbook picture of a chromosome is of one condensed in the
pre-division state of metaphase, but a normal somatic cell spends little
time in this state. Metaphase architecture has immense practical
importance, however, and classical cytogenetics uses it to distinguish
chromosomal abnormalities. Certain DNA binding dyes such as Giemsa
will produce a pattern of light and dark bands down the metaphase
chromosomes that have been numbered to identify specific positions.
From the centromere, the bands on the shorter (p) chromosome arms
and the long (q) arms are numbered consecutively towards the telo¬
meres. If we stretch the chromosome out before applying a dye, then
single bands resolve into finer sub-bands and these are further
numbered (high-resolution banding). These bands represent differences
in the regional composition of the underlying chromosome. Light
bands in general have higher gene numbers and the genes tend to be
associated with long, repeated stretches of cytosine-guanosine nucleo¬
tide pairs (CpG islands). Those light bands that are immediately
subtelomeric (R bands) can have very high gene densities, and their
involvement in subtelomcric rearrangements are an important cause of
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learning disability, occurring in over 7% of children with moderate-to-
severe learning disability and 0.5% of those with mild learning disability
(Knight et al, 1999). Currently, the methods of detection of these are
rather complex, but clinical pointers that increase the likelihood of
such a rearrangement being present include familiality of the learning
disability and prenatal-onset growth retardation (de Vries et al, 2001).

It is conceptually useful to consider how things can go wrong with
DNA at different levels of scale. The scale of the anomaly does not
necessarily mirror the severity of the associated clinical condition or

degree of learning disability, however, and it is important to remember
that it is the whole system that reacts to mutation with its buffering
capacity from our other inheritance, and from internal (biochemical)
and external (environmental) factors.

Disorders involving dosage effects of large number
of genes - trisomies, monosomies and other large
structural rearrangements

Human reproduction seems to be extremely inefficient, with around
40% of conceptions terminating spontaneously during pregnancy. Much
of this early foetal loss is due to major chromosomal abnormalities. The
survival to term where a foetus is aneuploid (the overall number of
chromosomes differs from the normal) for an autosome may depend on
the gene content of the chromosome concerned. Chromosome 21 was
the second human chromosome to have its complete sequence docu¬
mented (Hattori et al, 2000) and is remarkably gene-poor compared with
the first to be sequenced, chromosome 22, although they differ little in
overall size. This may be a major factor in survival of trisomy (three
copies) of chromosome 21 that results in Down's syndrome. Gene
poverty may also explain the relatively frequent survival of trisomies of
chromosomes 13 and 18, although the clinical constellations (Patau's
and Edwards' syndromes) are much more severe than trisomy 21. The
cellular origins of aneuploidy, the key to which is usually abnormal
recombination patterns between paired chromosomes, may differ
between individual forms and also depend on the parental derivation of
the chromosome (Hassold et al, 2000). Trisomy 21 is usually associated
with maternal meiosis 1 errors with a decrease in the numbers of
chiasmatic exchanges, especially around the centromere. This also
holds for the rarer paternal meiosis 1 errors. If the error is in maternal
meiosis 2, however, the number of exchanges seems to be increased,
and in paternal meiosis 2 errors there may be little change in the
number of chiasmata. For trisomy 16, there is an overall alteration in
the placement of chiasmatic exchanges along the chromosome, and
individual differences exist for other trisomies. Thus, although the net
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effect may be similar - non-disjunction of one complete chromosome -

the underlying factors involved in its production may be specific to the
chromosome, parent-of-origin and meiotic division. For meiosis 1
errors, a factor may be dysfunction of the MAD2 protein, which is an
essential part of the spindle meiosis checkpoint 1 in lower organisms
(Shonn el al, 2000), though its homologous functioning in humans has
still to be explored.

Trisomies (and monosomy XO or Turner's syndrome) of the sex
chromosomes are surprisingly common (each trisomy has frequency of
between 1:1000 and 1:1500 newborns; Turner's occurs in around
1:3000 live births and may account for around 10% of foetal loss). In
normal cells, one of the X chromosomes is randomly inactivated by a
process involving hypcrmethylation of chromatin. (The process is termed
Lyonisation after Mary Lyon who investigated it. Such condensed X
chromosomes form densely-staining Barr bodies, originally described in
buccal cells.) Inactivation of the X chromosome is under control of a

regulatory structure, the XIC (X inactivating centre at Xql3) of at least
four genes. One of these genes, XiST (X inactive-specific transcript)
codes for an RNA that is not translated into any protein, but instead is
retained in the nucleus and may be the primary signal that initiates the
X inactivation, starting at the XIC and spreading down the chromosome,
perhaps requiring certain repeat sequences (LINES) to act as signals for
further hypermethylation. The effect is not X chromosome-specific, and
will spread to an autosomal chromosome if the X chromosome is
involved in a reciprocal translocation. Since all X chromosomes in a cell
arc inactivated save one, there must be a counting mechanism. Again,
genes for this are hypothesised to occur in the XIC (Avner & Heard,
2001). Not all genes are inactivated, however, and around 15% remain
active in regions mainly on the short arm that are called pseudo-
autosomal, as in inheritance they behave in a similar manner to genes
on autosomes. The clinical effects of the trisomy may involve gene
dosage disruption of the limited number of unmethylated, transciption-
ally active genes on any additional X or Y chromosomes.

Trisomy X and Klinefelter's syndrome (XXY) lower the average IQ
score by around 10 points and the affected population will have an
excess of learning disability compared with the normal population. In
fact, the sex chromosome aneuploidies show well the deleterious
effects of increasing gene dosage. Tetrasomy X (XXXX) and pentasomy
X (XXXXX) are associated with increasingly severe degrees of learning
disability. Since all but one X chromosome is Lyonised in these
conditions, the phenotype is presumably due to an increased dosage of
active pseudoautosomal regions. Many people with sex chromosome
aneuploidies are in fact mosaic - that is, they have more than one clonal
cell line, often with one being normal in karyotype, and in such cases
the phenotype may be less severe. The effects of multiple Y chromosomes
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are less well understood. The Y chromosome is much less autosome-

like than the X, and save its pseudoautosomal regions has extensive
regions that do not recombine. Recombination is essential to genomic
health, and this has led to evolutionary shrinkage and accumulations of
retroviral and heterochromatin sequences. Non-recombining Y genes
often show multiple copies, perhaps as a compensation mechanism
against mutation, with selective persistence of genes with male-specific
functions such as the SRY (sex-determining region Y) gene (Lahn et al,
2001).

Autosomes do not show extensive condensation in interphase. Most
genes arc expressed biallelically and will show dosage effects in trisomy,
of which Down's syndrome (1:700 to 1:1000 live births) is the classical
case and the most common. The intellectual impairment associated
with Down's syndrome is on average moderate in degree (1Q mean
around 50) and many will have severe or profound learning disability.
Much less common than full trisomy 21 are partial duplications of
small areas of the chromosome that may arise de novo, but are more
commonly associated with a balanced reciprocal translocation between
two different chromosomes in one or other parent. Their children can
have a normal karyotype, inherit both rearranged chromosomes and
thus remain balanced carriers; or they may inherit only one of the
abnormal (derivative) chromosomes, in which case they will have a
partial trisomy or monosomy. In many cases the unbalanced karyotype
is highly deleterious and the foetus does not survive to term (often they
present as high miscarriage rate without a clinical phenotype in the
balanced carrier parent). However, a partial trisomy of chromosome 21
can be associated with survival, and in such cases researchers have tried
to estimate the genetic contribution to the clinical picture that the
child inherits; not all of the chromosome is needed in trisomy to
produce all the clinical features of Down's syndrome. This has led to
the concept of a Down's syndrome critical region, and sensitive
techniques are now available to accurately measure the copy number
(number of active genes) in various tissues by determining levels of the
mRNA transcripts. With the complete sequence of chromosome 21 now
known, and its genomic content established, the genotype-to-phcnotype
relationships should become clearer. Certainly the molecular dissection
of the wide range of phenotypes in Down's syndrome is now much
closer, and it may not be 'too complex' to gain at least a partial
understanding.

A crucial event has been the development of tools to insert very large
pieces of human DNA into target genomes. Stretches of human
chromosome 21 DNA have been inserted into the mouse genome to
create a transgenic model using a vector that can handle stretches of
DNA in the order of a megabase - the YAC (yeast artificial chromosome)
vector. In this way, the behavioural phenotype of such experimental
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partial trisomies can be explored (Smith et at, 1997). In one case
where the gene Dyrkla (which is the mammalian homologue of the
Drosophila neural gene 'minibrain') was expressed in trisomy, subtle
and reproducible effects on learning were seen in the mouse. Although
learning deficits in mice cannot be directly mapped to the learning
disability in Down's syndrome, the model opens the way for experi¬
mental manipulations of trisomies of various genes in parallel, and the
influence of environmental modulation under controlled conditions

(Reeves et at, 2001). This will complement the examination of the very
rare cases of human partial trisomy. The techniques continue to advance,
and more stable and defined bacterial artificial chromosome (BAG)
vectors (which can handle stretches of DNA around 100-200 kbp long)
have now been used successfully to create similar mouse models
(Chrast et at, 2000).

In contrast to the trisomies, the only common full monosomy is that
of Turner's syndrome, and although associated with a specific pattern
of cognitive changes, these do not amount to learning disability. Other
full chromosome monosomies are rare. It is interesting that monosomy
21 shows many features in common with trisomy 21 - it could be that
the gene dosage is critical within a certain window to allow correct
development.

Partial monosomies are more common. Cri-du-Chat involves loss of
the whole or part of the long arm of chromosome 5. Although this can
be in association with a balanced rearrangement in the parents, it often
occurs de novo. The learning disability is usually severe. Chromosome 4
short-arm loss leads to Wolf-Hirschhorn syndrome - again with severe
learning disability. Surprisingly, and for reasons that are not clear,
the large deletions of chromosomes, producing Cri-du-Chat Syndrome
(5p-), Wolf-Hirschhorn syndrome (4p-) and the 18p- syndrome, also
show a disproportionate derivation from paternal chromosomes. The
consequences of such large loss of chromosomal material may be better
understood through the creation of mouse models. A promising
technique is to use gene targeting to insert tailored DNA sequences
into the genome of mouse stem cells that then permit chromosome
engineering by specific recombination when exposed to a DNA recom-
binase enzyme (the Cre-LoxP system; where Cre is a site-specific
recombinase that operates between pairs of inserted LoxP sequences, a
34 bp nucleotide). This can be used to create deletions and other
chromosomal rearrangements between precisely defined boundaries,
and the detailed phenotype can then be explored for rearrangements
involving many genes at once (Mills & Bradley, 2001).

Smaller deletions or duplications of parts of chromosomes are also
known. Of special interest are microdeletions (or microinsertions) that
have become increasingly well defined and understood in the past few
years. In general, these involve abnormalities of several genes that lie in
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series in the area affected by the abnormality - thus the term
'contiguous gene syndrome' has been coined for these conditions.

Contiguous gene syndromes
An increasing number of syndromes are being shown to be associated
with intrachromosomai deletions, or more rarely duplications, that are
often sub-microscopic in size and rely on detection using the more
sensitive method of fluorescent in-situ hybridisation (FISH), where a
complementary DNA (cDNA) probe is tagged with a fluorophore.
Minute deletions are revealed when only one signal is present rather
than signals from both chromosomes. The WAGR syndrome (Wilms'
tumour, aniridia, genitourinary anomalies and mental retardation), due
to a constitutional deletion at 11 p 13, is one of the best understood.
The renal tumour and anomalies of the genitourinary tract are due to
deletion of the WT1 (Wilms' tumour suppressor 1) gene and the
aniridia is due to loss of the PAX6 gene. The cause of the learning
disability is less certain, and although in patients with specific PAX6
mutations magnetic resonance imaging has shown anterior commis¬
sure, frontal cortex and callosa! changes, the effects could be due
to another gene or depend on interactive effects of several missing
genes.

The velocardiofacial syndrome is the most common contiguous gene
syndrome and comprises a huge spectrum of anomalies, including
neural crest cell derivatives - commonly conotruncal heart anomalies
and specific facial appearance. Importantly, they can generate a behav¬
ioural phenotype including learning disability and a psychosis that
resembles schizophrenia (Shprintzen, 2000). Its clinical spectrum
overlaps the more severe DiGeorge syndrome, where hypocalcaemia
presents early, and taken together they are the most common cause of
congenital heart abnormalities after Down's syndrome. Velocardiofacial
and DiGeorge syndromes are nearly always associated with micro-
deletions at chromosome 22ql 1.2. Although the entire region has been
cloned and sequenced, a single human gene whose haploinsufficiency
is enough to cause the syndrome has not yet been isolated. However,
the Cre/loxP system has been used to remove both copies of the TBX1
transcription factor gene (T-box 1 gene) in the mouse, resulting in
most of the systemic, if not behavioural features of the two syndromes
(Jerome & Papaioannou, 2001). In humans, however, there are cases
through translocations, with breakpoints relatively far away in molec¬
ular terms from this gene. Either other genes are at work or a position
effect is occurring, whereby architectural disruption of the chromosome
can influence the transcription of genes a considerable distance away
(Kleinjan & Van Heyningen, 1998).
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Lissencephaly (literally 'smooth brain') is the name given for a group
of conditions where there is formation failure of a correctly layered
cerebral cortex, leading to varying degrees of agyria/pachygyria. The
contiguous gene syndrome due to microdeletions at 17pl3.3, the
Miller-Dicker syndrome, is a classical lissencephaly where the thickened
cortex has four layers rather than the normal six. It seems that a
specific gene is responsible for the lissencephaly in this case (LIS 1,
which also has a role in platelets as PAFAH1; Vallee et al, 2001), but
its role in neuronal migration is unclear. Several other genes for
lissencephaly have been described including doublecortin (DCX) on the
X chromosome, which causes an inversion of the cortex layering
(normally the youngest cells are most external, migrating past older
cells - an 'inside-out' arrangement). The gene codes for a neural
migration signalling protein, and seems to interact with LIS1 (Caspi et
al, 2000).

Williams' syndrome is another microdeletion-associated disorder (at
7q 11.23) that has been the focus of much recent interest. In addition to
dysmorphic features, infantile hypercalcaemia, cardiac and connective
tissue changes, there is a well-defined behavioural phenotype and 75%
will have a learning disability. The cognitive deficits are fascinating and
specific, with poor visuo-motor integration and the relative sparing of
language function (Mervis & Klein-Tasman, 2000). Although haplo-
insufficiency of the elastin gene is probably responsible for the systemic
features of the condition (Morris & Mervis, 2000), at least 16 genes are
deleted and LIM-kinase 1 has been suggested as a candidate for
producing the visuo-spatial deficits.

In contrast to those contiguous gene syndromes associated with
deletions, the Beckwith-Wiedemann syndrome (neonatal gigantism,
macroglossia, exomphthalmos, increased tumour risk and sometimes
learning disability) usually involves partial duplication of lip. It is
associated with complex imprinting mechanisms including uniparental
disomies, aberrant methylation patterns and in some cases imprinting
switch disturbances (Bliek et al, 2001). Such mechanisms will be
discussed later under the Prader-Willi/Angelman syndromes.

It is likely that these varied syndromes are the tip of the iceberg and
that many more deletion and duplication contiguous gene syndromes
will be discovered in the next few years.

Disorders involving single genes

Mutations directly involving particular genes can take several forms.
Point mutations change single base pairs of DNA, and are a major
player in gene mutations. By changing the triplet sequence of the
genetic code, they may cause several types of misreading, such as
substitution of different bases in mRNA (and thus amino acids in
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proteins), premature stop codons, and changes in regulatory and
initiation elements within the gene structure. Insertions of small
stretches of DNA by transposablc elements (transposons) also seem to
be fairly common sources of direct mutation and, again, disruption to
the reading of the underlying code may result.

Spontaneous mutations within germ lines arc influenced strongly
by gamete type. In general, germline mutations occur much more
frequently in males than in females, and since this is related to the
number of germ cell divisions that occur (spermatogenesis continues
throughout life), the effect is also more pronounced with increasing
paternal age (Crow, 2000). There are exceptions (the maternal age effect
on the risk of having a child with Down's syndrome is the most
striking), but in general for single base pair mutations, the paternal
origin effect dominates. It is important to place direct mutation in
context; not all mutations are deleterious, many are neutral or may
even be advantageous. In fact, they provide vital substrates for evolution¬
ary selection; in the Darwinian model, we adapt through our organism's
homoeostatic buffering capacity to changes in given internal and
external environments. Exceeding that capacity will be deleterious, but
mutation may also allow the capacity itself to be increased or altered.
We can also alter the buffering by external therapeutic intervention.

Many of the severe 'inborn errors of metabolism' are due to direct
gene mutations. If dietary phenylalanine restrictions are started early,
then mutations in the phenylalanine hydroxylase gene that lead to
phenylketonuria (1:10000 newborns) seldom today produce the severe
learning disability formerly seen, and such knowledge was the stimulus
to introducing blood screening of newborns for a variety of genetic
diseases. Guthrie's inhibition test was originally a bacterial assay, but
sophisticated DNA or mass spectroscopy assays hold the potential to
screen for many more inborn errors. Over 400 mutations are known in
the phenylalanine hydroxylase gene, and some produce much more mild
phenotypes than full phenylketonuria. This variability in phenotype
due to the type of mutation is vividly seen in those of the human LI
gene (Xq28), which codes for one of the important neural cell adhesion
molecules. The effects of mutations within the same gene can vary
between severe hydrocephalus, complicated spastic periparesis, callosal
agenesis and MASA syndrome (the CRASH spectrum of disorders).
Mutations in the gene that codes for the extracellular part of the
protein lead to its truncation or absence, and a severe phenotype.
Mutations in the region coding for the cytoplasmic domain lead to a
much milder disorder with minimal ventricular dilatation (Fransen et
al, 1998). Differential effects of direct mutation are thus one cause of
intrasyndromic variation in phenotype. As our understanding of
the genome increases, the other factors involved, such as multiple
background genes and environmental influences, should be more readily
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investigated, these being crucial to the design of targeted therapeutic
interventions to prevent phenotypic outcomes in mutation carriers.

Strategies for finding genes for inherited conditions
associated with learning disability

When we have no clues as to the position of genes from chromosomal
rearrangements, or where we know nothing about the underlying
biology of a condition that would give us proteins to target (and thus
candidate genes), the methods of linkage analysis have long been
applied. Recombination at meiosis is much more likely if two pieces of
DNA are far apart on a chromosome than if they are close together, so
two pieces that arc close together will tend to be inherited together. If
we know the position of a piece of DNA on a given chromosome and
have a mechanism through which we can track its inheritance within a
family, then a strong co-segregation with an inherited disease in the
family would suggest a piece of DNA involved in the expression of that
disease lies close by. Crudely, this is the basis of linkage analysis.

The identification of mechanisms by which we can track the descent
of pieces of DNA was one of the most crucial steps in modern genetics.
Its usefulness lies in the variability of the underlying composition of
stretches of DNA in the population, which are inherited in a stable
fashion within any given family (where a piece of DNA differs between
chromosomes it is said to show different alleles). The first such useful
markers were termed restriction fragment length polymorphisms (RFLPs).
These are single nucleotide base-pair differences between individuals
that change the pattern of specific DNA signatures that a DNA-
digesting enzyme (a restriction endonuclease) recognises, thus altering
the site at which the enzyme 'cuts' the DNA (the restriction site). The
lengths of the fragments generated (which represent differences in the
position of the restriction sites) thus differ between individuals, and
since size is related to mobility under an electrical potential gradient,
the fragments can be separated after enzymic digestion by gel electro¬
phoresis. Denaturing this DNA on the gel renders it single-stranded
and the separated pattern of single-stranded DNA (ssDNA) can be
transferred by capillary action to a nylon membrane (Southern blotting).
Membrane-bound ssDNA can then be hybridised with a radioactivity-
or fluorescence-labelled single-stranded piece of cDNA (a molecular
probe) and variations in separated length investigated from the pattern
of hybridisation. The key to the method's success is having a probe that
is highly variable in the population, reducing the chances of two
parents carrying the same variants and thus increasing the accuracy
by which a polymorphism's descent within a family can be traced.
Although RFLPs were important in identifying chromosomal regions
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for many important diseases, more informative markers have since been
developed.

Repeated blocks of nucleotides exist where the copy number is
highly variable (variable-number tandem repeats or minisatellites have
long-sequence repeats, whereas microsatellites usually have a repeated
two-nucleotide motif; all of these are now generally grouped as simple
tandem repeats). These are usually detected after amplification using
the polymerase chain reaction (PCR), the development of which was
one of the most significant technical advances in molecular genetics.
The key here is the use of a heat-stable DNA-copying enzyme, Taq
polymerase, that can specifically catalyse the formation of complemen¬
tary DNA across genomic regions whose boundaries have been marked
by the binding of externally synthesised short unique sequences of
DNA (oligonucleotide primers, the sequence of the DNA flanking that
to be amplified, which must be already characterised). By heating, DNA
can be made single-stranded (denatured), freeing the system for another
round of primer ligation and DNA formation, with the capability of
amplifying specific DNA sequences from tiny amounts of starting
material. The amplified DNA can be analysed directly for length
variation using standard (and now automated) electrophoresis or
sequencing methods. Once a locus has been defined by linkage analysis,
the cloning and characterisation of underlying genes can now be rapidly
advanced by knowledge of the human genome sequence (Evans et al,
2001). However, additional information through chromosomal analysis
may still be vital, as has been shown in detecting schizophrenia genes
(Blackwood et al, 2001). The well-known over-representation of schizo¬
phrenia in adults with mild learning disability may be due mainly to
genetic factors, and there is an increased incidence of chromosomal
abnormalities in this group that may point to disrupted genes (Muir,
2000).

Such methods have also been successful in delineating areas of
linkage in autism. Twin and family studies have indicated that the
predisposition to autism has a strong genetic component and several
genome scans of large sets of families have been undertaken. Although
a locus has been implicated on chromosome I3q (Collaborative Linkage
Study on Autism, 1999), the best current linkage evidence points to a
locus on the long arm of chromosome 7q from both family data and sib-
pairs (International Molecular Genetic Study of Autism Consortium,
2001). This chromosomal locus also contains a putative region for some
of the problems in autism in the shape of SPCH1 at 7q31 that is
implicated by translocations associated with speech and language
disorder (Lai et al, 2000). More recently, another locus has been
implicated for autism on the long arm of chromosome 2 (Buxbaum et al,
2001). To try to create a more homogenous subgroup, they found that
restricting the analysis to families where individuals with autism with
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a delayed onset (after age 3 years) who were also late in using phrased
speech further increased the significance. Although there are problems
with this approach, it does seem likely that there will be more than one
susceptibility gene for autism. As with so many other neuropsychiatric
conditions, it is likely that we will have to redefine the term 'autism' as
a useful clinical rubric for a group of conditions with heterogeneous
aetiologies. Another region of interest is that at the Prader-Willi/
Angelman region of chromosome 15q 11-13. Duplications of this area
seem to have no obvious consequences if they arise on the chromosome
15 inherited from the father; however, maternal 15q duplications lead
to a variety of language disorders and autistic-spectrum phenotypes
(Cook et al, 1997), and a candidate brain-expressed gene has been
described (see below).

Most recently, PCR technology in combination with automated
genotyping methods have meant that single-nucleotide polymorphisms
(SNPs; an RFLP is one type of SNP that happens to alter the position of
a restriction site) that occur very frequently throughout the genome
can be directly and easily assayed. Their information content individually
is fairly low, but their density means that they can be used to finely
screen large stretches of the genome. SNPs usually lie in non-coding
regions, so are useful in linking to a nearby locus. They can, however,
also have functional consequences on the expression of genes if they lie
directly in coding or regulatory elements (hence the term 'functional
polymorphisms'). There are many ways of genotyping SNPs, and the
most efficient method depends on the analysis attempted; however,
there is a noticeable bias towards direct sequencing after PCR amplifi¬
cation (Gray et al, 2000). A massive SNP detection effort, combining
commercial and charitable scientific endeavours (the 'SNP Consortium',
which has already met its target and produced over 500 000 SNPs), has
produced an extremely detailed SNP map across the human genome.
This will be coupled to genotyping on array technology (see below) to
maximise throughput, and one eventual ambitious aim is the advent of
individual genetic profiling where therapeutic interventions will be
tailored to the patient. Such dense SNP maps are useful in performing
association studies. These are usually case-control studies of popu¬
lations with and without a given phenotype, looking for different
frequencies of alleles of a given polymorphism that would imply either
that there was a candidate gene nearby (linkage disequilibrium) or that
a cohort effect was taking place with all cases derived from a common
ancestral population. Other approaches include looking at sib-pairs and
parent-affected offspring trios. Association and linkage studies often
look in the region of candidate genes, which may also be directly
screened for mutations. The number of brain-expressed genes is huge,
and the choice of candidates for learning disability difficult. However,
important proteins involved in hippocampal development play key roles

62



GENETICS AND LEARNING DISABILITY

in learning, memory and cognition, and their pathways are being
actively explored (the 'hebbesome'; Husi & Grant, 2001).

Although complex, the effects of variable penetrance, expressivity,
dominance modification and pleiotropy are starting to be susceptible to
analysis. Modifier genes can alter the expression of a genetic trail in
addition to individual variation at the gene locus itself (allelic hetero¬
geneity), or environmental effects can act in a monogenic, oligogenic or
multigenic fashion (Naldeau, 2001). A whole range of different
phenotypes within a given family segregating for a single gene has been
repeatedly described, and indeed such variability may be the rule rather
than the exception for most human inherited disease. Although much
more amenable to exploration in inbred mice strains, where the genome
is near homozygous, there are an increasing number of human
conditions where specific genetic modifiers have been identified and
help us understand the homoeostatic mechanisms that work to buffer
the deleterious effects of mutation. For example, in a family where non-
syndromic deafness was segregating several individuals who were
homozygous for the DFNB26 deafness gene, some were found to have
normal hearing due to a dominant modifier locus that protects against
deafness separately inherited on chromosome 7 (Riazuddin ct al, 2000).
Our biochemical understanding of such interactions is at an early stage
but is vitally important in helping to understand how we could possibly
alter the outcomes of genetic mutation.

Developmental gene cascades
The past few years have seen great advances in our understanding of the
essential role that genes play in embryonic brain development. Complex
and interacting cascades of proteins that are involved in signalling
or that regulate gene transcription have been defined, and mutations
in specific genes within these pathways can lead to a variety of
developmental conditions, many associated with learning disability.
Holoprosencephaly is a term for a variety of conditions where midline
structures of the brain and head fail to separate. In its most severe form,
it involves a complete lack of hemispheric separation, resulting in a
single midline eye. Such severe forms may be a frequent cause
of prenatal foetal loss, but are not common at birth (1:16 000).
However, much milder variant phenotypes exist right down to simple
hypertelorism. Like other developmental conditions, holoprosencephaly
can have several genetic aetiologies. One major form is due to sporadic
or inherited mutations in the human form of sonic hedgehog
gene (hSHH). This gene was originally defined in Drosophila, where
mutations produce a larval form with a spiky underbelly - hence the
name (fruit fly gene nomenclature unfortunately does not always
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translate well when human counterparts are found, and there are
many such oddly named genes). The gene is active in producing
a signalling protein in the notochord and floorplate of the early
developing neural tube (and also later in the brain, limb buds and
gastrointestinal tract), and seems crucial in coordinating successful
early brain development. The protein produced by hSHH is processed
into an active form and modified by the addition of a cholesterol group
- linking this path to the disorders of cholesterol synthesis that
characterise the Smith-Lemi-Opitz syndrome, which has a phenotypic
overlap with the holoprosencephalies and other hedgehog pathway
disorders.

Hedgehog protein binds the membrane-bound receptor PATCHED-1,
which interacts with another transmembrane protein, SMOOTHENED,
and sets off a cascade of signalling within the cell. This involves the
proteins of the GL1 pathways, which have been described as mutated in
several human cancers and developmental disorders with multiple
dysmorphic features sometimes associated with learning disability
(Villavicencio et al, 2000). Mutations in GLI-3, for instance, are involved
in producing the Grieg and Pallister—Hall syndromes. GLI-3 interacts
with CREB-binding protein that has been mutated in Rubenstein-Taybi
syndrome, and GLI-1 seems to interact with the protein of the TWIST
gene that may link the sonic hedgehog cascade to the Saethre-Chotzen
syndrome. All of these syndromes have overlapping clinical features.
Other such gene regulation and signalling cascades are known, and it is
probable that commonalities in the phenotypic outcome of many genetic
disorders that produce learning disability, currently thought to be
entirely separate, will be linked by our increased understanding of
developmental biology. The genes in such pathways tend to be highly
conserved across species and, even if the eventual outcomes are very
different, the hedgehog system has shown that it is useful to study
their interactions in species such as Drosophila and Caenorhabditis elegans.
These species are genetically manipulated much more easily than
humans are.

From genetics to epigenetics: dynamic mutations,
imprinting and other mechanisms

Epigenetic effects on gene expression are those that, although inherit¬
ed, are not directly controlled by the sequence information in the DNA
of chromosomes. In the normal cell, they largely operate by inhibiting
or silencing the expression of genes. Such repression can involve
recognition of certain DNA sequences, with subsequent direct chemical
modification (often methylation of cytosine residues; Robertson &
Wolffe, 2000). This then alters DNA polymerase activity or acts by
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other mechanisms, such as alterations in chromosome-associated
protein structure (e.g. histones). To be effective, imprinting needs to be
heritable from one generation of cells to another and rc-methylation of
replicating DNA strands is achieved very rapidly by the presence of a
methyltransfcrase enzyme directly at the replication fork during the cell
division. Why epigenetic effects should have evolved at all is becoming
clearer through our understanding of the cell's defence mechanisms
against the integration of foreign DNA, from endogenous retroviruses
and other parasitic transposable elements, into the genome (Prak &
Kazazian, 2000). Over a third of the human genome is in the form of
such mobile repeats and methylation tends to occur in such regions to
suppress unwanted activity. Some of this methylation may be RNA-
mediated, by double-stranded RNA intermediates that then direct the
methylation of multiple copies of unwanted homologous sequences. In
addition, direct epigenetic regulation of transcribed RNA without
change in underlying DNA has been documented in several organisms
and is a potential additional epigenetic control mechanism in humans
(Wolffe & Matzke, 1999).

Several important human disorders that produce learning disability
have been instrumental in our understanding of epigenetic effects.

Fragile sites and learning disability: fragile-X syndrome
and FRAXE mental retardation

The genetics offragile-X
Fragile-X syndrome is a relatively common disorder (occurring in
around 1:4000 men and 1:6000 women), with a highly variable and
often quite subtle clinical phenotype, especially when the condition is
partially penetrant in female carriers. The term itself is derived from the
appearance of a culture artefact when growing cells are deprived of
folate (Lubs, 1969). Folate deprivation delays DNA replication in a
specific region on X chromosome (Xq27.3) and thus normal DNA
condensation at metaphase here is absent, leaving a thin interphase-
like stalk joining two condensed regions near the end of the long arm.
Such regions are called rare fragile sites and there are 29 known in the
human genome, of which 22 are folate-sensitive. They are to be
distinguished from common fragile sites (87 known) that have been
implicated as cancer cell chromosome break-point sites, but in general
are thought not to be associated with pathology (Sutherland & Baker,
2000). Of the rare fragile sites, only three have been definitely implicated
in human disorders - FRAXA and FRAXE on the X chromosome, and
FRA11B on chromosome llq that has been implicated in a subset of
patients with Jacobscn syndrome.
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FRAXA is the site of the genetic alteration that produces fragile-X
syndrome. It is the paradigm of a class of human inherited disorders
that involve dynamic mutations, where the length of runs of repeated
triplets of nucleotides alters between generations. These disorders can
show an increasingly severe degree of learning disability down gener¬
ations (termed anticipation - an effect originally used to describe earlier
age at onset of conditions, but now more widely applied to increasing
severity). The outcome is determined by the biological sex of the parent
through which the mutation is inherited. Prior to the discovery of the
gene involved, these effects were very difficult to explain by standard
Mendelian laws, although imprinting had been suggested by Laird as
early as 1987, and a methylated CpG island was shown to lie near the
fragile site. The gene, termed FMR1 (fragile site mental retardation 1)
was isolated in 1991, and shown in patients with fragile-X syndrome to
contain a lengthy series of CGG triplets within the untranslated end of
exon 1 near the promoter element. (A note on nomenclature - strictly
speaking, CCG would be a more consistent term with respect to other
triplets, but of course CGG is its anti-parallel complement, and identical
and more frequently used). A greatly expanded triplet repeat (to between
200 and 600 triplets or more) is the most common cause of fragile-X
syndrome, but rare deletions involving part or all of the gene, and a
point mutation in a key coding region, can also produce the full clinical
syndrome. This implies that it is the FMR1 gene that is causal, rather
than the expanded repeat itself. Along with the expanded number of
triplets, the CpG island becomes methylated, surrounding histones de-
acetylated, and the binding of DNA polymerase to the nearby promoter
is inhibited, silencing the gene. Why this happens is not clear, but
again it may be a cellular defence against the intrusion of mobile repeat
elements. Chemical de-methylation leads to transcription of the gene,
whether an expanded repeat is present or not It is also transcribed in
individuals with mutations in methylation. The fragile site itself is
related directly to the presence of the repeat, however, and de-
methylation does not affect its expression in culture.

The number of copies of the CGG triplet that exist in the general
population, who are non-carriers of fragile-X, is around 30 (range 6-
54); in carriers the number of repeat copies is higher at 52-200, in most
cases without clear phenotypic effect. The remarkable feature of this
repeat, however, is that any copy number over 52 is meiotically unstable
if passed through a female meiosis - in other words during oogenesis.
Thus, daughters of a man who carries a pre-mutation will only have a
pre-mutation on one of their X chromosomes. Daughters and sons of
women with a pre-mutation will have a massive further expansion in
the repeat copy number (from 100 to 1000 added triplets), resulting in a
full mutation. For female offspring this is usually less deleterious than
for males, since random inactivation of one X chromosome of the pair
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leaves 50% remaining to express the FMR1 gene, in males there is no
such compensation and the outcome, in terms of learning disability, is
much more severe. There are complications to this story and non-
random shutdown of the X chromosome has been postulated to explain
differences in the phenotype of mono7.ygoric female twins carrying the
full mutation (Willemsen ec al, 2000). In addition, a small proportion of
affected males (12%) and females (6%) are actually mosaic for the
mutation, with some of their cells carrying only the pre-mutation, but
the size of the expansion is larger in mosaic men than in mosaic
women. It has been argued that the absolute size of the repeat
expansion relates to the degree of learning disability and other
phenotypic features, and that smaller mutations may not always silence
the gene. As well as gene silencing, the presence of an expanded repeat
alters (delays) the timing of replication of a large chromosomal region
around FRAXA on the X chromosome during cell division. The causes
of the expansion itself are unclear. Slippage or looping of DNA when
chromosomes replicate may play a part in increasing the copy number of
repeats from the normal range into the pre-mutation size. Interruptions
of the CGG sequence by AGG triplets reduce the risk of expansion.
The level of variation of the repeat sequence relates to a population's
genetic history, with a high degree of within-population conservation
suggesting founder effects.

There are still many unexplained phenomena, such as the extremely
low incidence of fragile-X syndrome in Nova Scotia (Beresford ec al,
2000). Previously, pre-mutation carriers were thought not to have any
clinical phenotype, but this is incorrect. Women with a pre-mutation
but not a full mutation are more at risk of premature ovarian failure
(defined as menopause before the age of 40 years; Sherman, 2000).
There have been several studies on cognitive and psychological function¬
ing in male and female premutation carriers and suggestions that
deficits correlate with the size of the pre-mutation (Mazzocco, 2000).
However, socio-economic factors in explaining this genotype-phenotype
relationship have still not been fully excluded. The process of change
from a pre-mutation to a full mutation probably cannot be explained
by simple slippage of DNA polymerase at replication, but may involve
the looping-out of a single strand of DNA in a hairpin fashion and
depend on DNA repair mechanisms (Sinden, 2001). Exactly when this
process occurs and why it is specific to female transmission is poorly
understood.

Explanations for the parent-of-origin effect assume different mechan¬
isms if the expansion is believed to be post- or pre-zygotic (Salat ec al,
2000). Post-zygotic expansion would need an imprinting mechanism to
distinguish paternal from maternal pre-mutations. In contrast, pre-
zygotic expansion in both male and female gametocytes could occur
with expansion removal .only in developing sperm (either selective
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removal of sperm containing full expansion or a direct contraction of
the expansion back to a smaller size). Sperm cells undergo multiple
divisions through life, oocytes do not, and one suggestion is of an
initial mosaicism for the full mutation. Normal sperm would then be at
an advantage because of FMR1 protein's support of cell proliferation.
Interestingly, men with fragile-X syndrome who have the full expansion
in their somatic cells have only a premutation in their germ cell line (as
studied by foetal testicular biopsy or directly on sperm). In the oocytes
of female full-mutation carriers, the expansion process continues
forming enormous repeats.

The FMR1 gene has 17 exons and the mRNA transcribed from these
can be spliced together in different ways to produce at least four
different protein isoforms. The FMR1 protein contains sequences that
are characteristic of RNA-binding proteins. It is part of a family of
similar proteins (that includes two interacting homologues, FXR1 from
chromosome 3q28 and FXR2 from 17pl3, the latter with an action in
nucleosomes) that are involved in RNA regulation, association with
polyribosomes and in shuttling between cytoplasm and nucleoplasm.
Of these, FMR1 protein has an additional specific effect to inhibit
translation (Laggerbauer et at, 2001) and also co-localises strongly with
another protein, NUF1P (nuclear FMRP-interacting protein) in the
cortex, hippocampus and cerebellum. This indicates that, yet again,
FMR1 protein may be a component of a complex system of intracellular
signalling and gene activity control. Men with large pre-mutations
(>100 triplets) have high levels of FMR1 mRNA but reduced levels of
FMR1 protein, indicating complex regulation of translation and
transcription (Tassone et at, 2000). The temporal expression of the
FMR1 gene also changes strikingly at different times of mammalian
development. In the foetus, it is expressed from an early age in the
dividing and migrating neuroblasts of the brain as well as in other non-
neural tissues.

FRAXE

Another folate-sensitivc fragile site, FRAXE, exists at Xq28, very close
to FRAXA. Again the underlying feature is an unstable repeat involving
CGG triplet expansion (Gecz, 2000). The associated gene is FMR2 and
the transcription of this is silenced when the triplet copy number
exceeds 250. Normal copy number is from 4 to 39 and the pre-mutation
size is considered to range from 31 to 60. The effects of the full
mutation are very variable, from mild learning disability (perhaps better
classified as a behavioural phenotype including speech delay and over¬
activity), through to no learning disability and this is really an example
of a non-specific X-linked mental retardation (MRX2 see below). The
best estimates (Youings et at, 2000) indicate that around 1 in 23 500

68



GENETICS AND LEARNING DISABILITY

males may be clinically affected, but the carriage rate of the full
mutation may be higher due to those with no clinical phenotype. The
repeat lies in the untranscribcd region of the FMR2 gene and expansion
results in methylation of an associated CpG island and gene silencing.
The function of FMR2 is less well characterised than FMR1, but it is a

large 22-exon gene whose protein is one of a family that localises in the
cell nucleus and also includes genes mutated in cancer. It seems to be a
potent activator of gene transcription linking this to other signalling
genes of the MRX series of disorders (Hillman & Cecz, 2001). In
mammals, it is highly expressed in the hippocampus and amygdala
(Chakrabarti et al, 1998).

MRX disorders

In normal female cells, genes (save the pseudoautosomal ones) are
only actively expressed on one of the X chromosomes, the other X
chromosome being randomly inactivated. Thus, there is a 50% chance
that a deleterious mutation in a gene will not be expressed if it is on the
X chromosome that is compacted. In contrast, in normal male cells the
Y chromosome does not offer such compensation. Males will therefore
be more likely to express the results of an X-linked mutation and this is
one source of the increased incidence of learning disability in males.
This excess has been known for a considerable time; it was described by
Johnson (1897) in the USA, by Luxenburger (1932) in Germany and
again by Penrose (1938) in the UK. However, the causal assumptions
(ascertainment bias, higher aggression leading to institutionalisation)
were later shown to be incorrect and the male bias largely due to sex-
linked genetic disorders.

Over 200 heritable X-linked disorders associated with learning
disability are known, and may affect up to 1 in 600 of the total male
population (Chiurazzi et al, 2001). Fragile-X syndrome (15-20%), and
other conditions with dysmorphic or systemic features (syndromal
mental retardation or MRXS), account for a large percentage. However,
up to half may be non-syndromic conditions with learning disability as
the only phenotypic feature (Tariverdian & Vogel, 2000). These have
been grouped together as the MRX disorders (non-specific mental
retardation) and the effects of such gene mutations are thought to be
largely restricted to the central nervous system. The X-chromosome
location has been identified for 59 families segregating MRX and the
genes for seven have been isolated. Many appear to be genes involved in
cellular signalling or in the control of transcription. Some are due to
variant mutations in genes that are normally associated with dysmorphic
conditions. For instance, one syndrome of X-linked mild learning
disability, MRX 19, is produced by a specific mutation that reduces
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expression from the gene (RPSKA3 at Xp22) that, when completely
silenced, leads to the Coffin-Lowry syndrome. This indicates a threshold
effect for the action of this gene in a protein kinase signalling cascade.
The gene for another signalling kinase in the Rho-CAP cascade, PAK3
(Xq21-24), is mutated in four separate MRX families as well as other
neurological conditions. PAK3 is highly expressed in hippocampus and
cerebral cortex, but MRI findings indicate that the actions may be
subtle, perhaps on axonal outgrowth (Allen et al, 1998). Mutations in
another Rho-GAP signalling gene, RABGDIA (Xq28; formerly oligo-
phrenin 2), are the cause of the learning disability in MRX41 and 48,
and again we are beginning to see the linking together of such
conditions by study of functional signalling cascades. Finally, to
emphasise the point, MRX1 is caused by mutations in the IL1RAPL1
gene that produces a novel protein involved in the interleukin signalling
pathways very important to cognitive functioning (Carrie et al, 1999).

Polyalanine tract expansion
A recently identified type of repeat expansion is that of polyalanine
tracts within HOX genes. Originally described in Drosophila, where they
play fundamental roles as transcription factors in the formation of the
segmental body plan, there are four separate chromosomal clusters of
human HOX genes (HOXA to HOXD) that contain a total of 39 genes.
These code for proteins all containing a highly conserved DNA binding
motif - the hornoeodomain - that interacts with specific target DNA
sequences and forms protein complexes regulating transcription of the
bound gene. Human malformation syndromes have been described that
involve alterations in HOXD 13 (synpolydactyly) and HOXA 13 (hand-
genital-foot syndrome). In addition to classical direct mutations of the
DNA homoeobox (codes for homoeodomain), a new class of mutation -

an expansion of triplet nucleotide sequences that code for alanine - was
discovered. It was first seen in synpolydactyly, but has now also been
described in other transcription factors such as in the ZIC2 gene which
leads to one form of holoprosencephaly (Goodman & Scambler, 2001).
These expansions are in regions of the previously little-understood
areas of the protein and arc meiotically stable, fairly short and probably
generated by unequal crossing-over at recombination between two
misaligned regions of homologous DNA. Their actions may be through
a dominant negative effect, dimerising with the normal wild-type protein
from the other chromosome when the mutation is hemizygous. Another
syndrome, similar to the hand-genital-foot, but also including other
system malformations and mild learning disability, has been described
in a patient with a deletion on chromosome 7p that removes the entire
HOXA cluster. Although there only a few human HOX-associated and
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polyalanine expansion disorders, these are sure to increase in number
as we continue to explore the contents of the human genome. HOX
genes also link into other gene cascades through interaction of HOXA5
with p53 (see below).

Rett syndrome
Rett syndrome, a severe degenerative multisystem disorder of childhood
associated with increasingly severe learning disability and stereotyped
hand movements, illustrates the opposite bias to most sex-linked
disorders - it is almost exclusive to females. The brain (disorder of
neurones in cortical layers 5 and 6), the heart (increased QT interval)
and bones (osteopaenia is common and in the rare affected males severe
growth retardation) arc all affected. Classical Rett syndrome is usually
sporadic and rare males are much more severely affected than females. A
set of small families with dominant inheritance had alleles of probes
from Xq28 that were conserved between them, and this positional
information led eventually to the identification of MECP2 (Amir ct al,
1999) as the gene responsible. MECP2 produces a methyl-CpG-binding
protein, linking it to epigenetic imprinting phenomena, since MECP2
is involved in the recruiting of histone deacetylases to regions of
methylated DNA and altering chromatin structure. MECP2 mutations
are largely inherited through the male germline, explaining the female
predominance (Girard et al, 2001). Already, MECP2 is known to harbour
over 70 different mutations (Dragich et al, 2000). There are also
mutations in some MRX families and individual MRX patients (Couvert
et al, 2001). This is an exciting result, as numerically the number
affected by MECP2 mutations in the MRX population was comparable
to that of expansions in FMR1.

Prader-Willi/Angelman and imprinting
Save for the sex chromosomes, the expression of most of our genes is
biallelic. There is a small but increasing number of known genes that
are expressed from only one chromosome (monoallelic). For some of
these genes, expression is not a random choice but preferential for a
chromosome of a pair inherited from one or other parent. Some form of
chromosomal marking mechanism must exist to distinguish the parent-
of-origin and this marking has attracted the term genomic imprinting
(Reik & Walter, 2001). These imprints are established in the germ line
cells and thus, assuming no subsequent DNA changes take place, are
transferred to all derived cells after fertilisation. Here we have a

mechanism that changes the inherited pattern of gene expression, but
is not inherent in the genome DNA sequence itself - an example of an
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cpigenetic effect. Imprinted genes often lie close - CpG islands are
flanked by other unique repeat sequences that may be involved in
flagging up the region to be imprinted. In contrast to our near-
complete lack of knowledge about nature of the primary imprint that
distinguishes male and female parent-derived regions, we know a
considerable amount about the major human imprinting maintenance
mechanism - the methylation of the cytosine nucleotide at a CpG pair.
The gene promoter region that is necessary for DNA polymerase binding
and thus replication of DNA often has a high density of such pairs and
their methylation often silences the gene. Since the chromosomes
inherited from parents will initially contain the imprints that they
themselves have established (i.e. distinguishing between their own
parents (the patient's grandparents)) it will be clear that the imprints
have to be 'reset' in the germ cell lines (ova and sperm). The old
imprints are 'erased' at an early stage of germ cell development, probably
by a genome-wide demethylation that is complete by around embryonic
day 12. De novo differential re-methylation then takes place, directed by
some form of primary imprint over a much longer time span (still
continuing in the germ cells after birth).

Around 20 human conditions are known to be associated with
alteration of imprinted gene function and this number will probably
rise considerably as our understanding of the control of gene expression
improves. Silencing of a gene or, more usually, a group of genes on one
parent-specific chromosome leaves the genes on the other chromosome
as the only active copies (rnonallelic expression). A germ line insult to
these active genes (whether through deletion, direct mutation or other
effect) will thus cause complete gene silencing. Post-zygotic changes
will give outcomes dependent on their timing and on which somatic
cell clone they alter, with potentially more restricted outcomes (Hanel
& Wevrick, 2001).

The best-studied imprinting disorders are those on the long arm of
chromosome 15 which result in Prader-Willi syndrome or Angelman
syndrome, depending on which particular chromosome of the pair is
affected. Although these disorders are rare (Prader-Willi syndrome
birth frequency is around 1:15 000; Angelman syndrome 1:30 000), they
are paradigms of our understanding of epigenetic effects and are worth
considering in some detail. Prader-Willi syndrome was very clearly
described in 1864 and photographed by Langdon Down who called
the condition polysarcia (Ward, 1998). There is a clear behavioural
phenotype - compulsive overeating - combined with a variable degree of
learning disability, emotional lability, short stature, microcephaly and
hypogonadism. It has been known for around 20 years that deletions of
a small region of chromosome 15 (15q 11-13) occur in Prader-Willi
syndrome, and it was discovered soon after that they always seemed to
occur on the chromosome 15 inherited from the patient's father.

72



GENETICS AND LEARNING DISABILITY

However, only in the past decade have the mechanisms that underlie
this been more clearly understood.

Most (70%) of cases of Prader-Willi syndrome are sporadic and
associated with deletion on the chromosome 15 of paternal origin,
perhaps through unequal crossover in paternal meiosis or through the
formation of an intra-chromosomal loop that is then excised. Genes in
the deleted region are normally only expressed from the paternally
derived chromosome and those on the maternally derived chromosome
are normally silenced by an imprinting mechanism. Thus, from the
functional point of view, there is a complete lack of expression of the
genes within the deleted region, resulting in Prader-Willi syndrome.
Since multiple genes arc involved, Prader-Willi syndrome is properly
considered a contiguous gene, though the effects of one or two genes
may predominate. Key candidates are the nectin and nectin-like genes
(NDN and MAGEL2) that encode brain-expressed transcription-factor-
binding proteins. Most (around 30%) of the non-deletion cases of
Prader-Willi syndrome are due to the inheritance of two chromosome
15s that are derived from only one parent. This situation is described as
uniparental disomy, and most usually results from the formation of an
initial chromosome trisomy that is then reduced in number to two. In
the case of Prader-Willi syndrome, both chromosome 15s are maternal
in origin, and with a maternal pattern of imprinted silencing of genes at
15q 11-13, the result is similar to a deletion on the paternally derived
chromosome. Maternal meiosis I non-disjunction seems to be involved
(and this relates to maternal age), followed by a 'trisomy rescue' to form
a disomy. Chorionic villus sampling has shown a mosaic pattern of
trisomy 15 cells (confined placental mosaicism) in mothers of children
with uniparental disomy Prader-Willi syndrome. In addition to chromo¬
some 15, uniparental disomy is now known to occur in 17 other human
chromosomes.

The reciprocal mechanisms, a deletion in the maternally derived
chromosome 15 or uniparental disomy of paternal chromosomes results
in the clinically completely different disorder Angelman syndrome.
Learning disability is severe, associated with epilepsy in most cases and
with other features including paroxysmal outbursts of laughter, ataxia,
prognathism, macrostomia and protruding tongue. Over 70% have a
maternal deletion. The only known genes in the region that are solely
expressed from the maternal chromosome 15 are UBE3A, an ubiquitin
ligase (see below), and ATP10C, a phospholipid transport gene (Herzing
et al, 2001). Both these genes are expressed biallelically in most tissues
but only monoallelically in the brain. Point mutations that silence
UBE3A on the maternally derived chromosome produce classical Angel¬
man syndrome and it is likely that most of the clinical syndrome is
accounted for by this. However, deletion cases are said to be more severe
and other genes may modify the situation through haploinsufficiency.
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The Prader-Willi syndrome/Angelman syndrome imprinting
centre

Rare cases of Prader-Willi syndrome and Angelman syndrome are
familial. Some of these result from unbalanced inheritance of a

chromosomal translocation leading to a monosomy of the region or in
some cases to a balanced form with a partial uniparental disomy. Others
arise from imprinting centre mutations.

As in the X chromosome, an imprinting centre is now known
to control the methylation pattern in the Prader-Willi syndrome/
Angelman syndrome region, and microdeletions of this centre lead
to failure to reset the imprint of chromosome 15 during gamete
formation (in essence, it retains the grandparental imprint which will
determine whether the imprint pattern is 'female' or 'male' in type).
There seem to be two overlapping parts to the imprinting centre, one
controlling the paternal methylation pattern and the other the maternal,
with the common part of the imprinting centre being centred around
a complex transcription unit (SNRP-SNURF; Wirth et al, 2001)
which codes for peptides that are associated with ribonucleoproteins.
Studies of human deletions and transgenic experiments in mice (Shemer
et al, 2000; Buiting et al, 2001) have shown that that the promoter/
exon 1 of SNRPN and a small 1 kbp segment nearby are enough to
confer proper methylation patterns and parent-of-origin effects. The
best current model is that the two parts of the centre must establish
the correct methylation and that the UBE3A on the paternal chromo¬
some may be silenced by an antisense RNA produced by a UBE3A
antisense gene on the paternal chromosome (Chamberlain & Brannan,
2001).

Mutations in the imprinting centre will alter or prevent the correct
methylation pattern, leading to either Prader-Willi syndrome (very
rare) or Angelman syndrome (around 6% of cases). Angelman syndrome
is only one of the many human conditions that are linked to the
metabolic activities of ubiquitin. Ubiquitin is a small protein that, as
its name suggests, is involved in a huge number of cell activities via its
conjugation with other proteins (ubiquitylation). Classically, it binds
proteins that will be broken down by the intracellular proteasome
complex. However, it also has signalling and other complex functions.
Angelman syndrome itself is due to disorder of an enzyme that modifies
ubiquitin and is part of a group of proteins that range from the well-
known tumour-suppressor gene p53, through to proteins that interact
with epithelial channels (mutations in the binding domains which can
give rise to one type of inherited hypertension). Other variants or
ligands of the ubiquitin families include those responsible for juvenile-
onset Parkinson's disease and BRCA-1 involved in breast and ovarian
cancer. In fact, ubiquitin regulation is essential to virtually every
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eukaryotic cell process, and undoubtedly there will be many more
conditions that result in learning disability, representing disorders of
some part of its multi-faceted biology (Weissman, 2001).

The human genome mapping project and learning
disability: now and into the future
Advances in genetic technology

Many of the recent discoveries in learning disability genetics would not
have been possible without great important technical advances. The
polymerase chain reaction has already been mentioned, as have the
large insert size cloning vectors (YACs, BACs). These methods of
amplifying and handling DNA were combined with high throughput
(and highly automated) DNA sequencing methodologies to provide
large numbers of partial sequence, upon which the human genome
sequence was constructed. The assembly of these into overlapping,
linearly arranged stretches of DNA ('contig building') required the
development of new computer algorithms and is one part of the
explosion in the new science of bioinformatics (Searls, 2000). Much of
the way forward, as we move from genomics to proteomics, will be
through the development of technologies to process large sample sets
in parallel (Mir & Southern, 2000). Leading the field at the moment are
microarrays. Attachment of cDNAs or oligonucleotides to a substrate to
produce a Cartesian grid of single-stranded molecules for hybridisation
experiments has become a fine art. Substrates are various (glass, gold,
plastic) and are often labelled 'genechips' - borrowing both terminology
and photo-deposition methodology from the semiconductor industry.
Dense arrays with over 10 000 different cDNAs per cm2 are now both
realisable and repeatable, representing huge numbers of genes that can
then be probed, for example with labelled mRNA from a given tissue or
organ to report on its current expression pattern, the transcriptosome
(Lockhart & Winzeler, 2000). Mutations can be detected by looking for
mis-matched binding to complementary sequence or, inversely, DNAs
representing the mutations when known can be used to quickly
characterise a sample. All the multiple mutations causing cystic fibrosis,
for example, have now been hung onto a single chip. Peptides and
proteins will be the next molecules to be arrayed, allowing us to study
the proteome of an organ or cell, fingerprinting its characteristics and
how it changes over time. This opens up the potential to directly
study the complex multiple actions of therapies at the gene, message
and protein levels, and some indicate that this is a harbinger of
individualised pharmacogenetics with drug therapy being tailored to
the individual's constitutional characteristics (Roses, 2000).
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Genotype to phenotype
Other developments important to learning disability will emerge from
our understanding of genotypc-phenotype axes and the multiple genes
involved, especially in signalling. New reporter molecules such as the
jellyfish-derived green fluorescent protein (Chamberlain & Hahn, 2001)
can be attached to normal protein to form a fully functional chimaera
that 'lights up' under fluorescence. This can be used to directly
visualise the activities and distributions of a protein - vital factors in
exploring the effects of gene modification in animals. The experimental
gene manipulations most relevant to learning disability are those done
in mice (Nolan, 2000). Transgenic constructs inserting mutated human
genes into the system, as well as direct knockouts or knockins of
altered mouse homologous genes, are powerful ways to study aberrant
and normal biology, and key to the development of targeted therapies
for components of learning disability-associated syndromes. The reversal
of a dictated phenotype by insertion of an altered construct into a
mouse containing a mutated gene (gene rescue) shows how we can
change outcomes by genetic methods (or gene products - the use of
proteins). Another powerful way of studying gene control is through
RNA interference. Double-stranded RNA complementary to the gene
sequence is synthesised and injected into a cell, where it is broken
down into short strands that specifically induce the degradation of the
targeted gene's message, allowing the outcome of phenotype to be
readily and rapidly evaluated. Although widely used in lower organisms,
differences in mammalian RNA processing have, until recently, limited
its application. However, Elbashir et al (2001) have circumvented some
of the problems, and its use to create mammalian models would be a
major advance in terms of cost and utility over direct transgenic
models. The goal of gene therapy for our patients, however, is still a
long way off (and in some cases may never be reached; Ye et al, 2001).
Ethical issues in learning disability are discussed elsewhere in this
volume. However, as in the fields of prenatal diagnosis and genetic
testing in general for inherited disease, we must be very careful that
developments such as gene therapy do not outpace our ethical thinking
about conditions associated with learning disability. It is a salutary
reminder that among the strongest supporters of the discredited
eugenics movement were scientists and psychiatrists. The few human
conditions (e.g. severe combined immune deficiency) where gene therapy
has been used have generated mixed results, and a much greater
understanding of the complex developmental biological processes
involved is needed before progress can be made using either this or
more standard therapeutic tools. However, with the major current
genetic advances, the door to achieving this with respect to gene and
protein function is wide open.
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Where will all this lead?

From the viewpoint of the psychiatrist in learning disability, many of
these ideas may feel unfamiliar and strange. However, although often
embedded in offputting language and terminology, the beauty of the
most important molecular genetic findings lies in their simplicity. Our
understanding of the key genetic elements that shape the multitude of
conditions that we still tend to gather together using the term 'learning
disability' advances at a furious pace and the learning disability itself is
usually only one epiphenomenon of the causative process. For many
psychiatrists, all this will mean a serious rethink about the basic
definition and use of the term learning disability.

We also should not (and those of us who have ever visited Hadamar
Psychiatric Hospital overlooking the Rhine cannot) forget the past, the
eras of eugenics and the horrific misuse of genetics in social control.
Partly the ideas of the scientists themselves, many from the UK, were
to blame - genetics was assumed to have a total determinism that even
then was completely unsupported and we should still be on our guard
against a re-emergence of such views. Instead, however, our increased
valid genetic knowledge will allow us to start to study how the
interplay between genetic substrates, our life-span experiences, and the
world in which we live dictates our behavioural and cognitive processes,
and our own uniqueness, and thus opens the way to the valid design of
therapies (psychological as well as pharmacological) for the problems
that arise through having a condition that generates a learning
disability. Knowing the genetics goes a great way towards isolating and
understanding the environmental (and modifiable) contributions to
such disorders.

The publication of the first draft of the human genome sequence is
as much a watershed for us in the field of learning disability as for the
scientific community as a whole, as we enter a new and exciting era of
molecular psychiatry.
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5
Genetics and ethics:

The way forward
Walter Muir

Introduction

Genetics and ethics are both seemingly complex areaswhen applied to the conditions associated with
learning disability, and it is easy to interpret aspects

of each as being mutually exclusive. Integration must come
between them, but will take time, especially when the pace of
change in the former seems to outstrip the development of the
latter. It is widely agreed that ethical guidelines and principals,
on how we obtain and use the knowledge and discoveries
arising out of recent developments in molecular genetics, must
not be developed solely by geneticists or scientists alone, but
should involve participation from all levels in society, including
people with learning disability themselves and those who care
for them. However, such participation is made difficult both by
the rate of change and the language and symbolism
surrounding it. It is hoped, in the brief space allotted, to give
some understanding of genetics and its recent developments,
how these relate to learning disability, and to discuss some of
the ethical issues that arise.

Learning disability

Learning disability is the term we now use in the UK to de¬
scribe a collection of cognitive developmental outcomes that
arise from a multitude of causes. As we usually interpret the
term, it suggests that the person has some significant impair¬
ment of his or her cognitive abilities (or, less helpfully, 'intelli¬
gence'—with an IQ of 70 or less being significantly different
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from the population average) that becomes apparent during
childhood, and out of which has emerged a significant degree of
difficulty with social adaptation, usually manifest by problems
with a variety of aspects of day-to-day living. This definition is
widely accepted throughout the world, and more and more
commonly given its proper place as a qualifying statement.

The terms 'disability' and 'handicap' are often confused as
being synonymous. In the World Health Organization's defini¬
tion, handicap is reserved for the personal or social disadvan¬
tage that may or may not result from a disability (... a restriction
or lack of an ability to perform an activity in the manner, or
within the range considered to be normal). The disability itself
results from impairment. Here we have a series of causes and
outcomes that may or may not be made apparent. Whether the
impairment is such to lead to disability and the disability to
handicap depends on the severity of the impairment, the intrin¬
sic adaptive and compensatory mechanisms available to the
person and also, crucially, on his or her personal, cultural and
social environment. It is only in this full context that disability
can become handicap, and the handicap understood.

Learning disability is not then a primary disorder; it is a
descriptor of certain (very important) features that are second¬
ary to a range of underlying developmental disturbances,
which can be the consequence of an enormous variety of under¬
lying developmental impairments. In the United States, for in¬
stance, the main and very widely used medical diagnostic man¬
ual (DSM-IV-TR) has no disorder that represents learning dis¬
ability, but instead defines this on a secondary qualifier axis
(they in fact use the term 'mental retardation' and 'learning dis¬
ability' has a completely different meaning in this context,
which has been a source of considerable confusion). However,
to say that a person has a learning disability, in the sense that
this is primary, has often been implied, in large part due to the
lack of knowledge of the relevant condition(s) leading to the in¬
tellectual, social and developmental triage that define the name.
The point is worth labouring as the misreading of learning dis¬
ability (or any of the previous terminology) as a disorder in it¬
self has been, in the past, one part of the mislabelling and
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maltreatment of whole sections of society, and continuing usage
of the term 'learning disability' as having primary explanatory
power does the person an injustice. Unfortunately, this type of
reasoning is still present in some areas, such as our definition of
mental impairment being 'a disorder' in the various current UK
mental health legislatures. The more general use of the term in
this sense denies important inter- and intra-individual
variability and uniqueness.

In the past, it has restricted the search for prognostic out¬
comes that are useful to the person, based on the individual's re¬
action to the presence of specific, proximate, underlying disor¬
ders. We increasingly need to find, characterise and understand
these underlying conditions so that we can best maximise all the
potentials of the individual who has them. It is quite clear that
many of these conditions will have a genetic basis and that we
are poised, through the dramatic recent acceleration in the de¬
velopment of tools to study our molecular underpinnings, at the
edge of a knowledge explosion about how genes influence all
aspects of our lives. Such knowledge will certainly throw up
new ethical challenges and raise the spectre of old abuses. It is
up to us to make sure we understand the genetic concepts
involved, so that we can play an informed part in making deci¬
sions as to the way ahead. There are two possible dangers here;
firstly, that we make ethical policy decisions where we misun¬
derstand the genetic arguments; and, secondly, where advances
in ethics are unable to keep pace with advances in genetics. Ge¬
netic concepts are not difficult to understand; that they appear
to be so is due to the shorthand and jargon, essential to rapid in¬
formation exchange within any scientific discipline. Under¬
standing the concepts is important to non-geneticists and this
chapter, in the very brief space allowed, will attempt to explain
some of those relevant to people with learning disability.
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The importance of understanding proximate
causes that lead to the outcome of learning
disability

In recent decades, something of a change has taken place in
the nature of the underlying conditions that have learning dis¬
ability as one outcome. The number of people for whom learn¬
ing disability is an outcome of infection or trauma has decreased
(at least in developed countries) and the proportion of genetic
conditions that contribute to the whole has increased. This is not

to say that non-genetic causes are no longer important—severe
prematurity and the foetal alcohol syndrome are just two such
causes that are being increasingly recognised, but there are no
longer the great numbers of infantile or childhood meningo-en-
cephalitis, and there is little doubt that genetic factors play a
major role in determining the cognitive outcome for many.

The clearest case, at present, where knowledge of the un¬
derlying condition does make a difference is where learning
disability arises in people with Down's syndrome. Knowing
that a person has Down's syndrome allows us to make predic¬
tions in comparison to people without Down's syndrome; indi¬
viduals are at higher risk of congenital heart or bowel condi¬
tions, thyroid disorders are especially common, there is a much
greater chance of developing a dementia when still relatively
young, and these are but a few. Knowing the altered risks in¬
creases our awareness of these problems in the person, allows
us to plan for their early detection and implementation of strate¬
gies to try and minimise their impact on the person's life. Know¬
ing the proximate causes of the learning disability, however,
also has other consequences. It is one part of the jigsaw to be fit¬
ted together when we are trying to find out why a person does
not develop these outcomes, while the underlying cause is still
definitely present—the buffers that the person has, against the
stresses with which the condition loads the person.

Let's stay with the example posed by people with Down's
syndrome. This is (at present) the most common genetic,
non-inherited condition associated with learning disability. In
most cases, it is due to the presence of three rather than the
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usual two copies of chromosome 21 in the person's cells (thus
trisomy 21). In most people with Down's syndrome, every sin¬
gle nucleated cell in the person's body will have three copies of
this chromosome. However, not every person will have all the
associates of Down's syndrome and great differences will be
found. These differences are determined by the interplay be¬
tween the differential genetics (remember there are still twenty
two other pairs of chromosomes in addition to chromosome 21)
and other factors in the internal environment, the person's up¬
bringing, experiences and interactions during development,
and the social and cultural inheritance and environment in
which the person is immersed. In the past, a failure to realise
that there is no such thing as absolute genetic determinism has
been the source of much genetic pseudo-science. We need to try
and understand all these facets to be able to go beyond statisti¬
cal predictions of risk, and to devise targeted interventions to
negate the risks for the person with Down's syndrome—and
understanding the genetic underpinnings that they contribute
is equally important in this process, as it is in the other areas.
This holistic approach goes beyond ascribing primacy to one
area or another—something that has been quite prevalent—and
engendered much conflict in those who support the extreme
medical or social models of learning disability, where either the
biological or the social are sufficient in themselves to explain the
totality of the situation. In saying this, it is interesting to note
that the number of genes in trisomy on chromosome 21, which
play an important role in determining the various clinical fea¬
tures of Down's syndrome, may be much less than the entire
gene complement of chromosome 21, and actually open to anal¬
ysis (Epstein, 2002); thus, laying a foundation for finding ways
to reduce the risk of common outcomes, such as thyroid
disorder, perhaps even dementia, even if we still have a long
way to go to fathom the complexities involved in the generation
of the associated learning disability.

However, genetics does open up other areas of investiga¬
tion that are less clearly beneficial in many cases, and the issues
have a much wider impact than simply for learning disability.
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This is especially so for genetic testing. At this point it is perhaps
wise to summarise some of the concepts of genetics.

A brief genetic primer

Originally, genetics referred to the study of inheritance and
those aspects of the person or organism determined in the main
part by heredity, that is, passed on from one's parents. More re¬
cently, its meaning has been widened and now includes in its
widest scale, evolutionary genetics and population genetics,
through to molecular genetics of specific organisms (especially
in mouse, fruit fly, zebra fish, worm—where genetic manipula¬
tion is relatively easy or its results easy to follow— through to
biology), and the clinically relevant molecular genetics of body
systems (neurogenetics, ophthalmic genetics, etc), diseases
(cancer genetics, genetic endocrinology, etc), and therapeutic
strategies (pharmacogenetics (Roses, 2000)). The range is bewil¬
dering and permeates all aspects of medicine. In fact, since no
disease is without genetic underpinnings at some level, the text¬
book of medicine of the future is likely to be based on molecular
principles (Beaudet et al, 2001).

In humans, the basic units of inheritance are genes found
within the cell nucleus, and determine the sequence of amino
acids that are joined to create proteins in the cell. Genes are
functional units within the great linear stretches of a linked mo¬
lecular necklace, where the individual beads take one of four
forms of chemicals termed nucleotides (the whole is termed
deoxyribosenucleic acid or more commonly DNA). This, with
associated structural proteins, is the basis of twenty-three dis¬
crete chromosome pairs (the 'diploid count') present in all our
nucleated cells, with the exception of germ cells (gametes; ova
and sperm), which have only half this number ('haploid count'),
to be made diploid again when fused with a gamete from the
opposite sex at conception. The flow of information is from gene
to protein via a complementary necklace made from a slightly
different chemical (ribosenucleic acid or RNA). RN A intermedi¬
ates transfer the information from the cell's nucleus to the pro¬
tein-assembly factories in the cytoplasm (ribosomes). Both
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genes, and the RNA intermediates they make, can be subject to
disruptions that lead to disease. For simplicity, we will restrict
discussion to disruptions of the gene.

One of the twenty-three chromosome pairs is special—the
sex chromosomes are dimorphic in type, women having two X
chromosomes, men having an X chromosome and a Y chromo¬
some. When most cells divide, the chromosome number is dou¬
bled then shared evenly between the two daughter cells (mitotic
division) so as to maintain the correct gene complement. In the
germ cells (ova and sperm), however, there is no doubling and
each individual cell contains half the number of chromosomes

(meiotic division), a situation that means that the full comple¬
ment is restored on fertilisation of the ovum by a sperm. Meiosis
also differs in that the chromosomes (each pair with their corre¬
sponding partner and stretches of DNA) are exchanged be¬
tween the pair. This process—recombination—is essential to
maintain a trans-generational level of variation in the DNA seg¬
regating from the parents to the child. The further apart two
pieces of DNA lie on a chromosome, the less likely they are to
recombine—a fact that is made use of in various forms of ge¬
netic analysis. Genes from one parent may be partnered with
genes from the other in a huge number of different ways. Each
individual gene may show different expression levels or other
characteristics due to its innate genetic sequence variability
(allelic variation), which also results from recombination
through generations. This variation is, in fact, highly important
to species survival; it means that, within a population, there is
enough gene variability to permit adaptation to changing envi¬
ronmental conditions. That some variations may seem 'harm¬
ful' is only true within a given set of environmental circum¬
stances and time frames. The main point is that recombination
(and its necessary outcome-random gene assortment) and other
changes directed at the genes DNA sequence (mutations) are
natural phenomena essential to the long-term survival of any
species. Of course, structural changes in genes can occur in un¬
natural ways—through the influence of radiation, teratogenic
drugs (that are harmful to an embryo), etc—and these are, in the
bulk of cases, harmful and unwanted. However, it is likely that
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many changes in DNA sequence do not give rise to harmful or
even apparent outcomes. Whether they do or do not, they may
be passed on from one generation to the next and, in doing so,
the observable outcome within a family depends on the fact that
we normally have two chromosomes of each type and, thus,
two active copies of the same type of gene. When disruption of
only one copy of the gene is needed to produce an effect, this in¬
dicates that the amount of protein produced from the other ac¬
tive gene is insufficient to compensate (a situation called
haploinsufficiency). Only one copy of the inactive gene then
needs be inherited for a condition to be expressed and the inher¬
itance is said to be dominant. Every generation of a family is
likely to have affected members. If the genes on each of the chro¬
mosomes of a given pair have to be affected before a condition is
seen, then the inheritance is said to follow a recessive pattern. It
requires inheritance of gene mutations from each parent and, ei¬
ther the rate of new gene mutation in a population must be high
for more common recessive conditions, or there may be a famil¬
ial relationship between the parents when the gene mutation is
very rare (thus, some recessive conditions are more common in
groups where cousin marriages are more common). Since the
parents are unaffected, the smaller size of nuclear families in
Western countries has meant that many recessive conditions
appear as if 'out of the blue'. The dominant and recessive forms
of inheritance were originally described by Mendel, and are
termed classical Mendelian types.

However, it is more often the case that the clinical outcome
of a disrupted gene does not fit neatly into one of these classes—
partial dominance—where other factors (genetic and non-ge¬
netic) that modify the clinical picture are far more common.
Genes on the sex chromosomes prove exceptions to this picture.
The Y chromosome is largely devoid of genes, so most muta¬
tions for genes on the X chromosome in males have a clinical
outcome. This phenomenon plays a large part in the excess of
men who have a learning disability. In women, one or other X
chromosome is inactivated in a random fashion, so that some
cells will express a fully normal gene; in others, the mutated
gene will be on the activated chromosome, and so the clinical
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picture for women tends to be much less severe. Inheritance of
mutations of genes on the X chromosome, thus, tends to follow
a distinctive pattern, with affected males much more common
than females, and with no transmission from fathers to sons

(they can only pass on their Y chromosome).
The human genetic material has been sequenced in draft

(Lander et al, 2001; Venter et al, 2001) and the detailed annota¬
tion and description in full of each chromosome is coming on
stream. We already know how many genes there are in an entire
human genome—around 40 000. This is much fewer than ini¬
tially thought, but the RNAs and the proteins they code for are
often spliced together in different ways to greatly increase the
repertoire of different types. Mutations in DNA may affect
splicing of RNA; thus, protein formation and a recent class of
disorders has been created on the basis of these, including ner¬
vous system disorders, such as forms of frontotemporal demen¬
tia with parkinsonism (Cartegni ct al, 2002). A large percentage
of these genes are expressed (the term used for when genes are
'switched on' to make proteins) in the brain and, thus, involved
in its development and activity (Cravchik et al, 2001). The func¬
tion of many is still unknown and their biological role remains
to be clarified.

Disrupting the DNA sequence—gene mutations,
through to chromosomal abnormalities

Strictly, a mutation is defined as any change in the linear se¬
quence of nucleotides in DNA. If such a change alters the se¬
quence within in a gene, then it may alter the structure of the
protein that the gene codes for, which may, in turn, alter the in¬
dividual's functioning. Mutations can occur at a wide variety of
levels. Originally, they were held to be of stable inheritance and
unchanging from one generation to the next. Many of the earlier
genetic discoveries were of rare, simple mutations in genes for
important enzymes (the 'inborn errors of metabolism'). A sub¬
stitution of one base for another in the sequence of DNA in a
gene may change the amino acid that the particular part of the
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gene codes for—the protein structure changes and this may im¬
pair function. However, we now know that some muta¬
tions—dynamic mutations—are unstable in size across genera¬
tions. The key example here is from the Fragile X syndrome.
This fairly common X-linked condition affects around 1 in 4000
men and half as many women.

Many mutations have no effect on the gene's ability to code
for a protein (null mutations), but others cause an abnormal
protein to be generated (mis-sense mutations). Mutations can
range from changes in the type of nucleotide present at a single
point in the DNA chain (a single base pair mutation), through
deletions of large stretches of a chromosome involving many
genes, to an entire absence or duplication of a chromosome
where the expression of large numbers of genes is altered. The
number of genes that are involved in nervous system develop¬
ment and function is a very large percentage of the total number
of human genes. Thus, the nervous system is very likely to be af¬
fected when a gene is disrupted in some way. It should be no
surprise, then, that the number of genetic conditions affecting
the nervous system, and also producing a learning disability, is
huge. By grouping these conditions on the basis of an (excep¬
tionally important) cognitive outcome, we are linking together a
countless variety of different conditions that, in other ways, can
be very dissimilar.

Most chromosomal abnormalities that have clinical effect
can be thought of as large-scale mutations involving the dupli¬
cation or deletion of large numbers of genes at once (some
translocations, however, may only disrupt a single gene at a
breakpoint).

A very large number of different chromosome re-arrange-
ments and numerical abnormalities have been described (many
are very rare) and many are not associated with learning dis¬
ability (Keitges and Luthardt, 2001). More recently, smaller
re-arrangements that are on the verge of, or escape, the resolu¬
tion of normal microscopy have been defined and form an im¬
portant group of conditions that lead to learning disability
(Shaffer et al, 2001). These tend to disrupt several genes at once.
Prader-Willi syndrome is an example that occurs on
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chromosome 15, where learning disability of a variable degree
is associated with a hyperphagia—an increase in appetite
(Cassidy et al, 2000), Williams syndrome on chromosome 7—
with its distinctive cognitive profile (Harris, 1998), and the
Velocardiofacial syndrome on chromosome 22, which is
thought to be associated with both learning disability and
schizophrenia (Scambler, 2000). DNA that is complementary to
the region of interest can be labelled with a fluorophore and hy¬
bridised to the chromosome in question (FISH—fluorescence in
situ hybridisation). Under the fluorescent microscope, deletions
can be seen by a lack of fluorescence and changes well below the
level of light microscopy seen. A whole series of re-arrange¬
ments near the ends of chromosomes (telomeres) has been de¬
scribed in a percentage of children with previously unexplained
learning disability (Knight et al, 1999).

Returning to Down's syndrome, it also illustrates issues
around pre-natal testing for a genetic disorder. The test itself
need not be based on DNA and, for Downs syndrome, it has for
many years centred on an altered level of a maternal blood
component—alpha foeto protein (and, more recently, two other
proteins—human chorionic gonadotropin and beta oestradiol),
which is associated with an increased risk (not absolute) of car¬

rying a foetus with trisomy 21. Testing is coupled to the signifi¬
cantly increased risk of trisomy where maternal age is over 35
years, an association that has been long known, where it is be¬
coming more clear that the error usually occurs during maternal
meiosis and may be associated with abnormal chiasma forma¬
tion, but the full reason is still unknown. Further checks involve
histopathology—the analysis of foetal cells obtained directly by
chorionic villus sampling or from the amniotic fluid (amniocen¬
tesis). None of this, note, involves examining DNA from the foe¬
tus or the mother directly. The outcome of such tests is still at
present to allow the parents to make a choice about whether to
continue with the pregnancy.

Similarly, for newborns, one of most important and earliest
tests for a genetic disorder associated with learning disability
was (is) one of the oldest tests—Guthries inhibition assay for the
presence of phenylketonuria (PKU). Again, this test predated
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the present era of DNA testing and has resulted in a dramatic
change in the quality of life expected for people who have PKU,
inasmuch as avoidance of phenylalanine in the diet means that
the harmful effects of the condition on brain development and,
thus learning disability, are largely avoided. The case of PKU
signals a precautionary note for all tests, prenatal or newborn.
Before its biology was known, PKU could lead to disastrous
consequences for the person, including blindness, profound
learning disability and epilepsy. Knowing the biology led to
treatment (in this case dietary avoidance) and showed that
treatment after birth is not too late in this case to prevent severe
learning disability. PKU is caused by mutations in a single gene;
many conditions associated with learning disability are much
more complex, but, as we unravel their biology, means of coun¬
tering the unwanted and deleterious effects of the gene
mutations are likely to be found (Lindee, 2000).

At present, most prenatal testing is done in the context of al¬
lowing parents to choose whether to continue pregnancy rather
than for predicting treatment needs and necessary interven¬
tions to maximise the quality of life for the individual, and it is
sometimes forgotten in arguments against prenatal testing that
the knowledge required to create such tests may also play an
important part in developing treatment rationales. Discrimina¬
tion against people with learning disability is not a necessary or
inevitable outcome of prenatal diagnosis, or rather its assumed
consequence of termination, but it does certainly have the po¬
tential to produce significant negative outcomes; and it must be
accepted that many groups, including those with learning dis¬
ability may find it distressing or offensive (Gillam, 1999). One
valid problem area lies in the, often, extensive delays (in some
cases perhaps interminable) between our ability to detect and
ability to treat. The so called 'new genetics' amplifies both as¬
pects discussed here, detection and understanding of biology,
rather than fundamentally change the situation. At present,
however, it is fair to say that, in the coming few years, disorder
detection will greatly outpace our fundamental understandings
of the chain of events that lead from gene abnormalities to a
cognitive syndrome, such as learning disability.
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Advances in technology

Advances in biotechnology have driven many of the recent
advances in genetics. The polymerase chain reaction (PCR) al¬
lows the specific amplification of short stretches of DNA from
tiny amounts of sample. If the short, specific, amplified
stretches contain a gene or part of a gene, then a simple method
can be designed to amplify (and at the same time isolate it) so
that it can be readily examined to see if it contains a sequence er¬
ror—a mutation. PCR amplification, along with methodologies
of mutation detection, form the basis of most DNA-based 'ge¬
netic tests' for genetic disorders associated with learning dis¬
ability. 'Cloning' is the term used for the insertion of pieces of
DNA of one species into another biological agent (usually into
the DNA of a microorganism, such as a bacterium or a simple
organism, such as yeast—the host for the extraneous DNA is
usually called a vector) that can then be manipulated in various
ways to study the particular stretch of DNA in question. The
combination of the two methods is very powerful. Cloning and
sequencing have led to the isolation of large numbers of DNA
sequence polymorphisms that vary between unrelated individ¬
uals, but are of stable inheritance within families. These form
the basis for modern methods of finding the chromosomal locus
for the suspected disease genes that are inherited in families.
Recently, there has been a focus on polymorphisms that involve
only one nucleotide in a sequence rather than a run of such
bases. These single nucleotide polymorphisms (SNPs) are
widely distributed throughout the genome, easily identified in
a DNA sample (a process called typing), and very large num¬
bers are now detailed in public (and commercial) databases
(Nowotny el at, 2001) The chromosomal position of such
polymorphisms can be identified in the various family mem¬
bers, then tests applied to see if it significantly associates with
the disorder down generations. If it does, then it is likely to lie
near the gene for the disorder, since we have already noted that
recombination between chromatids increases with separation
between two loci. The polymorphism is said to be linked to the
gene and the methods, those of linkage analysis. The position of
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many inherited disorders has been identified by this method,
and the easy manipulation of DNA by cloning has allowed
rapid identification of the particular gene involved. Awareness
of the structural changes in the given gene that lead to disorder
means that rapid, specific PCR based assays for these mutations
can be devised and analysed on very small samples. Usually,
whole blood is used, since the nuclei of white cells are a rich
source of DNA. A small venous blood sample can be used to
generate DNA sufficient for many hundreds, perhaps thou¬
sands, of such assays using PCR based methods.

Techniques are being developed that allow the isolation of
foetal cells that leak across the placenta into the maternal circu¬
lation. If this could be perfected, then a non-invasive (for the
foetus at least), sensitive and specific means of testing for the
presence of genetic disorders would emerge. Obviously, this
would markedly increase the power of prenatal testing, and
acutely magnify the possible ethical problems encountered
when conditions, for which there is still no treatment available,
are identified. Another important development has been the
microarray, or, more colloquially, the 'DNA chip'. These em¬
ploy microscale methods to form a grid of thousands of DNA
types on a glass or other substrate, which can then be scanned
rapidly for changes and differences. In this way, large scale de¬
tection of gene mutations is, in prospect, coupled to high
throughput of samples using robotic methods. The possibilities
for large population scale testing will obviously raise new ethi¬
cal questions. Not only DNA can be micro-arrayed; there is an
intensive effort to identify the presence of all proteins acting at a
point in time in a given tissue using chip technology, which
would lead to major advances in understanding complex bio¬
logical system interactions (Service, 2001).

One strong candidate for chip technology would be to de¬
tect the X chromosome gene mutations associated with learning
disability. For over a hundred years, it has been known that
there is an excess of men with moderate to severe learning dis¬
ability and that this is, in general, due to conditions linked to
disturbed gene function on the X chromosome. There are few
genes on the Y chromosome and, save for certain pseudo-
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autosomal regions mutations on the X chromosomes, in men,
usually lead to absence of gene product. In women, the sex chro¬
mosomes are unusual in that one of the pair of X chromosomes
is near totally inactivated, but usually in a random fashion, so
that around 50% of active chromosomes will contain the
non-mutated gene (Avner and Heard, 2001). Therefore, women
often show much less (or no) effect of an X linked condition
compared to men; X linked conditions are thought to be the ba¬
sis of the cause of the cognitive impairment in up to 20% of men
with learning disability (Chelly and Mandel, 2001). Some of
these are associated with other clinical features (the so called
syndromic X linked mental retardations—MRXS), but a sizeable
and increasing number have learning disability as the only de¬
tectable feature (MRX).

Again, the biology is now starting to emerge for some
X-linked conditions and this is linking some conditions to¬
gether. Rett syndrome, a learning disability associated X-linked
condition largely expressed in women, is now known to be due
to mutations in the gene MEPC2 (Zoghbi and Francke, 2001).
Different mutations in the same gene have been found in a se¬
ries of families with other MRX disorders, and the overall inci¬
dence of learning disability associated with MECP2 mutations
may match that of Fragile X (Couvert et al, 2001).

Ethical issues and dilemmas

The major danger engendered by such genetic advances is
based on the much wider perception (or misperception) that
people with learning disability are, in some intrinsic way, phys¬
ically and morally different from the rest of the population, a
concept that leads to discrimination and the creation of an
underclass. Byrne, in an exceptionally clear monograph, pres¬
ents and rejects the arguments of recent philosophers who, by
invoking such classificatory mechanisms, seek to reduce the
worth of people with learning disability (Byrne, 2000). Byrne ar¬
gues, deeply and convincingly, that people with a learning dis¬
ability must have an equal moral status to all others through the
fact of our common humanity, and deals with those who would
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argue that this is open to the charge of speciesism. More contro¬
versially for some, he also addresses the issue of termination
and posits that policies of non-conception with respect to the
prevention of the occurrence of cognitively disabled infants do
not endorse genocidal policies or discriminatory attitudes to¬
wards existing disabled people. However, he also concedes that
there may be no definitive answer to whether the early human
foetus constitutes a human being with equal moral worth to all
others. In fact, there may never be an accepted scientific answer
to this question, with the concept always left to be defined by so¬
cietal values and worth. The fact that some philosophers still ex¬
ist who argue for a lower moral worth for people with learning
disability is to some (including the present author) deeply
disquieting.

Most assume that, originally, eugenics was a phenomenon
restricted to Nazi Germany. This was not the case. The eugenic
movement within the United States, for example, was well es¬
tablished in the early decades of the last century. The first eu¬
genic sterilization law was passed in Indiana in 1907 and later
30 states passed similar legislation (Micklos and Carlson, 2000).
The assumption that eugenic policies towards the learning dis¬
abled ceased after 1945 is also untrue. In Canada, Sweden and
Switzerland, eugenic-based sterilization continued into the
1960s; in fact, as a post war politic, the ideas have shown a rather
tenacious survival. In the UK, genetic counsellors have a careful
rationale when advising parents on the genetic risks of having a
child with a serious disability, which is to give the parents
enough unbiased information to make their own decision—the
principle of non-directiveness. Worryingly, Wertz has shown
that non-directiveness may not be a norm that is held in all
countries (Wertz, 2002). In a survey of 36 countries, she found
that, save in North America, the UK and parts of Northern Eu¬
rope, a practice of 'directive pessimism' was more often the pre¬
sentation (Wertz, 1998). As the power of genetics makes detec¬
tion of conditions that lead to learning disability simpler and
more reliable, strict ethical safeguards will have to be in place to
prevent such intentional or unintentional influences on parental
decisions. Although not directly concerned with learning
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disability, the recent document 'Genetics and human behav¬
iour: the ethical context', from the Nuffield Council on Bioethics
covers these issues in an especially wide ranging and detailed
way; it makes essential reading (Bioethics, 2002).

For people with learning disability, themselves, a number
of other issues arise, and again these are not restricted to genetic
concerns. Protection for the adult and child during investiga¬
tions, treatment and research is based on the principles of men¬
tal capacity and autonomy, with autonomy preserved through
the principle of informed consent. For some adults with learn¬
ing disability, and for children, informed consent is not possi¬
ble. This creates a well-recognised impasse between preserva¬
tion of autonomy, and the need for treatments and understand¬
ing of the conditions involved, so as to find ways of maximising
the person's potential. Various legislation has sought to come to
terms with it. After the Second World War, the Code of
Nurenberg, in 1947, forbade children and incapable adults from
participation in research (Knoppers c't al, 2002).

Although certainly understandable, this seriously curtailed
the acquisition of knowledge relating to the conditions that re¬
sult in a learning disability. Today, the view (but by no means a
universal one) is tending towards recognition that such research
is permissible, if it is minimally invasive and not directly harm¬
ful to the patient, and where research on a person without the
specific condition leading to the learning disability would not
give the required information. The Adults with Incapacity
(Scotland) Act, 2000 makes this point, both allowing inclusion of
individual while protecting their rights. At present, there is no
such explicit system in England and Wales, and the situation in
other countries is unclear.

Another possible source of discrimination, and one that
worries many people, is that of differential insurance policies
for those where the genetic makeup suggests a significant risk
of developing a disorder. Since most genetic conditions run in
families, the finding in one person has an influence beyond the
individual sphere. Huntington's disease, for instance, is a domi-
nantly inherited neuro-degenerative disorder with a late onset,
and nearly all those carrying the mutated gene eventually
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showing the disorder. It is due to an alteration in a gene on the
short arm of chromosome 4 that normally codes for the protein
called huntingtin. Since, in its classical form, Huntington's dis¬
ease is clinically apparent only when the subject is 40 to 50 years
old, most carriers will have passed on the condition to a percent¬
age of their children by the time it is detected. However, it can
now be directly genetically tested for in persons of any age by
examining the gene's DNA sequence. The testing has been pos¬
sible for a decade now and has caused (and still does cause) nu¬
merous ethical dilemmas for the families concerned (Morris et
al, 1989). At present, there is no cure for the condition and many
do not wish to be made aware of their risk. They may also wish
not to have others in the family made aware, if they carry the
disorder. Under such circumstances, counselling and investiga¬
tion needs to done on a family-by-family basis. However, there
are more general guidelines; for instance, it is usually consid¬
ered that if non-disclosure would mean putting other members
of the family at risk of serious harm, then the principle of abso¬
lute confidentiality of medical information could and should be
breached (Knoppers, 2002). This is different from refraining
from forcing genetic information onto a person who does not
him/herself wish to know and it is unlikely that valid excep¬
tions exist to this principle (some might argue that this may be
reasonable in cases involving reproductive risk rather than risk
only to the given person). Again, these issues have direct rele¬
vance to genetic conditions that lead to learning disability in
spite of the difference in the age at onset of the condition.

Issues also arise from the current potential to store DNA in¬
definitely (Deschenes et al, 2001). DNA is stable at low tempera¬
tures over many years and, since examining its structure re¬
quires ever diminishing sample sizes, then even a small amount
can go a long way. In the clinical setting, DNA is usually ob¬
tained from the nuclei of a person's white blood cells and, by
isolating such cells and treating them in vitro with a strain of the
Epstein Barr Virus, the usual limits on the number of divisions a
cell can make before it dies are removed and the cells are poten¬
tially immortalized. Although a fairly costly process, a self-re¬
plenishing store of cells can be created supplying DNA in
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relatively large amounts for extended periods of time. DNA can
also be extracted from a wide variety of tissues other than hu¬
man blood. Hair follicles, buccal cells from mouthwash sam¬

ples, and skin cells are only a few in fairly common use. DNA
can then easily outlive the person, and questions of tissue own¬
ership arise. Some legal experts would prefer ethical guidelines
rather than legislation on such issues (Skene, 2002); others argue
towards the continued complete personal ownership of any
separated part of the body.

The easy availability of DNA combines with the ease of mu¬
tation detection to mean that simple DNA tests for a rapidly ex¬
panding number of conditions are feasible. The most difficult
situation is where these tests are predictive of disorders for
which there are no current treatments, raising the possibility of
insurance discrimination against those who will develop sub¬
stantial health and social care needs. Even with recent advances
for most conditions that produce a learning disability, there is
no treatment that reverses this outcome. The best insurance

against discrimination in this respect is a national policy on
health and social input to meet the needs of the most disadvan¬
taged, but this is far from universal. At present in the UK, there
is a moratorium on the use of most genetic tests in insurance es¬
timations. However, this is unlikely to continue. Affiliated to
genetic testing for disorders is genetic pharmaco-profiling,
where the person's intrinsic genetic background is used to de¬
fine the best genetically matched therapies (most effective, least
side effects) for a given disorder. This need not be a genetic con¬
dition in itself. An antibiotic for an infection could, for instance,
be selected on the basis of a person's rate of metabolising a given
drug, which is often highly genetically determined (Roses,
2000). This, like all the other developments in genetics, raises
contentious issues. The use of specialized treatments for only
small groups might in itself produce new stigmatising clusters;
in addition, it might fragment the therapeutic market, leading to
more expensive treatments designed for fewer and fewer
people (Rothstein and Epps, 2001).
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Although genetics is increasing in diagnostic power, we
may over interpret its overall importance. Steve Jones, a distin¬
guished geneticist, has pointed out:

'It has been said that thefour letters of the genetic code arc H, Y, P
and E and medical providers must realize that the molecular
biology business is as adept at promoting its wares as is any
other".

Oones, 2000)
It has been noted already that scientists alone should not be
making the ethical policy decisions with regards to genetic
advances. In fact, the general public's perceptions will be
important in deciding the way ahead. It is, therefore, useful to
try and understand what the public perceive to be the ethical
issues involved. Kerr and her colleagues have addressed such
issues and some of the public perceptions make sobering
reading (Kerr et al, 1998a; 1998b). Far from being without views
or lacking in expertise about genetics, they often have very
strong opinions (not necessarily based on scientific fact), with a
significant level of scepticism and ambivalence about both
professional (medical doctors in this case) and governmental
accountability. In particular, they found that the groups they
investigated thought treatments for genetic conditions to be
more palatable than termination, but perceived a current lack of
care for people with genetic disorders, and that the boundaries
between good and bad practice were often unclear. The
tendency to imply that the public do not ('need more public
education') or cannot understand the issues, bypasses them in
the decision making process. It is something that cannot be
justified and incorporating, as well as improving, the lay
understanding of genetics of learning disability is vital to ethical
progress.
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The aim of this book is to identify policy and
quality issues that affect the core of people uiith
learning disabilities. Key issues relating to
ethics, genetics and the law will be considered
and their importance and impact. Two of the
chapters arc written by a user and a carer, who
will introduce alternative perspectives to those
of professionals in the field and challenge
readers by placing the other chapters in a

contemporary setting.
The second part of the book brings together

professionals with a wide experience and
interest in working towards integrating services
and care for people with learning disabilities. It
will identify and describe new, innovative
practice that makes a difference to care and
support, and seek to promote integration and
inclusion.
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Genetics in relation to
psychiatry
Douglas H R Blackwood, Walter J Muir

INTRODUCTION

The completed full sequence of the human genome has recently
been announced, an astonishing achievement coming only two
years after the publication of the draft sequence in 2001. We are
now in the post-genomic age, and it is important to keep pace
with the rapid advances in genetics as applied to psychiatry. The
number of human genes has turned out to he surprisingly small at
around 30 000, and the molecular diversity of created proteins is
greatly increased by a variety of processing mechanisms beyond
DNA transcription. The principal aim of genetics is to relate
genotype to phenotypc, and in the last ten years over 1200 genes
that cause human illness have been identified. There arc also

complex general and tissue-specific regulatory mechanisms that
control gene expression, and important inherited (epigenetic)
control factors that are not directly coded by DNA. Our genetic
inheritance influences almost all disease to a greater or lesser
extent, and this is particularly true of psychiatric disorders. Some
of the best-established findings in psychiatry relate to the role of
genetic factors in determining the risk of developing a disorder.
The aim of this chapter is not to give in detail the genetic findings
for every psychiatric illness; this information is found in other
chapters of this volume. Instead the focus is on the basic
mechanisms that underpin these findings, and the approaches that
psychiatrists can take to analyse the contribution of genetics to
psychiatric disorder.

THE GENETIC CODE AND MECHANISMS OF ITS
TRANSMISSION

Inheritance can be interpreted in several ways. Culture is transmit¬
ted from one generation to the next through the experience of
asocial environment that persists and changes more slowly than the
generational period. Information can be passed on over genera¬
tions through stable media — books, photographs, recordings, and
other such artefacts. The inheritance of generic factors is mediated
by the generational passage of deoxyriboscnucleic acid (DNA).
DNA consists of four nucleotide bases, adenine (A), thymine (T),
cytosinc (C), guanine (G), arranged in two anti-parallel strands
where phosphate bonds link individual bases and the strands bind
through hydrogen bonds in according to the base-pairing rule —-
A with T, C with G — which is the basis of the copying mechanism
that ensures DNA fidelity during replication. This vertical flow of
information dictates the development and maintenance of the
human form.

The structure of the chromosome

Long linear molecules of DNA exist in the celt nucleus in associa¬
tion with a variety of histories and other chromosome-associated
proteins; the whole complex (called chromatin) forms a discrete
structure, the chromosome. Chromatin is packed at several levels:
the DNA duplex wraps around a protein complex (nucleosomc) in
a bead-on-string fashion, the beads coil into a 30-nm chromatin
fibre, which in turn is formed into twisted loops that radiate from
a protein scaffold (Fig. 9.1).

During cell division, further compaction occurs, rendering the
chromosome visible under light microscopy. The structure shows
differential staining patterns with certain chemicals, producing the
classical banded appearance at metaphase. This has an underlying
functional basis, with light staining areas (using Giemsa dye) being
gene-rich and dark bands gene-poor. The phase of the cell cycle
during which DNA replicates also differs between bands.

In humans, chromosomes exist as 22 matched autosomes
and one heteromorphic pair of sex chromosomes. The autosomal
pairs are numerically labelled depending on their size (I being the
largest); sex chromosomes are labelled as XX (females) and XY
(males). Thus a normal complement in a woman can be described
as 46,XX, the digit indicating total chromosome number or diploid
count, the letters the sex chromosome status. Human chromo¬
somes have an obvious macrostrueturc during certain stages ofcell
division. A primary constriction, the centromere, divides the chro¬
mosome ittto two arms: a short (termed 'p') and a long (*q'). The
centromere contains a particular type of repeated DNA motif
(alpha-satellite), hypo-acctylatcd histoncs and centromere-specific
proteins, some of which may have motor functions to drive chro¬
mosomes along microtubules during cell division. At the ends of
human chromosomes are other specialised structures called telom¬
eres where a repeated sequence (TTAGGG) caps the free chromo¬
some end, acting as a halt to replication. Telomeres are replicated
themselves by a separate enzymatic mechanism involving tclom-
erase. During any cell division there is loss of telomcric DNA which
telomcrasc serves to correct in undifferentiated cells. In differenti¬
ated cells, however, telomerase is not expressed, and shortening
of telomeres occurs with ageing, leading eventually to cellular
malfunction.

The formation of gametes: meiotic division
The germ cells (ova and sperm) differ from other (somatic) cells
in that they only contain one chromosome from each original pair
(haploid count). This is the end product of niciotic division, a
reduction mechanism that involves recombination and random
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Fig. 9.1
The various levels of DNA compaction at metaphase: from the
level of the whole chromosome (upper left), to the duplex DNA
helix itself (lower right).

chromosome assortment. It is a two-stage process. T he first divi
sion involves chromosome doubling (during the prophase stage in
which the chromosomes also condense and the nuclear membrane

dissolves), each chromosome being linked at the centromere to
its new partner. Each part of this doublet is now termed a sister
chromatid, and the doublets of each chromosome of the pair
appose each other so that the highly important process of recom¬
bination can occur. DNA segments (over 300 bp in length) arc
exchanged between the chromatids of the homologous chrom¬
osomes, a process (synapsis) that involves the formation of bridges
(seen as chiasma under the light microscope) in a synaptoncmal
complex. Specific proteins (including human Radbl) can bind to
a single strand of the DNA duplex and recognise a complementary
strand in the DNA of the other homologous chromosome. In an
energy-dependent step a heteroduplex junction is formed, with
breakage, crossover and reunion of DNA between the homo
logues. Rearranged DNA is important in maintaining diversity
within the genome, and hence its adaptability to differing and
changing environments. Recombination can also act to repair
DNA, preserving its fidelity; the template-scanning functions
allow correction of damage caused by external (alkylating
substances, radiation) and internal (reactive oxygen species) agents
and errors due to the replication process itself.

Each paired sister chromatid unit has a specific protein-contain¬
ing disk (kinctochore) at their fused centromere region which
interacts and binds with a microtubule-based apparatus that radi¬
ates from two anchoring structures (poles) spaced apart within the
cell. Through the addition or subtraction of molecular subunits
to microtubules the spindle apparatus can 'pull' or 'push' chromo¬
somes within the cell, cither bringing them to the equator of the
spindle (congression) as a prerequisite for recombination or sepa¬
rating them to opposite poles (segregation) prior to the formation
of daughter cells. The kinetochorcs are orientated towards one
pole or the other, and after recombination the individual members

/ \
Meiosis II

/ \

Fig. 9.2
Diagrammatic representation of the behaviour of one
chromosome pair during meiosis. Stage 1: DNA replication. Stage
2: Nuclear membrane dissolves, spindle apparatus forms,
duplicated chromosomes fuse at centromeres (forming bivalents)
and move to equator, and recombination occurs. Stage 3:
Homologous chromosomes move to poles, and cell divides in two.
Stages 4 and S: No further duplication, but a reduction division to
form four haploid gametes.

of the homologous chromosome pair arc drawn towards the poles.
Such segregation is a random event introducing a mixture of
paternal- and maternal-derived chromosomes into the gcrmiin
adding another element of adaptive variation into the transmitted
genome. Meiosis I is completed, after the formation of two clus¬
ters of segregated chromosomes, by the disappearance of the
spindle apparatus, the formation of new nuclear membranes, and
finally by the digression of the cell membrane in a closing purse
string fashion to separate into two daughter cells. The second
mciotic division (meiosis II) does not involve DNA duplication
it is a reduction division, so that each gamete contains only half
the original chromosomal material. The sister chromatids that
were fused at the centromere during mciosis I arc split and pulled
(random orientation with respect to the poles ensuring random
selection) to two new poles by the spindle apparatus of meiosis II
Four gametes arc thus produced from each original cell, each
containing only 23 chromosomes (normally either 23,X or 23,Y).
The above description is simplified, and a large number ofcomplex
interactions occur involving molecular motors, checkpoint systems
that control progress from one phase to the next, the spindle appa¬
ratus and kinetochorcs. In fact a significant proportion of all
proteins produced by a cell are involved in the (seemingly simpler)
process of somatic mitosis where there is neither recombination
nor reduction division (Scholey ct al 2003). Mciosis is illustrated
in diagrammatic form in Figure 9.2.
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In the male gcrmlirie all four gametes are retained as sperm;
however, in the formation of ova only one of the four gametes
survives as an ovum, the others form polar bodies.

The gene

This is the basic unit of genetic information that lies within each
chromosomal DMA sequence. Originally the term 'gene' was used
in an abstract sense to explain why some traits seemed to he
inherited. In fact the relationship between genes and proteins
(Beadle's 1930s concept of'one gene, one enzyme') was conceived
well before the structure of DNA was known. The gene is now
taken to mean a stretch of DNA that contains the information

(genetic code, read as triplets of nucleotides) necessary to direct
amino acids into the correct sequence order during protein
assembly in the cytoplasm (using ribonucleic acid, UNA,
intermediates), or to direct the formation of RNA molecules
that arc end products in themselves. The products of so called
RNA genes have structural, enzymatic or regulatory functions.
Information in DNA is copied into messenger RNA (mRNA),
which in turn acts as a template for polypeptide assembly through
interaction with transfer RNAs (tRNAs) that arc conjugated to
specific amino acids. The emphasis is on functionality — a gene is
that segment of the chromosome that directs the formation of a
functional product. Many sequences within the genome bear great
similarity to active genes but are either completely tin transcribed,
or their mRNAs are untranslated. Such pscudogenes produce no
functional product. Within the gene the basic unit of information
is the codon — a triplet of three nucleotide bases whose presence
in a sequence will lead to a specific amino acid insertion into
a protein. The genetic code maps DNA codons to amino acids, and
the code has a degree of redundancy (degeneracy), with several
different codons linked to individual amino acids (a triplet can be¬
taken from four nucleotides in 64 different ways, but there arc only
20 different amino acids). Some codons do not code for amino
acids, but dictate operational events during protein formation such
as initiation and termination of polypeptide chain assembly (start
and stop codons; start codons also code for methionine, the initial

nino add in any polypeptide; Fig. 9.3).
An open reading frame (ORF) is a complete scr of codons

bracketed by start and stop codons. The fidelity of DNA is obvi¬
ously of prime importance to cellular function, and a variety of
mechanisms exist to preserve it. Ionising radiation or reactive
oxidative molecules can induce double-stranded breaks. These can

be repaired by homologous recombination (one key protein in
this process BRACI is defective in an inherited breast cancer) or
by a special repair mechanism (non-homologous end-joining). UV
light exposure damage usually causes dimrrisarinn of bases on a
single strand, and a specific photoreactivc enzyme system exists to
reverse this. In some cases a bypass mechanism exists (sloppy
copiers) which simply skips over damage and allows replication to
continue but at the expense of introducing mutations into the
protein. Cells arc usually unable to cope with extensive DNA
damage, however, and apoptotk mechanisms are activated to
eliminate them from the healthy cell population (Friedbcrg 2003).

Transcription; DNA to mRNA
To describe transcription in relation to DNA sequence a nomen¬
clature based on the sugar chemistry of DNA has developed. The
fifth carbon of dcoxyribose (the 5'-carbon; pronounced 'five
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Fig. 9.3
The genetic code in mRNA. Left hand side of columns indicates the
coding triplets. Columns are arranged by order of the second
nucleotide in each triplet (U [uracil], C, A or G). The amino acid
coded for is given on the right using the standard chemical
abbreviations. Note the start (methionine) and stop codons. The
code can easily be referred 'back' to DNA or 'forward' for tRNA
triplets.

prime') is bound to a phosphate moiety, the third to a hydroxy)
group. Diphosphate bonds are formed between the 3' and 5' of
the first sugar leaving the first 5' free (the '5' end') and the last 3'
of the DNA free (the 3'-cnd). This gives a direction to the DNA
sequence. Thus transcription of DNA into RNA begins at the
5'-end of DNA and proceeds in the 3'-dirccrion. Normally a
sequence of bases exists on either side of the ORF that is trail
scribed into mRNA but not translated into protein (untranslated
regions; UTRs). RNA, normally single stranded, differs from
DNA in its sugar backbone (ribose instead ofdeoxyribose) and the
replacement of thymine with uracil bases. During transcription the
duplex DNA is partly unwound to allow access to the key enzyme
DNA dependent RNA polymerase (RNApol). (There arc three
forms of RNApol in cukaryotes: RNApol I, which creates riboso-
ma! or rRNA; RNApol II, which creates messenger or mRNA; and
RNApol 111, which creates- transport or tRNA.) The initial event
is binding of an initiation protein to a non transcribed promoter
sequence (normally containing a TATA nucleotide motif or box)
near the 3'-cnd of the ORF. A complex of proteins that includes
transcription factors (co-activators) and activator proteins that link
to more distant enhancer elements in the DNA sequence itself
help closely regulate transcriptional activity and also position
RNApol correctly at the start of the ORF. Abnormalities in these
regulatory proteins or the DNA motifs in the promoter and
enhancer elements that they bind have been increasingly recog¬
nised as pathogenic in addition to direct alterations within gene
sequence itself. In some cases the altered enhancer sequence (that
tip-regulates transcription) can be hundreds of kbp distant from
the gene under regulation. Figure 9.4 summarises the gene unit
and its regulatory elements. Not shown on this diagram arc
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Fig. 9.4
The basic elements of eukaryotic gene structure and regulation.

silencer motif's that act to down-regulate transcription by binding
specific proteins (repressors). Taken together this complex set of
interacting proteins serves to position and stabilise RNApol at
the transcription start site and to offer many targets for cellular
fine-tuning of transcriptional activity.

Post-transcriptional modification and regulation of
mRNA

All DNA within an ORF is initially transcribed into mRNA
(primary transcript), but the sequence that codes for amino acids
(exon) is usually interrupted by non-coding sequences (introns)
that must be removed to form mature mRNA before translation
into protein. RNA processing is a complex process involving at
least three different mechanisms. A 7-methylguanosinc cap struc¬
ture is added to the 5'-end of mRNA during transcription, and
immediately after transcription a polyadenylatc tail (a sequence of
repeated adenine nucleotides) is added at the 3'-end. These are
essential to mRNA stability, protecting it from enzyme (exonuclc-
ase) attack as well as facilitating export from the nucleus and effi¬
cient translation. Introns are spliced out in the spliccosomc, an
assemblage of proteins and small nuclear ribonucleoprotcins
(snRNPs) that recognise terminal intronic sequences (largely
conserved dinucleotidcs). The exons are often spliced together in
different ways depending on up- and down-regulating protcin-
and tissue-specific signals. In this way the mammalian genome
vastly increases its repertoire of protein types above the relatively
limited number of human genes available. Neurons have a specific

splicing regulatory system, dysfunction in which can lead to several
disorders. Chromosome 17 linked ffontotempora! dementia and
parkinsonism is associated with mutations in the tau gene, leading
to aberrant function of tau in microtubule assembly. Eleven exons
arc normally spliced into six different protein isoforms. Exon 10
has a number of repeated microtubule binding domains, and
various mutations are associated with increased spliced-in copies of
this exon leading to neurodegenerative disease. In spinal muscular
atrophy there arc mutations or small deletions at the exon splice
sites, and the abnormal protein (called survival of motor neuron
protein, SMN) may lead to a deficit in snRNP recycling essential lo
spliceosome function. Other neurological disorders (e.g. spinocere¬
bellar ataxia 8 and amyotrophic lateral sclerosis) may also involve
splicing dysfunction. NOVA proteins arc a class of neuron-specific
splice regulators that are produced from genes on chromosomes
other than those harbouring the genes they act on (and arc termed
trans acting, as opposed to en acting elements from elsewhere on
the same DNA duplex as the gene). High levels of NOVA2, for
example, seem restricted to cerebral cortex, hippocampus and
dorsal spinal cord. They have KH-binding domains (cf. the similar
domain in fragile-X linked mental retardation protein described in
Ch. 24) of a type implicated in splicing activity. NOVA1 is a
similar splice regulator restricted to CNS regions controlling
movement, and disruption leads to loss of inhibitory control of
motor neurons (paraneoplastic opsoclonus myoclonus ataxia)
(Dredge et al 2001).

mRNA is also modified by the process of RNA editing, which
changes its coding function by converting cytosinc residues to
uracil, and adenine to inosinc, using a series of specific editing
enzymes (termed ADAR, APOBEC1 and ACF) (Kecgan et al
2001). In mammals most of the ADAR-edited transcripts arc

expressed in the CNS, increasing again the amount of CNS
protein diversity. Inosinc-modified RNAs may act to target specific
types of mRNA such as the brain-specific small nucleolar RNAs
(snoRNAs) that are complementary to mRNA for the 5HT2c
receptor. Some (controversial) work suggests that 5HT2, receptor
mRNAs have reduced editing in schizophrenia or increased edit¬
ing in those who have committed suicide. Editing changes in
the GEUR-B gene (prefrontal cortex and striatum) have also
been reported in Alzheimer's and Huntington's disease and in
schizophrenia.

Finally, altering their decay rate regulates the levels of mRNAs.
mRNAs are differentially stable and, although most mRNAs
have a fixed half-life, there are a large number in which the levels
change in response to environmental stimuli. Decay usually
begins with shortening of the 3'-poly-A tail. An initial trimming
in the nucleus is followed by a substantial deadenylation after
movement of the processed mRNA into the cytoplasm via pores
in the nuclear membrane. This is followed by rapid cleavage of
the 5'-cap by a variety of factors. Decay of mRNA is tightly
controlled by acting elements, including some motifs in the
3'- and 5'-UTRs of genes. Signalling pathways can alter decay
rate. Intcrlcukin-2 mRNA has 3' and 5' elements that interact
with extracellular stimuli such as calcium ionophores and
phorbol esters. Aberrant stop codons in mRNA, that generate
signals to stop synthesis prematurely, are also recognised and
eliminated by rapid decay, helping maintain the fidelity of the
RNA. This effect can help minimise the damage caused by
premature stop codon abnormalities seen in many patients with
diseases such as Duchenne muscular dystrophy (Wilusz et ai
2001).

DNA loops back to allow
distant elements lo bind
activator proteins at
promoter site
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Translation: mRNA to polypeptide
Once mRNA has moved to the cytoplasm (stripped of splicing
proteins and actively transported through nuclear pores), it asso¬
ciates with ribosomes in the final steps towards protein synthesis.
Again the process is complex. Cytoplasmic translational factors
must bind the mRNA to allow it to interact with the ribosome. In
some cases inhibiting factors will prevent its translation (e.g.
ferritin mRNA is usually inhibited by aeonitasc which binds with
the initial 30 hp, forming a loop that cannot link to ribosomes;
only in the presence of cellular iron which binds aconitase is this
inhibition removed). Normally a large multi-protein initiation
complex forms that positions the mRNA correctly in the riboso-
ma! groove. Amino acids arc shuttled to the ribosomal complex
attached to iRNA molecules by genetic code-reading activating
enzymes. Each tRNA molecule has one anticodon complementary
to the codons on the template strand of duplex DNA and carries
the amino acid dictated by the genetic code. There are three stages
to translation:

• initiation, in which the leading strand of the mRNA is
orientated exactly to the initiation protein complex and binds
the initiation tRNA (carrying methionine); this is critical to
correct reading of the transcribed open reading frame;

• elongation, in which the mRNA codon adjacent to the
initiation codon is exposed to tRNA binding, selecting the
correct tRNA codon to match and placing its amino acid
directly next to methionine, with which it then bonds through
a peptide linkage;

• conformational change in the ribosome, brought about by the
first two steps, that releases the first tRNA from its amino acid
and the ribosome itself and moves the second tRNA into its

place, exposing a new codon of mRNA.
Thus the process moves stepwise linearly through the mRNA
sequence to the termination step, the stop codon, at which time
the polypeptide chain and mRNA are released from the complex
again in the presence of specific protein (release) factors.

The control of gene expression from DNA to polypeptide can
thus be seen as a complex and highly regulated pathway. T he gene
unit itself can vary tremendously in size from the very small genes
for human tRNAs (around 100 bp long) to the very large genes
of certain structural proteins such as dystrophin (2 Mbp and 79
exons; its disruption leads to Duchcnne and Becker muscular
dystrophies). Most genetic disorders involve disruption to the
primary DNA sequence cither as large-scale events such as chro¬
mosomal trisomies, monosomies and genomic disorders, or in the
small scale as mutations within genes.

The genome outside genes

Chromatin is the term used to describe the nuclcic-acid-protcin
complex that gives structure as well as function to the chromo¬
some. As cells leave mitosis or mciosis, large stretches of chro¬
matin become de condensed and dispersed through the nucleus;
Genes are embedded within this 'rrue' chromatin or euchromatin.
Other areas do not de-condense but remain compacted at all
stages of the cell cycle. This in general is termed hetcrochromatin
(and classified as constitutive when it is present in all cell types and
stages of differentiation; facultative when i' is only hetcrochro-
matic in certain cells, such as the Barr body which represents the
inactivated X-chromosomc in females). Constitutive hetcrochro¬

matin predominates around the centromeres anil telomeres
of the chromosome. The centromeres arc bracketed by long
stretches of large repeats of several hundred nucleotides length
(satellite DNA), which form into dense hctcrochromatic mm

coding regions (C bands). This replicates at a different time of the .'
cell cycle (late S phase) from cuchromatin, and has large blocks of ;

repeated DNA sequences. Although, historically, hetcrochromatin
was considered inert, more recently it has been shown to have a
host of regulatory functions, especially those related to cpigcnctic
programming (see below). In general it contains very few genes
but has the capacity to silence genes (a phenomenon called posi¬
tion-effect variegation) that are positioned within it by reason ofa
chromosomal rearrangement.

It is clear that histone proteins that package DNA are important
in maintaining the distinct regional architecture of chromosomes.
Histone methyltransferase enzymes (in humans Suv39h protein)
selectively methyiatc histoncs (B3 histone) at lysine residues. This
methylation acts as a signal for protein recruitment (HP1) to the
'chromodomaiiT on the histone's tail, and is vital for maintaining
the transcriptional silence of the hetcrochromatin (Jenuwcin &
Allis 2001). It is now realised that a specific pcriccntromeric RNA
species also interacts with the proteins at this site, similar to the
situation that exists in the compacted X chromosome in females
(sec Ch. 24). Thus there seems to be a specific and complex
system that maintains the state of heterochrony tin (Maison et al
2002). This system may also play a role in cpigenetic control of
transcriptional activity. Histone methylation signalling motifs that
can interact with Hi'l are also present for some genes in cuchro
matin. The histone rail has other modifiable regions including
a 'hromodomain' that interacts with de-acctylases, and hypoaccry-
lated histone (H4) is another hallmark of hetcrochromatin.
Historic modification is therefore a key modulator of transcrip¬
tional activity in eu- and hetcrochromatin, and is also crucial to
the formation and maintenance of parental sex specific mcthyla
lion that underlies the phenomenon of imprinting.

Much euchromatin is also transcriptionally inactive (90% at
some loci) and is highly repetitive in sequence. The polymorphic
nature of this DNA has made it useful in linkage studies and has
attracted its own nomenclature. Small tandem DNA repeats ofa
few nucleotides long are termed microsatcllitcs, of several tens of
nucleotides minisatcllitcs. Also present are transposablc (and
probably parasitical) elemenrs (up to 45% ofall DNA). Long inter¬
spersed nuclear elements (LINEs) are an ancient feature of around
6 fcbp long that make up 20% of the genome and contain all the
necessary information for self-transposition (including a DNA
nickase and reverse transcriptase). Embedded within them are Alu
sequences (10% genome; 300 bp) that seem to parasitise the
LINEs moving with them. There are many other such elements:
small interspersed nuclear elements (SIN'Es), long terminal repeats
(LTRs or retroposons), DNA transposons (Prak & Kazazian
2000), One major role of the cell's methylation machinery may be
to keep such elements transcriptionally silent. However, repeat
sequences can also have other unwanted effects. Low-copv repeats
(LCRs or segmental duplications) form over 5% of the genome,
arc 10-400 kbp long and show very high sequence identity. Their
homology can lead to aberrant recombination at meiosis, resulting
in segmental duplications and deletions, and their presence is now
known to underlie a large number of chromosomal abnormalities
such that a new class of conditions the genomic disorders -
lias been created to contain them (Stankiewicz ik l.upski 2002).
They may underlie the complex chromosome 15 duplication
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events that have been found in Spanish families segregating for
panic disorder (Gratacos et al 2001).

Gene mutations

At the simplest level, mutation can be taken to mean an alteration
from normal in the DNA sequence of chromosomes. Various sizes
of mutations can be delineated, ranging from duplications and
deletions of whole chromosomes (trisomy and monosomy)
through segmental changes involving short parts of chromosomes
(partial monosomy and trisomy), to small deletions and duplica
lions that only affect a few genes nt a time (contiguous gene
syndromes). These arc covered in Chapter 24, and the focus here
will be on those DNA changes that affect single gene units.

From rite discussion of the genetic code it is clear that the ORF
must be read correctly by the polymerase enzyme for the correct
amino acids to be assembled into polypeptide. Any change in the
sequence of base pairs of DNA within the ORF can lead to errors
in reading, and such mutations usually involve one or a few bases
(point mutations). If mutations occur in the gcrmline they can be
transmitted, and some will arise during the natural process of
recombination. Others ate caused by errors in the systems that
preserve DNA fidelity or by external mutagenic agents (radiation,
chemicals). Outside the ORF, mutation gives rise to the great
variety of non-coding polymorphisms that are used as tools to
study patterns of inheritance and co segregation, Within the ORF,
however, the results can alter transcription. Most changes involve
the substitution of one base for another, and 50% ofsubstitutions
lead to missense mutations where a triplet coding for one amino
acid is altered to one that coder, for a different amino acid.

Depending on the position of the amino acid within the polypcp
tide and the type of amino acid substituted, this can result in
increased or decreased protein activity through to complete loss of
function. Nonsense mutations (30%) arise when the substitution
changes the codon to a stop signal; these are often pathological
and usually lead to a decreased level or complete absence of any
mRNA formed. The mechanism for silencing the production of
the abbreviated mRNA is unclear. The exon position of the
nonsense mutation is also important, those in the terminal exons
have been sometimes found to have less effect. Nonsense muta¬

tions may also produce 'exon skipping' where the exon containing
the stop codon is completely bypassed during transcription and an
aberrant mRNA is formed. Silent mutations are those without

phcnotypic consequence. The redundancy built into the genetic
code means that substitution may lead to an alternative triplet
for the same amino acid (synonymous mutation). Insertions and
deletions of bases, however, can lead to drastic consequences due
to framcshift mutations. Here rhe entire downstream sequence of
the reading frame is disrupted, resulting in a very aberrant mRNA.
T he disruption is maximal when the deletion or insertion is not a
multiple of three (which leads to a resumption of correct frame
reading after the mutation has been transcribed).

Mutations in Cytosine-/>-Guanine dinuclcotide pairs (CpG)
account for up to a third of the total ofsingle-base-pair mutations.
The human genome is heavily methylated at CpG pairs except for
specific CpG dense clusters termed CpG islands that usually
lie near or within actively expressed genes. However, all CpGs are
very prone to mutation — the mechanism seems to be a conver¬
sion of methyl-cytosine to thymine on the coding DNA strand
(when this occurs on the non-coding strand the cell mis-corrects
the coding base to adenine, leading to G to A transition), and

although later unmethylatcd, CpG islands arc heavily methylated
in the early gcrmlinc. The mutation rate here is much higher in
male gcrmline (oocytes arc under methylated), explaining some
sex-biases in the origin of mutations (Antonarakis et al 2001).

Mutations can also cause differences in the way mRNA is spliced
together. Splice-junction mutations as a source of human disorder
are not rare (near 10% of all mutations). Failure of splicing may
occur or mutations may lead to dc novo splice site formation in
aberrant positions. The cell may attempt compensation for loss of
a splice site by splicing at a second illegitimate site (cryptic splice
site), or by exon skipping (as in spinal muscular atrophy). Mutation
in 5' and 3' UTRs can also he pathogenic 5' disruption ran lead to
disturbance of translational efficiency (as in Charcot-Marie-Tooth
syndrome), and 3' disruption to changed mRNA stability (Mcndcll
& Dietz. 2001). Finally, mutations in remote gene promoter and
regulatory elements are increasingly recognised.

PATTFRNS OF 1NHFRITANCF

Complementary genes on both the paternally and maternally
derived autosomes in a cell arc normally both transcribed (bi-allelic
expression), and a gene mutation on the chromosome derived
from one parent usually leads to a reduction (haplo-insufficiency),
not absence, of a gene product. The level ofproduct may lie suffi¬
cient for normal cell function, with no phenotypic consequences
unless the complementary gene is also mutated. This situation
would present as a classical recessive inheritance pattern, At the
other extreme, when silencing or down -regulation of one gene of
a pair is functionally uncompensated by the other, the resulting
illness would show a dominant pattern (Fig. 9.5).

Mendel srudicd such phenotypc patterns in plant breeding
experiments, and suggested that quanta! genetic factors were being
inherited. Disorders due to the inheritance of a single mutated
gene (monogenic disorders) are often said to be Mcndelian,
Recessive conditions rely on mutations in both genes of the pair
the affected person is usually homozygous for the same mutation, if
the gene mutations in the paternally and maternally derived chro¬
mosomes differ, the offspring is said to be a compound heterozn
fiott. The chances of inheriting rare gene mutations from both
parents is increased if they are themselves closely related, and an
increased rate of consanguinity is often found in recessive disorder.
With more common recessive disorders such as cystic fibrosis
(1:2500 live births) the frequency of mutations in the population
is high. Either new mutation is frequent, or heterozygous carriage
confers some reproductive advantage. If both parents carry one
copy of the mutant gene then, on average, one in four of their
children will be affected. No cases may occur in previous genera¬
tions, the disease being apparent only in the children — 'horizon¬
tal' inheritance.

Dominant disorders are more common than recessive (7:1000
live births as opposed to 2-3: 1000) and more likely to Ik-
associated with late-onset conditions. Fully dominant conditions
result in a phenotypc whether the person is heterozygous or

homozygous for the mutant genes. Affected individuals arc found
in every generation ('vertical' inheritance), and around halfof any
sibship is affected, Fully dominant disorders arc rare, and usually
lite clinical outcome is variable — especially in hetcrozygotcs
because of reduced penetrance, measured as the proportion of
people heterozygous for the mutation who show any phenotypic
feature.
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Autosomal inheritance. Atfecteds are in black. Chromosomes are

given for certain individuals and show mutated (shaded) and wild-
type alleles. Squares denote males and circles females. A central
dot indicates an unaffected carrier. Consanguinity is shown by a
double bar.

Mutations in genes on the sex chromosomes form a third
Mcndclian group. Males can only pass on their V chromosome
to their sons, so that there will be no malc-ro male vertical inher¬
itance in X linked conditions, but affected males arc more
common in X-linkcd pedigrees. The mothers of affected males
will be carriers of the gene mutation, and cither be unaffected
(X linked recessive) or affected (X-linkcd dominant). A typical
presentation is shown in Figure 9.6, and various sex-linked
disorders are considered in detail in Chapter 24.

Sometimes one gene may interact with another gene on the
same or a different chromosome to influence the expression of
a phenotype — a situation termed cpistasis. lit psychiatry an
interesting example of this is shown by the effect on the risk of
dementia of interactions between variations in the gene for
apolipoprotein E, variations in the gene for amyloid protein, and
variations at a separate gene locus on chromosome 10 (Lcndon &
(haddock 2001). Mutations in completely different genes may
cause the same clinical picture (locus heterogeneity). Early-onset
Alzheimer's disease provides an example, with mutations known
in genes for prescnilin I (chromosome 14), prescnilin II (chromo¬
some 1) and amyloid precursor protein (chromosome 21).
Conversely some diseases may result from different pathogenic
mutations within one single gene (allelic heterogeneity). Over 600
different mutations (mainly missense) resulting in cystic fibrosis

B
XX

I
□

Fig. 9.6
Classical X-linked inheritance. In this case the inheritance is
recessive. Affecteds are in black; they are all male. Females are
either normal or disease-free carriers (the latter are shown with a

central dot). The symbols follow the convention of Figure 9.5.
Chromosomes are given for certain individuals and show mutated
(shaded) and wild-type alleles on the X chromosomes. The y
chromosomes do not express the given allele.

arc known in the cystic fibrosis transmembrane conductance
regulator gene (CFl'R).

Non-Mendelian inheritance

Quantitative trait loci (QTLs)
When the genetic contribution to a disorder is shared by several
(oligogenic) or many (polygenic) genes the clinical phenotype is
the result of the additive or interactive contributions at each locus.
Variation in any single gene associated with a trait is neither
necessary nor sufficient on its own to account for the phenotype,
and the expression of the phenotype is best described under a
liability/threshold model. Many aspects of psychopathoiogy and
descriptions of personality can be viewed as quantitative variables
where clinical or pathological states represent extremes of a
normal continuum of genetic and environmental variation found
in the general population. This contrasts with the categorical
approach we apply when classifying someone as being depressed
or not, using standard criteria. Common conditions and attributes
such as hypertension, obesity, cognitive abilities and personality
dimensions arc understood as quantitative traits, and it is likely
that this model will best explain some aspects of common
psychiatric conditions such as depression, anxiety and personality
disorders. Quantitative trait loci (QTLs) are genes that contribute
quantitatively to the variance of a continuous trait, as distinct from
single gene mutations that may have a major effect on risk of
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disease. The methods of quantitative genetics have been wideiv
applied to the analysis of complex heritable traits

For example, linkage of a QTL for reading ability has been iden¬
tified on chromosome 6, and it is predicted under this model that
when a gene is identified it will be one of several with variants
having small but significant effects on reading ability in good as
well as poor readers, in other words across the whole spectrum of
reading ability. Detecting genes with small effect in common disor¬
ders generally requires large, very well-defined study populations,
and appropriate methods of linkage and association have been
developed. (Sec pp. 160-162 for a description of these methods
of analysis.) A QTL on chromosome 18 that influences the risk
of developing dyslexia has been detected by genome scans of two
large independent sets of families from the UK and USA and rcpli
catcd in a further UK sample. This study used 401 polymorphic
markers that covered the entire genome and used recent QTL-
bascd variance component linkage analysis and deFrics-Fulker
regression-based linkage analysis statistical approaches (Fisher et al
2002).

Dynamic mutations
Most inherited disorders do not fall neatly into Mendel's classes.
Partial penetrance is the commonest difference, but there are

many others. Anticipation is said to occur when a disease has
an earlier age-at-onsct and increased severity in succeeding
generations; it was originally proposed by Mott in 1910, who
examined psychiatric illness in parent offspring pairs. Since then
it has been frequently described in psychiatric illness, especially
bipolar disorder (Blackwood & Muir 2001). One possible cause is
a dynamic mutation involving transgenerational expansion of
repeat sequences that alter nearby gene expression dependent on
their size. The classical dynamic mutation is the (non-coding)
triplet repeat expansion associated with fragile X syndrome, fully
described in Chapter 24. Over 20 neurological and developmental
conditions arc now known to be associated with expanded repeats
of nucleotide triplets, but not all involve transgenerational repeat
expansion. Those repeats that exist in the ORF of genes (coding
dynamic mutations) often have CAG as the repeated triplet base,
which then codes for a polyglutaminc tract within the protein
(Sugars & Rnbinsztein 2003). This is the case in Huntington's
disease, where the gene on the short arm of chromosome 4 has
over 35 CAG triplets within the first exon, and the size of the
repeat is related to age at-onser of the disorder, explaining up to
60% of the variance. The aberrant protein (hunttngrin) contains a
polyglutamine sequence that alters its function (a gain of function
effect). It may interact with nuclear transcription factors and
similar proteins to disrupt the expression of other genes. It also
forms abnormal complexes with cytoplasmic and nuclear proteins
that may be toxic and play a role in neurodegencration. In fact
ail eight known CAG expansion diseases have a clinical picture
involving neurodegencration (and all arc also typically late-onset ).
The non-coding repeat in fragilc-X syndrome is at the 5'
untranslated end of exon 1, and leads to mcthylation-driven gene
silencing. Other non-coding repeats arc known. The myotonic
dystrophy type 1 repeat (CFG) is located at the 3' UTR of the
gene, and the pathology is thought to arise from accumulation of
abnormal mRNA in the nucleus that then interferes with splicing
and other functions. Myotonic dystrophy type 2 is associated with
a tetranuclcotidc repeat (CCTG) in a completely different gene
tZNhV on chromosome 3), again untranslated but this time

in the first exon. The strikingly similar clinical picture may result
from similar patterns of mRNA accumulation leading to general
effects on function of the cell nucleus (Ranum & Day 2002).
Apart from the neurodegenerative conditions and disorders that
arc associated with learning disability such as myotonic dystrophy
and fragile X syndrome, no convincing evidence has yet emerged
for the involvement of repeat expansions in any form in general
psychiatric illness.

Epigenetics, imprinting and parent-of-origin effects
Epigcnetic mechanisms are those events occurring during devel
npmenr that lead to stable changes in the ability of cells to tran¬
scribe D.NA. These alterations arc heritable from parent to child
without involving direct mutations in the DNA itself. There are at
least three interacting routes by which such controls on expression
are effected: chromatin remodelling, histone alteration and DNA
mcthylation. The latter two may act sequentially to establish t
stable state represented by the former. Thus DNA mcthylation
may be the signal for historic modification that may then act to
recruit other chromatin modelling proteins, which rearrange chro¬
matin into a stable unexpressed state. DNA methviation occurs
mainly at CpG sequences and follows a developmental route that
differs between male and female genomes. Its main function seems
to be as a signal that recruits cellular factors leading to the tran
scriprional silencing of associated coding regions of DNA.
Originally it may have developed as a repressor of unwanted tran
scription of the widespread transposablc elements that occur in
mammalian genome, as well as to differentially regulate develop¬
mental gene expression. In the zygote the genome inherited from
rhe father is actively stripped of methylation within hours of
fertilisation, whereas mcthylation of the genome inherited from
the mother passively decreases in later cleavage divisions. This
de-mcthylation seems to be an essential 'slate-cleaning' process
removing most (but importantly not all ) of the inherited parental
chromosomal DNA methylation patterns. An extensive dc novo
re merhylation follows, that then decreases in a tissue-specific fash¬
ion, releasing coding regions from their inactive states to prod'
the necessary proteins for cellular proliferation and differcntiati.
After mcthyfation, erasure differences between the developmental
routes in male and female embryos lead to sexually dimorphic
mcthylation patterns in somatic cells. In germ cells, however,
further rcprogramming is needed to remove those methylation
patterns that escaped the first general round of de-methylation.
This is followed by sex-specific re methylation, completed in devel¬
oping sperm at a very early stage (pre mitotic) but much later in
ova (prc-mciotic stage). Thus methylation is one way in which the
cell can 'mark' or 'imprint' its DNA in a sex-specific pattern.

It has been pointed out that DNA methylation is a system of
'cellular memory' that senses that a silent state is to be stabilised
and invokes'the mechanisms required for this (Jaenisch & Bird
2003). However, the actual primary marks that set this in play
arc still unclear. Both in somatic and germ cells the establishment
of the correct methylation pattern is very important, and several
disorders can result from its disruption. Some chromosomal
regions that escape the first round of embryonic de-metliylation
end up with differential imprinting between loci inherited from
mother or father. In such cases monoallelic gene expression is the
normal outcome. Such genes usually come in clusters, and there
is often a local DNA region that acts as a specific imprint control
centre, as in the Prader-Willi/Angciman region (see Ch. 24).
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Disruption of this specific imprinting pattern by deletions,
uniparental disomy (both chromosomes of a pair originating from
only one parent) or imprinting centre mutations can result in these
syndromes. Other genes that are normally differentially imprinted
include several important fetal growth factors (such as the insulin
related series). Disruption of cpigenctic mechanisms may have a
consequence for cognitive development (Rcik & Walter 2001).
More generally, such mechanisms (epimutations) may underlie
many non-Mendelian features of psychiatric disorders: discor¬
dance in monozygotic twins, age-at-onset effects, sex-specific
expression as well as parent of origin effects. In fact there is an
abundance of parent of-origin effects described for psychiatric
disorders, including bipolar disorder and schizophrenia.

Mitochondrial (cytoplasmic) inheritance
The mitochondria contain DNA that resides outside the nucleus
and thus does not segregate in meiosis. In man the mitochondrial
DNA (mtDNA) is small (around 16.5 kb), has been entirely
sequenced and contains genes particularly involved with oxidative-
phosphorylation. Since sperm have no mitochondria, inheritance
is purely maternal. However, most cells have several copies of this
genome, and mutations have been associated with a variety of
human neurodegenerative diseases, including a form of deafness.
The mutation may only occur in some of the copies, and the
expression of the conditions can be very variable.

POPULATION GENETICS

Family, adoption and twin studies

Any disease with a significant genetic causation will tend to aggre
gate in families, and comparison of rates of illness in relatives with
the general population rate will provide a measure of t he strength
and nature of the genetic contribution. Clustering of disease
in families may be entirely the result of shared environment, for
example when infections arc related to poor living conditions, or

arcd genetic inheritance as in the case of Huntington's disease
where all affected individuals in a family have inherited a mutated
huntingtin gene. However, most psychiatric conditions arc influ¬
enced by a mixture of genetic and environmental factors, and to
dissect the relative contributions of nature and nurture on family
members the two main strategics available arc twin and adoption
studies.

In general the association between a genetic risk factor and a
disease in a population can be expressed as a relative risk (RR)
defined as the ratio of the incidence of disease in an 'exposed'
group and 'unexposed' groups and measured by studying the
illness in population cohorts. To study aggregation of disease
within families, it is useful to compare the relative risk of illness in
specific groups of relatives with the general population risk. Data
is often most easily obtained from siblings, and the relative risk
(or risk ratio) for relatives (kr) or specifically for siblings (ks) is
frequently used to evaluate the strength and significance ol famil¬
ial aggregation of a disease, ks is defined as the recurrence risk to
siblings compared with the risk of the disorder in die general
population. A high value of ks reflects a strong genetic effect: for
example, in a single gene disorder with dominant inheritance such
as Huntington's disease, ks is about 5000; and in cystic fibrosis, a
recessive disorder, ks is around 500. Few psychiatric illnesses show

Table 9.1 Relative risk (kr) of common psychiatric conditions.
derived from family studies

Relative risk in relatives

Attention deficit hyperactivity 55
disorder

Autism 45

Schizophrenia 10

Bipolar disorder 7
Alcoholism 6
Generalised anxiety disorder 2-5
Anorexia 2-4

Unipolar depression 1.5-3

After McGuffin et al (2002).

such clear-cut familial aggregation (Tabic 9.1). For schizophrenia
ks is about 10, and in complex disorders ks greater than 2 is gener¬
ally taken to indicate a significant genetic component. Caution is
needed when evaluating k because the value depends on the popu¬
lation prevalence of the disease and in general a strong generic
effect in a common disease will generate a smaller k than the same
effect in a rare disease.

Analysis of segregation
If a disease, measured as a discrete trait, is found ro be heritable,
it is often useful to know whether or not the disease follows
Mendclian rules, or if more complex modes of inheritance need
be considered. The laws of Mcndelian inheritance allow precise
predictions of the expected number of affected and unaffected
offspring of affected parents, measured as segregation ratios
These ratios also allow prediction of the population frequencies
of a disease, and the statistical methods of segregation analysis
applied to data on t he observed frequencies of a disease in families
and the general population lead to predictions of whether the
disease is caused by one or more loci.

Family and population data have been extensively studied to
elucidate the mode of genetic transmission of schizophrenia. A
highly influential book (Gottcstmn 1991) reviewing the results of
several family studies in schizophrenia concluded that the risk of
developing schizophrenia in relatives ofprobands with the disorder
is significantly increased in all classes of relatives. In summary the
life time risk of developing schizophrenia and related illness was
around 1% in the general population, 10?<> among first-degree rela¬
tives, dropping to about 3% in second degree relatives. Offspring
both of whose parents had schizophrenia had a 40-50% chance of
becoming ill. A review of several more recent studies using strict
diagnostic criteria (Kendler 2000) found rather similar rates of
schizophrenia in these classes of relative, confirming that schizo¬
phrenia is a familial disease.

Segregation of illness in families is not consistent with a model
of schizophrenia as a simple homogeneous condition caused
entirely by a defect in a single major gene or even two or three
genes. The mode of inheritance remains unclear, perhaps because
schizophrenia is a heterogeneous group of conditions. Genetic
findings to date suggest that several, perhaps many, genes arc
implicated and berth Mendclian and non-Mcndclian modes of
inheritance arc possible in different subgroups of the disorder. A
multifactorial threshold model gave the best fit to observed family
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data (McGuc & Gottesman 1989). However, in the absence of
reliable biological markers, at-risk relatives who carry the generic
risk without developing symptoms cannot be reliably identified, so
segregation studies in families based only on clinically defined
cases may provide an incomplete picture. There is evidence from
linkage studies to suggest that in some families the illness can be
attributed to the effect of a single locus, though such families may
be uncommon (Blackwood et al 2001).

Family and population studies in bipolar disorder using strict
diagnostic criteria have confirmed an increased risk of bipolar
disorder in relatives of bipolar probands, with an estimated relative
risk in first-degree relatives of 5-10% (Craddock & Jones 1999).
Similar studies of unipolar depression have reported relative risk
of 1.5-3 for first-degree relatives, variation in results being due
to differences in diagnostic criteria and varied estimates of the
population prevalence of depression. Affective disorders are prob¬
ably a heterogeneous group of conditions, and subgroups such
as depression with onset early in adult life may show increased
familiality. Because unipolar depression is common in the general
population, heritability can be measured from large community-
based twin registers, and estimates of heritability are in region
30-40% (Sullivan et al 2000). A further observation from the
Virginia twin register was an almost complete correlation between
generalised anxiety disorder and major depression, indicating that
the same genetic factors contribute to depression and anxiety
(Kcndler et al 1992).

The mode of inheritance of mood disorders is not well under¬
stood, and it is probable that a variety of genetic, epigenetic and
environmental factors contribute to the risk of illness. Some stud¬
ies of the segregation of the disorder in families support a model
in which single genes of relatively large effect cause illness in some
families and different genes will be responsible for illness in differ
cnt families (major genes with locus heterogeneity) (Rice et al
1987, Blackwood et al 1996). There is also evidence that, in many
cases of the disorder, segregation is incompatible with a single
major locus and illness may develop as the result of additive or
interacting gene variants, each one alone being neither sufficient
nor necessary for illness to develop (polygenic model) (Craddock
ct al 1997). Further complexity arises when we consider that other
genetic and cpigenetic effects may be important in some but not
all families. Genomic imprinting mediated by DNA methylation
was proposed as an explanation of an apparent parcnt-of-origin
effect in linkage studies on chromosome 18p in bipolar disorder.
Mitochondrial inheritance is another possible explanation of
maternal inheritance in a subgroup of families. However, the mito¬
chondrial hypothesis was not supported when the whole mito¬
chondrial genome was sequenced in nine bipolar probands from
families showing exclusively maternal transmission (McMahon
et al 2000).

Adoption studies

Adoption studies are one of the most powerful ways to disentangle
generic from environmental influences on a disease. There are
three main designs of adoption studies, and the choice of design
will depend on the available methods of ascertainment.
• Parent as proband. One of the first studies of the adopted

offspring of mothers diagnosed with schizophrenia was carried
out in Oregon, where 47 individuals, adopted shortly after
birth when their mothers were receiving institutional care,

were traced in adulthood (Heston 1966). Rates of illness
among these adoptees were compared with those in 50
adopted offspring of mothers without psychiatric illness. The
sinking finding of the Oregon Adoption Study was a

significant increase in schizophrenia in the adoptees whose
mothers were schizophrenic: 5/47 compared with 0/50 in
the control group. Similar findings have come from a much
larger, more recent Finnish study of adopted offspring of
mothers with schizophrenia (Ticnari et al 2000).

• Adoptee as proband. In this approach, adopted children who
become ill are ascertained and rates of illness are compared in
their biological and their adoptive families. Studies carried out
in Denmark, where national registers facilitate the tracing of
adopted children, showed that 20% of 118 biological relatives
and only 6% of 224 adoptive relatives had a diagnosis of
schizophrenia. This difference between adoptive and
biological relatives was significant (Kcty ct al 1994). To
remove any doubts about the reliability of earlier diagnostic
methods, Kendlcr et al (1994) re-analysed the data from the
Danish study, applying strict DSM-1II criteria and confirmed a
diagnosis of schizophrenia in 8% of first-degree relatives of
schizophrenic adoptees, contrasting with only 1% among
relatives of control adoptees with no history of schizophrenia.

• Cross-fostering design. This compares the rare of illness in two
groups of adoptees: one group has ill parents and after adoption
has been raised by well parents, the second group has well
biological parents but has been brought up in a family where a
parent has become ill. Children adopted shortly after birth will
still have experienced the pre- and perinatal environment
provided by their biological mother and after adoption may
suffer greater stress by virtue of being an adoptee. These
potential limitations of adoption studies were addressed by the
cross-fostering design. The possibility of strong shared
environmental influences in utero was addressed by Kcty
(1976), who studied the rate of illness in a group of paternal
half siblings of schizophrenic adoptees and demonstrated an
increased incidence of schizophrenia in paternal half siblings
that could not be attributed to pre and perinatal effects. Also
children adopted into a home where an adoptive parent
becomes ill do not have an increased risk of illness.

Adoption studies in bipolar disorder have similarly confirmed
increased rates of affective disorder in biological compared with
adoptive relatives of adoptees.

Twin studies

Monozygotic (MZ) or identical twins result from a single fertilised
ovum and therefore share all genes, whereas dizygotic (DZ) or
fraternal twins arc the result of the implantation of two separate
fertilised ova and generally share about 50% of genes and arc no
more alike than other siblings. Since, in general, twins share a very
similar cultural, family and educational environment, a compari¬
son of MZ and DZ twins allows an estimate of genetic as well
as environmental contributions to their phenotype. Concordance
rate measures the similarity of phenotype between twins. If both
members of a pair of twins develop a disease they are said to be
concordant for that condition. For a fully genetic disease showing
a dominant pattern of inheritance, concordance will be 100% in
MZ twins and around 50% in DZ twins. In the case of a recessive

disorder, DZ concordance will be about 25%. When a disease
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is entirely due to environmental causes we expect to find no
difference in concordance rates in MZ and DZ twin pairs. Most
psychiatric disorders arc likely to be a result of' both genetic and
non-genetic factors, and concordance rates in MZ twins may In¬
quire small, but a significant genetic contribution will be indicated
by the comparison of MZ and DZ rates. The simplest way to
measure this is pairwise concordance defined as the number of
pairs of twins where both arc affected divided by the total number
of paits studied. More commonly the probsndwise concordance
is quoted, and this is the number of affected to twins with an
affected proband divided by the total number of co-twins in the
study. The mode of ascertainment of the sample of twins used
in the study is very important and, unless an entire population
has been systematically screened, probandwise concordance will
be different from pairwise concordance because some twins will be
counted twice if they have been independently ascertained for
probandwise analysis.

In a classic twin study of schizophrenia, Gottcsman & Shields
(1972) found in their sample 11 concordant and 11 discordant
pairs ofMZ twins and 3 concordant and 30 discordant DZ pairs of
twins. This gives a pairwise concordance rate of 11/22 - 50% for
MZ and 3/33 » 10% for DZ twins. In the same sample, proband
concordance was calculated to he 58% for MZ twins and 12% for
DZ twins. The difference between the two methods of analysis
arose because in 4/11 pairs of concordant MZ twins both of the
twins were ascertained independently, so in effect counted twice, to
calculate pairwisc concordance. Similarly 1/3 pairs of concordant
DZ twins were ascertained independently This illustrates the
importance of ascertainment in twin studies. Both analyses yielded
significant differences between MZ and DZ concordance, proving
a genetic effect. Early reports have been substantially supported by
several more recent twin studies where probandwise concordance
for MZ twins ranged between 40% and 65% compared with a range
of 0 30% in DZ twin pairs (Cardno & Gottcsman 2000). An
important study of the offspring of MZ twins discordant for schiz¬
ophrenia found that the children of unaffected co-twins inherited
the same increased risk of schizophrenia as their cousins who
were offspring of the affected twin (Kringlcn & Cramer 1989).
This suggests that the interpretation of 'environmental' risk in
twin studies requires explanation because environment may include
epigcnctic risk factors that influence the expression of a gene in an
individual but do not involve changes in the genome. Twin studies
in schizophrenia report a concordance rate for MZ twins ofaround
50%, but it would be wrong to conclude that half of the variation
in phenotype can be attributed to |xri- or postnatal causes; the risk
attributed to 'environment' includes non-transmitted biochemical
effects on genes, for example the random variation that txcurs in
DNA methylation, a process that may alter gene expression but is
not heritable.

In bipolar disorder, twin studies yield essentially similar findings
as in schizophrenia. MZ concordance rates of 40-60% are signifi¬
cantly greater than DZ concordance rates, and the risk of bipolar
illness in the offspring ofMZ twins discordant for the disorder was
the same among offspring of the affected and unaffected co-twins
(Jones ct al 2002).

When family, adoption and twin studies have identified a substan
tial genetic contribution to a disease, different strategies can be

followed for identifying genes. A 'functional' approach requires the
selection of candidate genes to be directly examined for mutations.
The selection of candidate genes is usually based on knowledge
of the biology or pharmacology of the disease; but because, lor
most psychiatric conditions, wc have no clear understanding of the
underlying neurobiology, the range of possible candidates could
include most of the II) 000 or more genes expressed in the brain.
A 'positional' strategy aims to identify the approximate chromoso¬
mal location ofgenes using the methods of linkage analysis in fami¬
lies, association studies in populations, or mapping of cytogenetic
anomalies in individuals. Regions of the genome thus identified
are further examined by association studies, and candidates are
selected from the genes known to reside within the region of link¬
age. A positional approach has been successful in identifying genes
responsible for many single-gene disorders — including cystic
fibrosis, Huntington's disease, muscular dystrophy and some famil¬
ial cases of Alzheimer's disease—and does not rely on prior knowl¬
edge of the biology of the disease permitting the discovery of
previously unknown genes.

Isolated populations that have low levels of out breeding can be
used to detect rare recessive conditions by examining regions
inherited in common from shared ancestors (homozygosity
mapping). This also reduces the problem of locus heterogeneity
where several causal genes may give the same phenotype in a
population admixture. Consanguinity has helped map over two
hundred recessive genes in the last decade (Botstein & Risch
2003). Severity of disease also tends to correlate strongly with
severity of the underlying gene mutation. For many diseases, iden¬
tifying the mutation underlying the severe form has revealed other
mutations that have milder outcomes (e.g. Dystrophin mutations
in Duchcnnc muscular dystrophy and the milder Becker form). In
fact it is such severe high-risk mutations that arc selected for in
most linkage studies, and subsequent gene cloning leads to iden¬
tification of more frequent, but milder mutations. Single gene
mutational heterogeneity explains some clinical phenotypic vari¬
ance; other modifier genes and environmental effects contribute
to the rest.

Linkage analysis

Linkage studies l<x>k for the co-segregation of polymoqshic DNA
markers with disease in families. Studies on single large pedigrees,
on many small two-generation families or on large numbers of
pairs of affected siblings are widely adopted strategies.

The basis of linkage analysis is the recombination that takes
place between pairs of homologous chromosomes during mciosis.
On average, recombination takes place at two places on each chro
mosomc during every mciosis, and the recombination fraction
(denoted by 0) is the probability that a recombination event will
occur between two markers or between a marker and a disease
locus. Recombination fraction is a useful measure because over

short distances it is a measure of the physical distance between two
markers on a chromosome. When wo genes are physically far
apart on a chromosome they will usually become separated by
recombination during metosis and will assort independently of
each other just as if they were on separate chromosomes (Mendel's
Law of Independent Assortment). In general, the closer a

polymorphic marker is to a disease locus, the more likely it is that
the two will remain together from one generation to the next,
because the chance of a recombination taking place between them
is proportional to the physical distance that separates them. If two

MAPPING AND FINDING GENES
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points arc separated by a million base pairs of DNA (mcgabasc
Mb) then recombination will occur between them roughly once in
every 100 meioscs, which is 100 generations, and the statistical
unit to describe this rate of recombination is termed the centi

morgan (cM). The effect of recombination is analogous to cutting
a pack ofcards. The chance that two cards will be separated by the
cut is proportional to how far apart they arc in the pack and two
consecutive cards are the least likely to be separated by repeated
cutting. Genes far apart on the same chromosome co segregate
randomly and have a 50:50 chance of remaining on the same
chromosome following meiosis. In a family linkage study the
recombination fraction (0) will therefore lie between 0 (indicating
that a polymorphic marker is a physical part of the gene responsi¬
ble for the disease so the marker and the gene never become scpa
rated) and 0.5 (completely independent assortment of marker and
gene). For analysis of linkage the recombination fraction between
a marker and disease locus can be measured directly in a family or
group of families simply by counting the number of recombinant
individuals, divided by the total number of offspring. Figure 9.7
illustrates the segregation of two markers in a family and the
principles of linkage analysis. In large families calculation of

linkage is complex and the recombination fraction is estimated by
the method of maximum likelihood and calculated using 'linkage'
computer programs (Ott 1999). The conventional statistical
method to test for linkage is to calculate the LOD (Log of the
Odds) score from the recombination fraction. It is conventionally
accepted that a LOD score of 3 (odds in favour of linkage of
1000:1) is considered proof of linkage and conversely a LOD
score of -2 (odds against linkage of 100:1) is accepted as
exclusion.

Linkage analysis is an important tool for the analysis of genetic
loci, exploiting the immense amount of sequence variation found
across the human genome. Typically a genome-wide screen for
linkage in a group of families multiply affected by a disease will
employ several hundred mierosateliite markers or several thousand
SNPs chosen to be evenly spaced at intervals of less than 10 cM
across all chromosomes. Regions of interest may be further exam¬
ined with a denser series of markers. Many independent linkage
studies, including whole genome scans in large collections ofmul
ply affected families or affected pairs ofsiblings, have been reported
in schizophrenia and manic depressive illness with some encourag¬
ing convergence of results (Riley & McGuffin 2000, Raron 2002).

Fig. 9.7
The segregation of two polymorphic markers at two hypothetical points that lie close together on an autosome in a small family. Both
markers are bi-allelic; for example, they might represent a single-nucleotide polymorphism (SNP). The allelotypes at locus A are (arbitrarily)
labelled 1 and 2, and those at B are labelled 3 and 4. In this example the two loci are tightly linked together, and within this pedigree
there are no examples of recombination between the homologous chromosomes, However, the presence of different allele combinations
in those marrying into the pedigree suggests that this would not be the case if we could examine a considerable number of meioses. In
addition to being close to each other on the chromosome, the markers have a combination of alleles (shaded 1,3) present in all individuals
with the proposed disorder (the black pedigree symbols). Linkage analysis tests statistically whether such apparent segregation is likely to
have occurred by chance. If this is unlikely, then a locus that increases the susceptibility of the diathesis lies close to the markers on the
chromosome. Also note that, although apparently autosomal dominant, the disorder is not fully penetrant, and an unaffected individual
who must carry the susceptibility locus occurs in the middle generation.
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Some genes of apparently large effect have been detected
in studies of extended families, although these may be relatively
rare causes of illness in the general population. I-arge numbers of
affected pairs of siblings arc easier to recruit than large pedigrees,
and if very large cohorts arc studied the approach is suited to the
detection of genes of small effects predicted under a polygenic
model. However, if substantial locus heterogeneity is present, this
approach requires unrcalistically large samples. A large number
of linkage projects using both strategies have been completed
in the past two decades, and evidence for linkage, supported
by more than one study, has emerged in several chromosomal
regions. In a single family, carriers of a reciprocal translocation
t( 1; 11 )(q42.2;q21) which was stably inherited in a large Scottish
pedigree were shown to have very high rates of major psychiatric
illness when compared with non-carriers. The strongest evidence
for linkage {LOD score of 7.1) was found with a phenotypc thai
included both schizophrenia and affective psychosis, and linkage

is also found at this region in families from the Finnish popula¬
tion (Blackwood ci al 2001, likclund et al 2000), Candidate genes
for schizophrenia, Disrupted In Schizophrenia I (DISCI) and
Disrupted In Schizophrenia 2 (DISC2) were detected by cloning
the translocation breakpoint (Millar ct al 2000). Chromosome
22ql I is another region where a chromosomal abnormality has
initially focused the search for genes. A small interstitial deletion
at this location causes the vclocardiofacial syndrome (VCFS), and
patients with the disorder have characteristic congenital abnor¬
malities in addition to carrying a substantially increased risk of
psychosis. The deletion encompasses several candidate genes —■

including genes coding catechol - O mcthyltransfcrasc (CO.MT)
and the G-protcin-couplcd receptor kinase 3 (GRK3), for which
there is some evidence for association in schizophrenia and bipolar
disorder. Linkage to a region on chromosome 6p was identified in
Irish families, and evidence has been recently presented that a
candidate gene in lhat region, Dysbindin, is associated with schiz¬
ophrenia (Straub ct al 2002). On chromosome Bp several groups
have reported linkage, and the gene Ucurcgulin-1 (NRGI) shows
association with schizophrenia in the Icelandic and Scottish popu
kit ions (Stefansson et al 2002, 2003). Other regions identified by

.ige in families with schizophrenia include 13q, 6q, 2p, 5q, 6q,
lOp and 13q. The focus is now to identify genes at these regions
of interest and to study the expression patterns and biological
functions of candidate genes in the regions.

Family linkage studies have identified several chromosome
regions likely to harbour genes implicated in bipolar disorder.
Recent results have been encouraging and chromosome, regions
identified in more than one linkage study include lq, 4p, 6p, Hip,
lOq, 12q, 13q, 18p, 18q, 21q, 22q and Xp. Further linkage
studies may show that some of these are false positive findings,
but it is likely that some are true linkages. The task of finding
genes in these regions, using methods of linkage disequilibrium
mapping and direct sequencing of candidate genes, is not trivial,
because linkage typically has low resolution for locating genes
and defines a broad chromosome region. For example the
candidate region identified by linkage on chromosome 4 may
contain around 30 genes, several of which arc candidates for a
role in mental disorders. At some chromosome regions linkage
evidence has been consistently reported for both schizophrenia
and bipolar disorders. A possible overlap of genetic risk of these
conditions remains speculative, hut the possibility of some genes
contributing to increased risk of schizophrenia and affective
disorders remains strong. At one such region on chromosome I 3q

two novel linked genes, G72/G30, have been described (Hattori
ct al 2003).

Association studies

Linkage analysis is performed on families with more than one
affected relative whereas association studies compare the frequence
of alleles of a DNA marker in populations of patients and healthy
controls. In the search for genes these two approaches are entirely
complementary. The idea of association is simpler and is well
known through the long-established association between HI,A
subtypes and some common diseases, including diabetes, rheuma¬
toid arthritis and ankylosing spondylitis. When one allele of a DNA
polymorphism, for example a SNP or a microsatcllite marker, is
found more commonly in a disease population than controls the
marker and disease are said to be associated or in 'linkage disequi¬
librium'. This could occur because the polymorphic marker itself is
a variant that directly influences the phenotypc. One example is the
association of late-onset Alzheimer's disease with ApoE4. The
frequency of ApoF.4 is about 0.4 in individuals with Alzheimer's
disease compared with 0.15 in controls. This QTL increases the
liability to develop dementia but is neither sufficient nor necessary
to cause illness. Linkage disequilibrium may also occur between
a disease and a polymorphic marker situated very close to the
disease-related gene but not involved in causing the disease pheno¬
typc. When the marker and the disease gene are physically close
on the genome they are less likely to become separated by rccom
bination over many generations. In this situation, association
between a disease and a polymorphic marker in a population
can he explained by a founder effect when a significant proportion
of people with the disease arc the descendants of a single
founder person who introduced the disease to the popula¬
tion many generations previously. Descendants with the disease
will have inherited the disease related gene together with the
DNA sequence immediately surrounding that mutation. The more

closely to the gene a DNA polymorphism is located the less it
is likely to be separated by recombination, and the association of
the polymorphism with disease will remain over many generations
The ideal setting for an association study would thus lie a

completely isolated island population where the disease had been
introduced many generations previously by a single founder and all
the people with the disease being studied were descended from
that person. In practice, association studies arc successfully carried
out, for example in Furopcan populations, provided eases and
controls arc carefully matched for age and ethnic origin. Linkage
disequilibrium typically extends over very short distances of a few
hundred kilobascs, giving much higher resolution for mapping
genes than can be achieved by linkage strategics.

Candidate genes

Genes coding proteins related to neurotransmitter function,
including dopamine, noradrenaline, serotonin, GABA and
glut.un.ite neurotransmission, have been extensively investigated
in schizophrenia and bipolar disorder by association studies and
directly for mutations by sequencing. Kvidenee that variants in
neurotransmitter-rclatcd genes have a substantia! causative role
in schizophrenia remain unconfirmed, but studies on the gene on
chromosome 22 coding for the enzyme COMT, which show
significant association with schizophrenia, provide an illustration
of the difficulties of establishing a link between a candidate gene
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and a complex disorder such as schizophrenia. The gene coding
COMT is a strong candidate for a role in schizophrenia because
of its biological function and its chromosomal location. COMT is
one of the enzymes that degrades catecholamines, and the gene
that codes it is located within the small region on chromosome 22
deleted in patients with veiocardiofocial syndrome, a condition
that carries an increased risk of schizophrenia. Numerous linkage
and association studies around this region had produced conflict¬
ing results but very strong association was detected by Shifman
ct al (2002). In this study the important factors contributing to
the detection of association were the large sample size (4800
controls and over 700 patients), a homogeneous study population
and the use of several polymorphic markers in the association
study (12 SNPs across the gene were genotyped), allowing analy¬
sis of association with individual markers and also with haplotvpcs
made tip of groups of these markers. The evidence from this
study suggests that variants of the COMT gene arc risk factors in
schizophrenia.

Monoamine oxidase (MAO), another key enzyme in amine
metabolism, has shown association with bipolar disorder in some
studies, but the effects arc small and not replicated. Specific scro
tonin reuptake inhibitors (SSRIs) are a mainstay of pharmacother
apy in the treatment of depression, and it is logical that their
substrate, the human SErotonin Reuptake Transporter (hSERT),
and its gene on the long arm of chromosome 17 have been the
focus of intensive study. A polymorphism (a variable number
tandem repeat or VNTR) affects the function of the gene, and
there is evidence that the 12-repeat allele modestly increases the
susceptibility to bipolar disorder in Caucasian populations. The
primary function of amincrgic neurotransmitters is to interact with
a postsynaptic receptor to achieve their signalling actions. These
mcmbranc-bound receptor proteins are key candidates for dysfunc¬
tion in psychiatric illness. The serotonergic receptor system has
been examined both at the sequence level and by association analy¬
sis for seven of the SHT receptor types, with very mixed results —

with both positive and negative findings in abundance (Potash &
DcPaulo 2000).

Dopaminergic receptors have been more extensively studied in
patients with schizophrenia than with bipolar disorder, and here
again the results have been mixed. An example is DRD5 the gene
encoding the type 5 dopamine receptor, which is found especially in
the limbic and frontal cortex in human brain. This is strongly
associated with schizophrenia but not bipolar disorder (Muir et al
2001) and yet lies within a region of linkage to bipolar disorder on
chromosome 4. The confusing results that emerge from association
studies of neurotransmitter systems may arise because studies arc too
small to detect genes that are components of a polygenic system.

Cytogenetic studies

Cloning disrupted genes from rare chromosomal rearrangements
has been a very fruitful approach for a wide variety of inherited
neurological conditions because — in contrast to linkage and
association studies, where the results, even if positive, define broad
areas at the molecular level — abnormalities of chromosomes can

precisely pinpoint the position of disrupted genes (Evans ct al
2001). Examples of the success of this approach arc:

• the discovery of the novel genes DISCI and DISC2 at the
breakpoint of a translocation on chromosome 1 in a family
with schizophrenia;

• the analysis of candidate genes including C,OM'I\ PRODH2
and the G-prorcin coupled receptor kinase 3 (GRK3) in the
region on chromosome 22 deleted in the velocardiofacial
syndrome;

• the discovery of DIBD1 (Disrupted in Bipolar Disorder I).
A small pedigree was described with a t(9;l I)(p24;q23.1)
translocation co-segregating with affective disorders. Five relatives
who carried the translocation had bipolar disorder and one had
early-onset recurrent major depression. A mannosyltransfcrase
gene was shown to fx- disrupted by the chromosome 11 break¬
point (Baysal et al 2002) and labelled DIBD1 (Disrupted in
Bipolar Disorder I) a 1 5-cxon brain-expressed gene that is possibly
involved in protein N-glycosyjation. litis is one of the first novel
genes described thought to have a role in bipolar disorder.
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BIOLOGICAL THEORIES OF BIPOLAR

DISORDER

Douglas Blackwood and Walter Muir

The neurobiological basis of bipolar disorders and the complex interactions of environ¬
mental and inherited factors that create vulnerability to abnormal moods remain essentially
unknown. However, several lines of research are providing important clues about the type
of biological processes underlying moods and their disorders. The established approaches
of ncurochcmistry and pharmacology that gave rise to the present generation of anti¬
depressant and mood-stabilising drugs have highlighted the importance ofneurotransmitters
and cell signalling pathways. Advances in neuroimaging techniques have identified several
brain regions showing structural or functional changes in subjects with mood disorders,
and cognitive deficits found in patients are in keeping with these imaging findings. It is
also now firmly established that genetic factors have a major role in determining the risk of
bipolar disorder, and recent developments in genomics and proteomics since the sequenc¬
ing of the human and mouse genomes are now providing powerful new approaches to the
study of these brain disorders. Genetic strategics can identify previously unknown genes
as candidates for a role in mood disorders, and it is hoped that elucidating the novel neuro¬
chemical pathways and cellular processes in which these genes operate will give a fresh
understanding of the biology of complex behaviours and moods.

NEUROIMAGING AND NEUROPSYCHOLOGY OF BIPOLAR
DISORDER

Bipolar disorder was traditionally considered an episodic illness showing complete re¬
mission of symptoms between bouts of elevated or depressed moods. However, many pa¬
tients experience significant social impairment between episodes, and different lines of
investigation, including brain imaging and neurocognitive assessment, provide evidence
of structural or functional brain alterations that are independent of the illness episode.
Neuroimaging studies have reported increased size and reduced glucose utilisation in the
amygdala and basal ganglia, and parts of the prefrontal cortex appear to Ire smaller in
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bipolar patients than in controls. Phosphorous magnetic resonance spectroscopy (MRS)
has revealed abnormalities of membrane phospholipid metabolism in frontal and striatal
regions (Strakowski el al., 2000). The subgenual prefrontal cortex, which is part of the cin-
gulate cortex, is of particular interest (Drevets ct al., 1997). Abnormalities in this region were
first identified in depression; subsequently positron-emission tomography (PET), magnetic
resonance imaging (MR!) and post-mortem data have confirmed a significant reduction in
grey matter volume in the subgenual prefrontal cortex in bipolar disorder (Ongur et al.,
1998). These changes may be a feature of all types of depression; imaging studies have
not identified consistent changes specific to bipolar disorder. Overall, there is converging
evidence from imaging studies that dysfunctions in the prefrontal cortex, amygdala and
striatum play a part in bipolar mood swings.

Investigations of cognitive function in bipolar disorder suggest that patients experience
impairment of memory and concentration during periods of illness, and some deficits persist
after recovery. During an episode of acute mania, patients show deficits in sustained attention
and verbal learning rather than in tests of executive function (Clark, et al., 2001). In some

bipolar patients, cognitive deficits persist after the remission of acute symptoms, especially
those with a chronic form of illness (Bearden et al., 2001). These studies are difficult to
interpret because the states of depression and mania strongly influence the administration of
tests and the subjects' motivation to take part. However, there is converging evidence from
several studies that bipolar subjects, compared with controls, show impairments in verbal
and visuospatial memory, and tasks requiring serial processing and higher-order cognitive
functioning, such as abstraction. Results from some, but not all, studies distinguish bipolar
from unipolar subjects. In one comparison of neuropsychological performance during an
acute depressive episode, patients with bipolar disorder showed a higher degree of cognitive
dysfunction connected with frontal lobe activity than patients with unipolar depression
(Borkowska & Rybakowski, 2001). The difference between bipolar and unipolar patients
could not be accounted for by differences in symptom severity orduration of the illness, and
the level of cognitive dysfunction led the authors to suggest that there may be similarities
between cognitive deficits observed in bipolar disorder and schizophrenia. Alterations in
memory and executive function are not specific to bipolar disorder, and their neural correlates
remain extremely speculative, but it has been suggested that these are consistent with impair¬
ment in the prefrontal cortex and striatal systems, as identified in imaging studies. A major
question is whether the cognitive deficits found in patients during episodes of depression
or of mania persist after full recovery when the patient is euthymic. Several studies on this
have provided evidence for lasting deficits that are trait- rather than state-related variables.
Both good- and poor-outcome bipolar patients performed worse than controls on a number
of neuropsychological tests, and after controlling for age, premorbid 1Q and depressive
symptoms, it was found that executive function was consistently impaired (Ferrier et al.,
1999). Another study testing verbal learning, memory and executive function in euthymic
patients and in controls found persisting impairment of verbal learning in bipolar subjects
when fully recovered from a previous manic or depressive episode (Cavanagh et al., 2002).

PHARMACOLOGY AND NEUROCHEMISTRY OF
BIPOLAR DISORDER

Pharmacological treatments are central to the management of bipolar disorder in the acute
phase and for the prevention of further episodes. Theories of the neurochemical basis of
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bipolar disorder have traditionally been based on knowledge of the targets ofdrugs known to
be effective in the treatment of depression and mania, drugs known to cause mood changes
and mood stabilisers effective in prophylaxis.

One of the earliesl biological theories of mood disorder, the monoamine hypothesis,
proposed that depression was due to a deficiency of the monoamine neurotransmitters
noradrenalin (norepinephrenine), 5-hydroxytryptamine or serotonin (5-HT), and dopamine.
This was based on the pharmacology of the first effective antidepressant drugs, the tricyclic
antidepressants and monoamineoxidase inhibitors, which are known to increase the avail¬
ability of monoamines al the synapse, in contrast lo drugs, such as reserpinc, that deplete
monoamines and caused depression. Support came from biochemical and pharmacological
studies of neurotransmitters, and their precursors and metabolites in serum, platelets and
cerebrospinal fluid (CSF), and in post-mortem brain tissue, where receptor function has
been directly and extensively studied (Stahl, 2(KX)). Overall, evidence from these studies
has been inconclusive. Direct measurement of brain monoamine receptors in post-mortem
tissue has failed to reveal consistent changes linked to mood disorder, apart from the striking
and consistent finding of increased 5-HT2 receptors in the frontal cortex of suicide victims.
Noradrenalin metabolites are reduced in some depressed patients, and the main metabolite
of 5-HT, 5-hydroxy indole acetic acid (5H1AA), is reduced in the CSF of depressed subjects.

1 lowever, the simple hypothesis that reduced monoamine availability at certain synapses
is a cause of depression does not explain the delayed response to antidepressants, for,
although antidepressants cause an immediate increase in monoamines, their therapeutic
response is felt by the patient sometimes after a delay of several weeks. The focus of
research has moved from neurotransmitters and their metabolites to their receptors, the
control of gene expression regulating their synthesis and the post-synaptic signalling events
of the downstream transmission of synaptic signals.

Long-term prophylaxis with mood stabilisers is an essential element of treatment for
most patients. Lithium carbonate, first discovered as a treatment over 50 years ago, remains
the first choice of mood stabiliser, firmly backed by clinical trials that prove its efficacy
in the treatment and prophylaxis of mania and recurrent depression. The anticonvulsants
sodium valproate (or valproate semisodium) and carbamazepine are alternatives to lithium
and lamotrigine; moreover, an anticonvulsant is being increasingly used as a second-line
treatment.

Post-synaptic signal transduction, the cascade of post-synaptic events set in train by the
depolarisation of a monoamine receptor, involves a complex second-messenger system, part
of which is the family of proteins called guanine nueleotide-binding proteins (G proteins).
These bind to the post-synaptic receptor and are responsible for the further transmission
of the signal initiated when the neurotransmitter binds to its receptor at the synapse. A
number of enzymes, including inositol, modify the second-messenger system by binding to
G proteins, and it is thought that lithium exerts its effects by depleting the level of inositol
(Berridgeet al., 1989).

The potential importance of the inositol system is enhanced by the recent discovery that
three major mood stabilisers, lithium, carbamazepine and sodium valproate, have a common
mode of action, causing inositol depletion via the cytoplasmic inosilol-regulating protein
prolyl oligopeptidase in a model system. Inositol depletion is likely to have an important
effect in the regulation of signal transduction and indeed in neuronal growth (Williams et al.,
2002). Much attention has been directed to these intracellular signalling pathways. G protein
levels and function measured in peripheral blood mononuclear leucocytes are reported to be
increased in mania, decreased in depression and altered in post-mortem tissue from bipolar



224 Douglas Blackwood and Walter Muir

patients. However, no DNA sequence variants associated with bipolar disorder have yet
been detected in genes coding for proteins involved in these signal-transduction pathways
(Avissar & Schreiber, 2002).

GENETICS OF BIPOLAR DISORDER

It has long been suspected and is now firmly established that bipolar disorder is familial,
and there is a 10-fold increase in the risk of illness in a first-degree relative of someone
with the disorder compared to the population risk. That this is partly due to genetic rather
than purely environmental factors is confirmed by adoption studies and the well-replicated
observation that concordance rates are significantly higher in identical than fraternal twins.
However, the type of inheritance observed in families with bipolar disorder is not well un¬
derstood. It is clear that the disorder is not usually caused by the dysfunction of any single
gene or even two or three genes, and analysis of the segregation of the illness in families
has not provided a clear explanation of how the illness is inherited. Diagnosis is essentially
descriptive and is based on symptoms described by patients and observation of their be¬
haviour, and there are no reliable biological markers to validate the descriptive definition.
The disorder is most probably heterogeneous, encompassing several distinct disorders each
with a different genetic basis. For example, an early age of onset or a maternal inheritance
pattern may identify two subtypes. Some studies of the segregation of the disorder in fam¬
ilies support a model in which single genes of large effect cause illness in families, and
different genes are responsible for illness in different families (major genes with locus het¬
erogeneity). This model is supported by some segregation analyses and linkage studies in
large families (Blackwood et al., 2001; Blangcro & Elston, 1989; Rice et ah, 1987; Spence
et ah, 1995). However, there is evidence that subtypes of the disorder may be the result of
the presence of several additive or interacting genes, each one alone being neither sufficient
nor necessary for illness to develop (polygenic model). Further complexity arises when we
consider other genetic effects that may be important in some forms of the illness. So-called
epigenetic phenomena include anticipation, defined as an increase in illness severity and
progressively earlier age at onset with each generation. The importance of anticipation, for
which there is some evidence in familial bipolar disorder, is that, if present, it suggests a

possible molecular mechanism to explain the clinical phenomenon. Other disorders showing
anticipation, such as Huntington's disease, are caused by the expansion of unstable repeat
DNA sequences in genes. Two other epigenetic phenomena of possible relevance to bipolar
disorder are imprinting, describing a different expression of a disease when transmitted
maternally as opposed to paternally, and mitochondrial inheritance, caused by a mutation
in the mitochondrial genome, in which the disease is always transmitted from the maternal
side. Each of these genetic hypotheses suggests candidate genes that have been investigated
by linkage and association studies, as decribed below.

LINKAGE STUDIES

The success of linkage studies as the first step in mapping genes in other complex disorders,
including Alzheimer's disease, diabetes and breast cancer, has given a strong stimulus to the
search for genes in bipolar disorder (Baron, 2(X)2; Craddock et al., 2001; Potash & DcPaulo,
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2000). Genetic linkage studies involve families where two or more members are affected by
illness. The statistical analyses aim to detect the coscgregation of a genetic marker with the
disease phenotype in a family. Studies can be based on extended, multiply affected families
or collections of sibling pairs where both siblings are affected. Before the era of molecular
genetics, one of the first linkages to be reported in bipolar disorder was with colour blind¬
ness and the glucose-6-phosphate dehydrogenase locus, highlighting the possibility of an
X chromosome locus in bipolar disorder, since both of these markers were known to be on
the X chromosome. Initial reports were not replicated, but subsequent linkage studies have
maintained interest in a possible locus of bipolar disorder on the X chromosome (Baron,
2002). As a product of the Human Genome Project, many thousands of polymorphic mark¬
ers are now available. These include microsatellites and single nucleotide polymorphisms
(SNPs), each precisely mapped to a known location on a chromosome. Today, sequencing
techniques can be used to detect SNPs directly, and a huge number have been generated
by the SNP-mapping consortium and other sources, allowing the detailed mapping of large
stretches of the genome (Taylor et al., 2001). In a typical linkage study, a series of polymor¬
phic DNA markers, evenly spaced across the region of interest (that may include the whole
genome), are typed with DNA obtained from family members. Typically, about 400 evenly
spaced microsatellite markers may be used in a genome-wide scan for linkage. During the
past decade, family linkage studies have identified several chromosome regions likely to
harbour genes implicated in bipolar disorder. Recent results have been encouraging, and
several chromosome regions have been identified in more than one linkage study. Chromo¬
some regions where linkage has been confirmed or is suggestive include 1 q, 4p, 6p, lOp,
lOq, 12q. 13q, 18p, 18q, 21 q, 22q and Xp. Further linkage studies may show that some
of these are false-positive findings, but it is likely that some are true linkages. The task of
finding genes in these regions by methods of association (linkage disequilibrium mapping)
and direct sequencing of candidate genes is not trivial, because linkage typically has low
resolution for locating genes and defines a broad chromosome region. For example, the
candidate region identified by linkage on chromosome 4 may contain around 50 genes,
several of which are good candidates for a role in mental disorders.

ASSOCIATION STUDIES

Linkage and association studies assume the existence of a DNA variant that, by altering the
expression of a gene, changes a person's risk of developing illness. However, association
studies test this assumption by comparing the distribution of different types of a DNA
variant (alleles) in populations of "affecteds" and "unaffecteds" (Cardon & Bell, 2001).
When a candidate gene has been identified, direct DNA sequencing may reveal mutations
that cause the expression of the gene to change.

In the absence of a clearly biological hypothesis, the choice of candidate genes is large
because almost any gene expressed in the brain can be construed as a possible candidate
for bipolar disorder. In practice, candidates have been selected for several reasons. Positive
linkage studies or consistent chromosome abnormalities in patients with bipolar disorder
can provide pointers to a particular chromosomal region (candidate loci). Candidates may
also arise from assumptions made about proteins or systems of proteins connected with the
assumed underlying pathology of the illness, or from our knowledge of the targets of drugs
that are useful in treating the disorder (candidate genes).
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A major limitation of the candidale-gcne approach is our incomplete knowledge of the
neuroehemistry and pathophysiology of bipolar disorders, so that a reasonable case can
be argued to include almost any of the 10000 genes known to be expressed in the human
brain in a list of candidate genes worth investigating. A second difficulty of candidate
gene association is that bipolar disorder is a heterogeneous group of conditions, and very
large sample sizes are required to detect small population effects. To date, the results of
association studies have been inconclusive.

Candidate gene association studies

POSITIONAL CANDIDATES

Genes mapped within narrow regions of chromosomes 4, 12, 18 and 22, where strong
evidence for linkage in families has been reported, are being systematically studied.

NEUROTRANSMITTER SYSTEMS

A large proportion of candidate-gene studies have focused on key enzymes and proteins in¬
volved in dopamine-norepinephrine-and serotonin-based neurotransmitter systems. Among
the first candidates to be studied by association analysis was the gene for tyrosine hydroxy¬
lase, a rate-limiting enzyme in the metabolism of catecholamines. The apparent success of
linkage to chromosome 11 p 15 in the large Old Order Amish kindreds with multiple cases
of bipolar disorder (Egeland et al., 1987) led to further studies of genes in the area. Initial
promising results (Leboyer et al., 1990) were followed by a scries of conflicting, but overall
negative studies (Furlong et al., 1999; Turecki et al., 1997). This story has been repeated
for many of the other candidates subsequently investigated, and, at present, even partly
replicated findings have to be approached with some caution.

The enzyme catechol-o-methyl transferase (COMT) is also involved in the degradation of
monoamines. The gene coding for this enzyme is associated with a common and functional
polymorphism that alters the activity of the protein. Alleles associated with low enzyme
activity may increase the likelihood of developing bipolar illness and increase the likelihood
that the illness will take a rapid cycling form (Kirov et al., 1998). Monoamine oxidase (MAO)
is another key enzyme in amine metabolism. There are several forms of the enzyme, and the
gene for type A has been quite extensively studied. A modest association has been found be¬
tween forms of the microsatellite polymorphism and the likelihood of bipolar disorder, espe¬
cially in females; the gene is on the X chromosome (Furlong el al., 1999; Preisiget al., 2000).

Specific serotonin reuptake inhibitors (SSRIs) arc a mainstay of pharmacotherapy in
the treatment of depressive phases of bipolar disorder. It is logical that their substrate, the
human serotonin reuptake transporter (hSERT), and its gene on the long arm ofchromosome
17 have been the focus of intensive study. A polymorphism (a variable number tandem
repeat [VNTR]) affects the function of the gene, and there is evidence that the 12-repeat
allele modestly increases the susceptibility to bipolar disorder in Caucasian populations
(Craddock et al., 2001). The effect is relatively small, but studies have been consistent, and
the concept of a secondary "push" on top of another more substantial genetic weighting
factor (or factors) could explain some of the variability in the penetrance of the condition.
The primary function of aminergic neurotransmitters is to interact with a post-synaptic
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receptor to achieve their signalling actions. These membrane-bound receptor proteins are
key candidates for dysfunction in bipolar illness. The serotonergic receptor system has been
examined both at the sequence level (Shimron-Abarbanell et ah, 1996) and by association
analysis for seven of the 5-HT receptor types, with very mixed results and with both positive
and negative findings in abundance (Potash & DePaulo, 2000).

Dopaminergic receptors have perhaps been more extensively studied in patients with
schizophrenia than bipolar disorder, and here again the results have been mixed (Potash &
DePaulo, 2000). An interesting example is DRD5, the gene encoding the type 5 dopamine
receptor, which is found especially in the limbic and frontal cortex in human brain. This
is strongly associated with schizophrenia, but not bipolar disorder (Muir et ah, 2001), and
yet it lies within the region of highest linkage (at 4pl6.3) in a large Scottish family with
bipolar disorder (Blackwood et ah, 1996). The gene for wolframin, the protein involved in
Wolfram's syndrome, which is commonly associated with psychiatric disorders, is also in the
region, although it is not mutated in the Scottish bipolar pedigree. The DRD3 gene codes for
the type 3 dopamine receptor, and its localisation is largely confined to limbic brain regions.
Although it is postulated to have a role in the precipitation of mania by dopamine agonists,
studies of relevant polymorphisms have not shown convincing evidence for association in
bipolar disorder.

The confusing results that emerge from association studies of neurotransmitter systems
may arise because the studies are too small to detect genes that are relatively rare in the
population as a whole or have a small individual effect in causing disease that has polygenic
causation.

GENES INVOLVED IN INTRACELLULAR SIGNAL
TRANSDUCTION

There has been a great deal of recent interest in the part played by intracellular signalling
cascades in both the genesis of mood disorders and the actions of pharmacotherapcutic
agents. Common to these has been the realisation that the adult brain is a much more
functionally and anatomically plastic organ than previously thought, and that changes in
neuronal intracellular messenger cascades are vitally important in controlling such changes
(Manji & Lenox, 2000). Long-term stress has been shown to induce neuronal apoptosis and
prevent neurogenesis in the hippocampus, and several studies have suggested that severe
mood disorders can induce significant damage (perhaps by glucocorticoid overactivity) in
key brain regions thought to be affected in bipolar disorder, such as the hippocampus (Manji
et ah, 2001).

Antidepressants and mood stabilisers, such as lithium, are known to have important effects
on intracellular signalling mechanisms that influence cellular plasticity and apoptosis, in a
time-dependent fashion that more closely mimics their clinical activity than direct effects
on the extracellular neurotransmitter systems. Of the intracellular mechanisms, the protein
cascades that involve cyclic (c) AMP are especially interesting. Long-term antidepressant
medication (various classes) increases intracellular levels of cAMP and activates the in¬
tranuclear response elements, including cAMP response element-binding protein (CREB)
and brain-derived neurotrophic factor (BDNF), via the protein kinase A system (Vaidya &
Duman, 2001). BDNF is thought to play a crucial role in neuronal plasticity and survival,
perhaps via the antiapoptotic activities of bcl-2 proteins. The phosphodiesterase PDE4 is
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involved in the cytoplasmic breakdown of cAMP, and inhibitors such as rolipram have an

antidepressant effect, again potentially by the chronic upregulation of the CREB-BDNL
system via cAMP.

The intracellular signalling cascades provide many candidates for association studies
with bipolar disorder, but few studies have been conducted. The G protein-coupled receptor
kinase-3 gene (GRK-3) is located at 22qll near the velocardiofaeial region (see below),
and its expression was decreased in a family with bipolar disorder. The gene for inositol
monophosphatase type 2 is located at 18p I1.2, where there is evidence of linkage in bipolar
disorder (Kato, 2001).

TRIPLET REPEATS AND ANTICIPATION

Trinucleotide repeats consist of three nucleotides consecutively repeated within a region
of DNA. The commonest of these comprise of strings of the nucleotide sequence (CGG),
(CAG) or (CTG). Their presence may confer instability on a gene because they are prone to
undergo a novel type of mutation known as triplet repeat, expansion, a dynamic mutation
that results in an expansion of the length of the repeat, sometimes to hundreds of bases,
that ultimately disrupts gene function. Diseases caused by trinucleotide repeat expansion
include Huntington's disease and fragile X syndrome, and the mechanism, though not yet
fully understood, explains some of the unusual nonntendelian patterns of inheritance found
in these disorders. Unstable repeats have the property of extending in length during meiosis,
and this leads to the clinical phenomenon of "anticipation", which describes the increase
in severity of symptoms of illness and a progressively earlier age at onset in successive
generations. Longer expansions cause greater disruption of gene function, leading to greater
severity of illness. Analysis of bipolar pedigrees has been consistent with anticipation,
showing, on average, a 6-10-year advance in age at onset from one generation to the
next (Margolis et ah, 1999), although the interpretation of the apparent anticipation is
confounded by other population trends in age of onset (Visscher el ah, 2001). Several
studies have reported association between bipolar disorder and CAG and CTG repeats in
the genome, but a role for repeats has not been confirmed by the analysis of any single
candidate gene. Repeat expansion remains an interesting but unconfirmed possibility in a

subgroup of bipolar disorder.

THE MITOCHONDRIAL HYPOTHESIS OF BIPOLAR DISORDER

Genomic imprinting mediated by DNA methylation was proposed as the explanation of
an apparent bias towards paternal inheritance in linkage to chromosome 18p in bipolar
disorder following the observation that around 20% of families collected for a linkage study
appeared to be maternally inherited (McMahonet ah, 1995; Stineel ah, 1995). Mitochondrial
inheritance is another possible explanation of maternal inheritance in a subgroup of families
(Kato & Kato, 2000). There are single case reports of patients comorbid with depression and
known mitochondrial diseases. In human postmortem brain tissue, an increase in a deletion
in mitochondrial (mt)DNA was found, but the frequency of this deletion was not sufficient
to have clinical effect. Two mlDNA polymorphisms that caused amino-acid substitutions
were significantly associated with bipolar disorder. However, the mitochondrial hypothesis
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was not supported when the whole mitochondrial genome was sequenced in nine bipolar
probands from families showing exclusively maternal transmission (McMahon el al., 2000).
There were no differences in the frequency of mlDNA haplolypes between bipolar patients
and controls, although a small effect was found with one polymorphism that had previously
been associated in a Japanese study.

PHARMACOGENOMICS

Association studies are a useful way to study the response of individuals to drug treatments.
A goal of pharmacogenomic research is to detect genetic variation that predicts a person's
response to a particular type of treatment and to measure the likelihood of unwanted side
effects to drugs, information that could save unnecessary prescribing and reduce the in¬
cidence of adverse reactions. Determining the rates of drug metabolism mediated by the
cytochrome system and the detection of good and poor rcsponders to lithium by measuring
variants of the gene arc two examples of this approach.

GENE-EXPRESSION ANALYSIS

New tools for measuring the expression of genes on a large scale are now available with
oligonucleotide or cDNA microarrays and by proteomic technologies (Avissar & Schreiber,
2002). Advances in genomics and proteomics make it possible to screen very large numbers
of candidate genes and proteins. One example of this approach was a study in which
methamphetamine-treated rats were used as a model for mania (Niculescu et al., 2000).
Gene expression in specific brain regions was compared in treated and untreated animals by
oligonucleotide microarrays. Amphetamine administration led to changes in the expression
of several genes in rat cortex, and the human homologues of these genes were considered
candidates for a role in the pathogenesis of bipolar disorder, including a G-protein coupled
receptor kinase (GRK3). This was selected for further examination, as it was mapped to a
region of chromosome 22 where linkage to bipolar disorder had previously been reported
and weak evidence for association to illness was reported. A parallel approach is to use
proteomic technology to survey post-mortem brain material to detect subtle alterations
of protein linked to bipolar disorder. In one study, the levels of proteins in the frontal
cortex were compared in post-mortem tissue from individuals with bipolar disorder, schizo¬
phrenia and depression, and eight protein species displayed disease-specific alterations in
the frontal cortex. Positional cloning strategies, microarray methods for genome analysis and
proteomic technologies are powerful new methods to identify completely novel pathogenic
mechanisms of bipolar disorder.

CYTOGENETIC STUDIES MAY HELP TO LOCALISE GENES
CONTRIBUTING TO BIPOLAR DISORDER

Cloning genes disrupted by chromosome rearrangements has been a very fruitful approach
for a wide variety of inherited neurological conditions. In contrast to linkage and associa¬
tion studies, where the results, even if positive, define broad areas at the molecular level.
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abnormalities ofchromosomes can precisely pinpoint the position ofdisrupted genes (Evans
et al., 2001).

One of the earliest areas of interest was chromosome 21, stemming from the long-
held idea that Down's syndrome (trisomy 21) as a condition is mutually exclusive with
bipolar disorder. This is not the case, and there are good descriptions of both mania and
depression in Down's syndrome, although the risk of bipolar disorder may be decreased,
and unipolar disorder is held by some to be increased in frequency. Trisomies involving the
sex chromosomes have also been implicated, but the initial studies were not well controlled,
and more recent work has not provided good evidence that they are a substantial risk factor
for bipolar disorder (Mors et al., 2001).

Carriers of a reciprocal translocation t( 1; 11 )(cj42.2;q21), which was stably inherited in
a large Scottish pedigree, were shown to have very high rates of major psychiatric illness
when compared to non-carriers. The strongest evidence for linkage (Lod score of 7.1) was
found with a phenotype that included both schizophrenia and affective psychosis—with
cases of bipolar and recurrent unipolar disorder in translocation carriers (Blackwood et al.,
2001; St Clair et al., 1990).

Candidate genes for schizophrenia and bipolar disorder isolated by a direct molecu¬
lar genetic analysis of the breakpoint, DISCI and DISC2, were detected by cloning of a
translocation breakpoint that disrupted their exonie structure (Millar et al., 2000).

A small pedigree has been described with a 1(9; 11)(p24:q23.1) translocation where five
carriers had bipolar disorder and one had early-onset recurrent major depression that co-
segregated with affective disorder. There are four unaffected carriers, but the pedigree is
probably too small to yield to linkage analysis (Baysal et al., 1998). However, recently, a

mannosyltransferase gene has been shown to be disrupted by the chromosome 11 q23 break¬
point (Baysal et al., 2002). This has been labelled DIBDJ (disrupted in bipolar disorder 1), a
15-exon brain-expressed gene that is possibly involved in protein //-glycosylation. Linkage
analyses in two separate sets of NIMH bipolar pedigrees did not yield conclusive results,
but one polymorphic marker pair did show evidence of increased allele sharing in the first
series of multiplex pedigrees. Further studies on this gene will be interesting, and, as the
region is also a "hot spot" for schizophrenia, it may also be one that transcends the usual
diagnostic boundaries.

A recent and striking observation has been made of a high rate ofaffective psychosis in pa¬
tients with Prader-Willi syndrome, especially where this has originated through uniparental
disomy of chromosome 15 (Boeret al., 2002). This region contains several imprinted genes
that could be candidates. A similar situation where a contiguous gene syndrome may be
associated with bipolar disorder is the Velocardiofacial syndrome, involving an interstitial
deletion on chromosome 22 (Papoios et al., 1996; Pulver et al., 1994). This deletion includes
several genes, and the completion of the full sequence of chromosome 22 should rapidly
yield candidate genes for further testing in the general population.

A cross-referencing search of two large cytogenetic registers, one in Scotland and the
other in Denmark, revealed two unrelated individuals with the rare pericentric inversion
inv(18) (pi 1.3q21.1), in which one subject had schizophrenia and the other bipolar
disorder (Mors et al., 1997). Linkage has been reported at both breakpoint regions for
schizophrenia and bipolar disorder. A breakpoint at I8q22.1 was also reported in a patient
with schizoaffective disorder by Overhauser et al. (1998), and two related individuals with
a translocation at I8q22.3 were diagnosed as having schizoaffective disorder and bipolar
disorder (Calzolari et al., 1996).
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FUTURE DIRECTIONS

Despite promising positive linkage findings, no genes have been identified as being un¬
equivocally involved in bipolar disorder. However, powerful new approaches are becoming
available to elucidate the neurobiological basis of the disorder. These include inicroarrays
in genomics and proteomics, permitting the rapid, simultaneous screening of many genes
and proteins in large patient samples. Another development is the combination of struc¬
tural brain imaging with a candidate-gene approach that has shown, in a recent study, an
association between a variant of the serotonin transporter gene and increased neuronal ac¬
tivity in the amygdala, as assessed by functional magnetic resonance imaging (Hariri et ah,
2002).
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24 Learning disability
Walter J Muir

INTRODUCTION

mug disability (LD), considered as a field within which
> m t chiatrists seek to practice, continues to change at a bewildering

c. The term itself is unsatisfactory, and no more informative
than the epithet 'mental illness' is as a term for the multitude of
distressing psychiatric conditions that can affect the individual. It
is also a source of confusion — most other countries adopt the
term mental retardation, and, in countries dominated by the clas¬
sifications of DSM-IV, learning disability commonly refers to
specific disorders of learning in those who do not necessarily have
an intellectual impairment. And yet, as with 'mental handicap'
before it, LD has passed into our language as the term we
currently use to describe the complex intellectual and social condi
tion that affects a substantial group of people. Most of the
previous nomenclatures have become viewed as opprobrious,
sometimes with good reason, others largely through the way soci¬
ety has treated and alienated people with LD. The history behind
rhis nosology has been dealt with before (Muir 1998). What is
usually important to people with LD is not the terminology used
but whether they are recognised and respected as individuals in
their own right, whether the doctor can remember their first and
se'-'Mid names. Cognitive disability docs not diminish the moral
• s of any individual, no matter how severe that disability, and

status is enshrined by our common humanity. The philosoph¬
ical and other arguments for (and against) the proposition that our
common humanity insists that we have respect for every individ¬
ual with LD have been well addressed by Byrne (2000).

That 1,D is a descriptive term, not a disorder in itself, is the
central theme of this chapter. It is only by understanding the
proximate causes that have cognitive outcomes that we can

progress to separate out and study the different life trajectories of
individuals with LD so as to make predictions about outcomes,
about susceptibilities and strengths, about interventions that arc
useful to the person. Each syndrome has features that not only
distinguish it from others but also determine how these will
change and develop over time. Nearly forty years ago Leo Kanner
(1964 in his History of the Care and Study of the Mentally
Retarded) entitled a chapter 'From homogeneity to hetero
gencity', noting the changes front the unitary idea of the early
19th century which recognised only one specific type of disorder
associated with LD (congenital hypothyroidism, then termed
cretinism), through to a wide range ofconditions including Down
syndrome (DS) by the turn of the century. This trend has now
become a huge flood, and behind this flood lies the march of
molecular genetics. There are approaching a thousand genetic-

syndromes alone that arc associated with LD, with no sign of the
pace of discovery slackening. This phenomenon is certainly not
restricted to LD (Childs 2001). The gene pool is highly mutable
— it has to be so in order to maintain the genetic flexibility that
underpins much of the homcostatic capacity of a species.
Mutations arc essential and frequent — they provide the necessary
substrates for adaptive responses to environmental change and
stress. It is not surprising then that many will not be adapted to
the environment at any given time — these we often regard
as deleterious. Mankind has also increased its homcostatic capac¬
ity through cultural and social mechanisms; we can alter the
environment so that many previously severely incapacitating
conditions have had their effects reduced, sometimes eliminated.
This is of course a major function of medicine. Phenylketonuria
(PKU) is an autosomal recessive disorder (prevalence around
1:15 000) caused by a gene mutation disrupting a key enzyme that
converts phenylalanine to tyrosine. Unchecked phenylalanine
accumulates to toxic levels, and formerly it was often associated
with severe LD, epilepsy, microcephaly, and in some cases repeated
self-injury. Knowledge of its genetic basis led to the elimination
ol" phenylalanine from the diet of individuals so affected with a
marked effect — intellectual impairment has been drastically
reduced. So important was this discovery that the inhibition test
devised by Guthrie was one of the earliest perinatal screening
programmes for a genetic disease and still continues. The rate of
mutation for PKU has not decreased however, bin the mutation is
now much more congruent with survival (Lindce 2000).

For the majority of conditions, however, the cognitive disabil
ity is not open to such interventions, the aim is to maximise the
person's potential within t he restrictions that the disability impos
es, and to detect and treat other coexisting conditions. Among
these, psychiatric illness and behavioural disorder arc those that
most concern the psychiatrist. When these arise in the setting of
specific disorders, then they arc affected by the shared characteris¬
tics of the group of individuals, as well as by their individual vari¬
ations, including those due to previous history and experience. It
is not only the genetic foundations of these syndromes that arc

being clarified, however; how they affect developmental neurobi¬
ology is now much better understood for many, with disorders
of neuronal division and patterning, neuronal migration and neu¬
ronal maturation, and examples of these arc discussed below. In
addition, infections, toxins and trauma still continue to take, a

huge worldwide toll, and their associations with LD are outlined.
LD requires a broad knowledge base drawn from a diverse set

of disciplines: child health and paediatrics, psychology, neurology,
generics and ageing. The repertoire of the psychiatrist in learning
disabilities has narrowed with the closure of most of the large LD
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24 LEARNING DISABILITY

hospitals, and thcv are no longer responsible lor the bulk of pri
mary care However, as the interdisciplinary nature of LD practice
expands, there is a great need to understand the person beyond
the limiting concept of LD. This chapter focuses where possible
on recent research; this is not to minimise the importance of the
corpus of older work on which it is based, but space constraints
mean that a focus has to be set. The older literature is covered in

previous editions of the Companion.

The most widely used clinical approaches to defining LD are simi¬
lar in requiring a triad of features: intellectual impairment, problems
with social or personal adaptive functioning and an onset before the
age of IS years. DSMTV-TR (ALA 2000) uses a multiaxial system
very similar to that promoted by the American Association on
Mental Retardation criteria lAAMR 1992). The AAMRcriteria use
the same three basic constructs as DS,M IV TR but are more

complex, with extensive definitions of patterns and degrees of
support-needs covering ten different domains. Both these systems
arc an advance in that LD (mental retardation) is no longer classi¬
fied as a primary disorder but placed correctly as a descriptive catc
gory. Thus, using DSMTV-TR, a hypothetical person may have a
disorder on axis 1, and also mental retardation on axis II. If they also
had epilepsy, this would be coded as for other general medical
conditions on axis 111. Axis IV would be used to describe problems
in someone with autism and LD, tor example, who also has diffi¬
culties in the psychosocial/cnvironmcntal domains such as a
disrupted social support network due to bereavement, or life tran
sition problems that often occur around school leaving age. Axis V
is based on a global assessment of function scale, and since it refers
to a supposed continuum between mental health and illness, it is
rather more difficult to relate to the person who has LD without a
given mental illness. In spite of the usefulness of the multiaxial
approach, DSM IV TR srill permits a non-axial approach, placing
(unfortunately) mental retardation back as a specific disorder.

The tenth revision of the International Statistical Classification
of Diseases and Related Health Problems (ICD-10) lists mental
retardation among the mental and behavioural disorders (WHO
1992, 1993), It is not multiaxial, nor has a strict age criterion
other than that impairment must occur during the developmental
period, hut does use the same IQ banding structure as DSM IV
TR. 1 loxvcvcr, the need for support is used as one of the indicators
w hen differentiating mild from severe LD, and it also allows that
overall functioning may change with time so subdefining 1.1)
depends on current state Am other disorders that are present
generate an independent additional code. Recently the
International Classification of Functioning, Disability and Health
(K'F or IC1DH-2) has described aspects of interactions between
person and environment and individual functioning that can be
used to enrich ICD-10 descriptions (WHO 2001). Overall,
however, the DSM-1V-TR approach is probably the most useful
and emphasises the need to search for and define the proximate
eauseis) of which LD is the outcome (King et al 2000a).

Intellectual impairment

The use of IQ measures in the definition of LD is controversial.
However, there needs to be a degree of intellectual functioning

that is statistically' below the population average as a necessary,
but not in itself sufficient, criterion. The use of a cut-off value
of 70 (two standard deviations below the mean) is not a problem;
the problem is largely how the psychological instruments available
estimate this. DSMTV-TR and ICD-10 qualify- the value of 70
with word 'approximately', and the AAMR 'approximately
70-75'. IQ scores arc not precise, with an error range of near ± 5
points. Thus the concept of 'borderline' LD has emerged, but its
practical utility is limited. There are strong sociocultural influences
in IQ testing, which affect the choice of instrument, and thus
comparability. In spite of these difficulties, 1Q measures arc still
useful. T he divisions into mild, moderate and severe, whilst based
on IQ measures alone, reflect definite gradations in adaptive
ability, which, in turn, have major influences on independence,
communication, self-care and dependency on others (reflected for
instance in the differing levels and types of services needed to
provide for patients' social and health needs). DSM IV TR
maintains the catcgorv of profound LD, although pragmatically
it is difficult to distinguish it from many with severe LD, and the
validity of formal IQ tests at this level is open to doubt. Clinically,
it is probably best to consider three levels - mild, moderate and
severe — and their clinical and social outcomes (Table 24.1),
without overt emphasis on IQ boundaries. The AAMR definition,
in fact, does axvav with IQ boundaries in subclassification
altogether, using instead categories based on levels of support
needed: intermittent, limited, extensive and pervasive. These
support levels often equate to people who meet the IQ-based
definitions mild, moderate or severe I.D but emphasise that the
IQ spectrum is a continuum and that the needs-based approach
may lie much more relevant to the person's care and well-being.

The overall IQ of a given population changes over time, leading
to temporal differences in those who would be classified as having
LD if it were the sole criterion. Again, this especially applies to
those in the grey zone between mild LD and those without LD.
It is thus essential that other criteria be involved in the definition.

Problems with adaptive functioning
Limitations in social or personal adaptation are also required ti>r a
diagnosis of LD to be made. In fact these are usually the present¬
ing features that lead to investigation of intellectual functioning.
These are usually expressed as problems in communication or the
use of speech, the ability to self-care, interpersonal and other social
relationships. Many children who obtain formal IQ estimates
around 70 fulfil full roles as adults in society. T here is no need to
describe them as having a disability or handicap within the cultural
norms of a given society although they arc statistically different on
IQ testing. This fact explains why the administrative prevalence of
LD is usually far less than the number of people with IQ test
scores less than 70.

Age at onset
T his third criterion reflects the actiologieal nature of conditions
that generate LD; they are nettrodevclopmcntal and are apparent
during infancy, childhood or adolescence. Eighteen years is used
as the cut-off — again arbitrarily, since the development of the
nervous system is not complete at this time. Myclination
completes at around 30 years of age, and the brain continues to
change throughout life. T he age criterion is thus partly adminis
trative but does help differentiate the cognitive impairments tnher

CURRENT DEFINITIONS OF LEARNING
DISABILITY
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LEARNING DISABILITY 24

Table 24.1 Features associated with various severities of learning disability

10 score ranges Approximate
commonly used functional
to subdivide a equivalent Percentage

Severity of population into mental age in of total

learning the gradations the general population Associated

disability of severity population affected* features Notes

Mild 69-50 12-9 1.5-2 Adaptive functioning
usually mildly impaired,
but in specific situations
dysfunction may be in
excess of that expected on
the basis of IQ measures.

Communication skills may
be mildly affected, with
specific educational
difficulties

IQ changes in large part
due to similar polygenic
factors determining IQ in
general population.
Association with lower
social class of parents.
Sometimes called
'subcultural' or 'cultural-
familial'. But increasing
number of specific
aetiologies being
discovered

Moderate 49-35 <9-6 Up to 0.5 combining
moderate and severe

(excess over expected
values due to organic
pathologies)

Significant problems with
day-to-day functioning
Communication often
affected, with difficulties
in the use of language

Overlaps with above but,
as the disability becomes
more severe, the number
of specific organic
pathologies increases

Severe 34 and less <6 Major adaptive problems.
Structured verbal
communication may be
absent. High care needs,
little awareness of
personal dangers. In the
most severe, all body
functions may be
compromised, with double
incontinence, severe

Vast majority associated
with detectable organic
pathology in uterine,
peri- or postnatal period.

(Profound disability is in
brackets here as the
distinction from severe

(Profound) {<20) (<3) (0.05) feeding difficulties,
inability to walk etc.

has doubtful value)

* Figures are approximate averages summarised from a number of prevalence studies.

ent to conditions associated with LD from those due to brain

injury in adults, which have a different profile and require differ
cnt types of management and treatment. Although many condi¬
tions are detected early, some, even apart front trauma or severe
encephalopathies that can strike at any age, may not develop until
teenage years. Neuronal ceroid lipofuscinoses (NCL or Batten
disease) are a group of relatively rare but tragic hereditary
neuronal storage disorders (0.1 to 7 per 100 000) that involve
progressive visual loss, epilepsy and a dementia in a previously
normally developing child or adolescent (Wisniewski 2001).
Juvenile NCL becomes clinically apparent at 4-10 years of age
whereas 'adult' NCL can be manifest anywhere in the range
15-50 years and is thus a condition where association with I.D
depends on the exact age at onset.

It is difficult to give accurate estimates of how many people have
l.D. The current AAMR upper cutoff of an IQ of 75 had the
potential to include up to 2.8% of the population (IQ 71-75)
(MacMilkut ct al 1995). T he AAMR upper limits have varied from

84 in rhe fifth (1961) revision, which retained the concept of
borderline retardation (IQ 68—84), through 67 in the sixth revi
sion and 70 in the eighth, emphasising the difficulties in compar¬
ing data across time (Leonard & Wen 2002). Epidemiological
studies also have tended to dichotomise I.D into two groups
around the IQ 50 point, which does not marry exactly with the
various formal clinical definitions.

Epidemiological studies usually give most weight to the intel
lectual deficit, which has the simple merit of being quantifiable,
but almost completely ignore important adaptive factors, and so
tend to be over-inclusive. Estimates should state whether the

prevalence relates to a specific age band, as the incidence will be
cumulative during the childhood years. Gissler et al (1998) found
the cumulative incidence of I D overall to be 6.1 per 1000 chil¬
dren between the ages of 0 and 7 years). For children between the
ages of 6 and 16 a large-scale study in Western Australia that used
multiple ascertainment methods gave a prevalence rate of 14.2 per
1000 (Leonard et al 2003). Age-banded prevalences seem to indi¬
cate a peak at about 14 years, falling thereafter, but it is difficult
to say whether this represents a true differential mortality or
increased ascertainment while the child is still in the school system.
The easiest measure of intellectual impairment is still IQ testing,

PREVALENCE OF LEARNING DISABILITY

529



24 LEARNING DISABILITY

and although the pattern of strengths and weaknesses within the
overall test result are perhaps more important, the global score
with its limitations is largely used to define the subgroups of LD.

Mild LD

The statistical definition of LD where an 1Q of 70 is the cutoff,
predicts that 2-3% of die population have LD. The figure is
inflated by the numbers with severe LD due to specific organic
factors. It has long been known that the distribution of IQ in the
population is not Gaussian, most easily explained by the lower tail
of the curve comprising two overlapping distributions — the 'two
group' interpretation. The numerically larger group is that defined
by the Gaussian tail (i.e. the expected 2.27% of the population
with 1Q < 70), and this has been called 'sociocultural' LD, or

'physiological' LD on the assumption that ir is determined by
similar multifactorial influences to those contributing to IQ levels

'a practice, differential mortality and diagnostic differences
inc.... mat this estimate is too high, and a widely accepted figure
is around 1-2%. Short forms of the standard Wechsler Adult
Intelligence Scale are highly correlated with results using the
entire test, and their ease of use may facilitate more accurate
population estimates (Nagle & Bell 1995). Prevalence estimates
tor mild I D are sometimes surprisingly low, indicating the
difficulty in defining caseness. In Gothenburg children a level of
only 4 per I 000 was reported, in Northern Finland 5.5 per 1000.
Other estimates have been as high as up to 85 per 1000. While
acknowledging these problems, a figure of 10 to 11 per 1000
would seem reasonable.

Previously it was assumed that the cognitive impairment in mild
LD was largely due to a combination of polygenic inheritance
patterns with other environmental factors. Thus, for most, a

specific cause was not thought to he identifiable. Although this is
still the ease for the majority of people with mild LD, it is clear
that a specific cause can be identified for a substantial, and
increasing, minority. Scandinavian studies have shown that in 50%
of mild LD no cause could be attributed (assumed polygenic).
Around 1 5-20% had perinatal hypoxia, and congenital causes were
pi in 10%. Around 5% have a defined generic syndrome
(including DS), and around the same number had fetal alcohol
syndrome. The data from developing or low-income countries
is sparse, and many who would be identified as having a mild LD
m the West would be culturally accepted elsewhere and thus not
come to notice. However it has been shown to have the same

association with low socio-economic status in Bangladesh (Islam
ct al 1993).

'Sociocultural' aspects of mild LD
A very consistent finding in LD epidemiological research has been
the relationship between mild LD (largely that of unknown-cause
or 'isolated' LD) and low socio-economic status. Although this
certainly holds for mild LD, any relationship to severe LD is
unclear, with some studies showing no effect (Stromme &
Magnus 2000) and others finding a relationship (Croen et al
2001 ). Mild LD is known to be over-represented in families from
social class IV and also associates with large sibship size, room
overcrowding, low income, and maternal educational level.

IQ scores arc not stable over time, and the intellectual develop¬
ment of the individual is highly complex and plastic. The older
surmise that brain neurons arc unable to divide in adult life has

been shown incorrect, at Icasr lor the hippocampus (van Praag
ct al 2002). IQ is, however, heritable. Twin studies (Bouchard
et al 1990) showed high concordance in IQ between twins reared
together and apart, but relate largely to twins with normal IQ
Twin studies have also shown that IQ hcritability and the fieri
tability of brain grey and white matter volume arc highly corre¬
lated and possibly influenced by the same mechanisms, linking IQ
with brain architecture (Posthuma et al 2002). Adoption studies,
albeit wirh methodological shortcomings (Horn et al 1979),
compared the IQ of children who were adopted within a few days
of birth, and the IQ of their biological and adoptive mothers. The
hcritability was high for young children but became less for older
children. The children were largely adopted into affluent homes,
and the adoptive parents had IQ scores well above average.

The implication is that LD to a partial extent at least might be
modifiable by social interventions, or more specifically the amelio¬
ration of social and educational disadvantage. There have been a
number of trials aiming to alter cognitive outcome by removing
the sociocultural and educational disadvantages for children with
mild LD. A comprehensive intervention programme for low-
birth weight infants (another strong risk factor for LD) during the
first 3 years of life seemed to increase the intellectual development
measured at 3 years (Blair et al 1995), but longer-term outcomes
are awaited. A programme for early educational and social inter¬
vention for children from disadvantaged families has been
followed up to the age of 15 and compared with a control group
without such interventions, wirh encouraging results (Campbell &
Ramcy 1995). Such findings, if confirmed, have profound irnpli-
cations for the support and care of children at risk of mild LIT

Although .sociocultural influences are important, biological
factors may have been underplayed in the past, and up to 45% of
people with mild LD may have definite organic factors including
subtle chromosome rearrangements and perinatal insults from
toxins such as alcohol. Thus estimates of the importance of
polygenic factors and social disadvantage may have ro be revised
downwards, although it is clear that they are crucial factors in
most mild LD.

Severe LD

Roclcveld ct al (1997) gave an overall prevalence figure of 3-4 per
1000 for children with moderate or more severe LD, consistent
with other work including figures for adult populations. This
represents around 10 20% of the total number ofpeople with LD.
The excess at more severe levels of disability is due to organic or
pathological factors, with a cluster of disorders of definable actio!
ogy, including genetic causes and environmental agents such as
hypoxia, toxins, trauma and infections. Some who have disorders
such as autism, cerebral malformation syndromes and cerebral
palsy without, as yet, a defined cause, arc assumed to have definite
biological factors in their genesis. Overall, 50-80% have a definite
known cause. A large study of nearly 12 000 individuals with I.D
in Taiwan showed a generic basis in nearly 55% with severe LD
(Hon ct al 1998). Of the known chromosomal abnormalities. .83%
had DS, 12% fragile X syndrome, and a smaller but significant
proportion had contiguous gene syndromes. The predominance
of DS among the known causes is clear from nearly all populations
studied. The rates of non-genetic causes such as the fetal alcohol
syndrome are much more variable, and it is important ro remem¬
ber that there is still a large group of people for whom no cause
can be assigned.
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In developing countries the prevalence of severe LD is much
higher, over 5 per 1000, and in some specific areas sucli as the very
poor urban areas of Lahore in Pakistan it can be dramatically
so: 22 per 1000 (Durkin 2002), The causation again is mixed,
with Infections, environmental toxins such as lead, and nutritional
deficiencies all playing a role. Interestingly, some genetic causes
seem to be actually more common in developing countries (e.g.
hereditary thalassaemia and sickle cell disease), and, because of the
high birth rate, DS prevalence can be up to three times that seen
in developed countries.

"-vchiatrists often have difficulties in assessing and understanding
...e patient with 1.1), problems that increase with the severity of
the patient's intellectual impairment. For people with very mild
LD with good communication skills the interview in itself does
not differ significantly from a referral of someone without LD.
The issue of whether a person in the borderline area has LD can
generate friction between services. A demarcation that
incorporates the global 1Q of 70 marries with the current
definitions even if this may seem unnecessarily restrictive at a

deeper level. With most referrals, however, the assessment is far
more complex, and there is probably no area in psychiatry that so
necessitates a niultidisciplinary approach. The person generally
needs more time titan others to respond to questions, a limited
attention span may also significantly prolong the interview. Three
things stand out, all interrelated: the person's
• basic level of understanding,
• ability to communicate,
• particular developmental history in the widest sense.

An extended series of interviews/meetings with the patient may
be needed, and information gathered from multiple sources —

h as family, carers, social work and other health professionals —
to facilitate diagnosis of coexisting problems. These problems
may he situation dependent, requiring visits to home, work or
educational establishment. Observational recordings are often
important; they may use objects or behaviours as communication
devices, or in some cases they may find that learned sign language
(modified British sign languages such as Makaton or Signalong) is
easier than the spoken word. Families and long-term carers are
often the best interpreters. A wide-ranging developmental history
is crucial to understanding why a particular behaviour set or appar¬
ent psychiatric disorder has occurred at any particular time — after
all, LD affects a person's whole life from childhood and requires a
lifespan approach.

The family and LD
A child with LD is usually cared for by his family, whose own
needs can go unrecognised in the face of those of the child. Most
children with LD arc not intolerable management problems, and
most parents wish to keep the child at home, but increasingly it is
not inevitable that the parents will always wish to care for their
children at home. There are several route markers on the road to

adulthood that can cause concern for the family.
Diagnosis The most obvious marker is when the child is

diagnosed as having LD. The family may have suspected this,

observing the delay in milestones before the physician. The phases
of adaptation to the diagnosis parallel grief reactions, going
through shock, denial, anger and eventual adaptation. The stress
on the family can be very high, and maternal coping strategies and
her own levels of social support are important determinants of the
child's eventual self-sufficiency. There can be other effects on

family life, notably on the stability of marriage and perceived life
satisfaction, For siblings there may be role reversal, with a younger
sibling adopting a care role for an older one with LD.

Schooling is the next family milestone. Mainstream schooling
is the usual wish, but parents can have great difficulty in accepting
that a child may be failing in such circumstances and needs special
educational provision. Although assisted learning at normal
schools is an educational goal, the reality is that it is not univer¬
sally available, and chronic class failure may be detrimental and
delaying to the child who needs a specifically adapted educational
curriculum.

Adolescence In adolescence, behavioural and emotional
difficulties are as apparent in the person with LD as in any other
teenager. Often these are interpreted as challenging behaviours ro
be treated, rather than as an intrinsic part of the development of
emotional maturity. The difficulties may be more intense because
of problems in communication, or may have a temporal lag,
lasting into the subsequent decade.

Adulthood The last phase is the transition to adulthood
and ageing. The transition is not only personal bur also one. of
service provision. The health services for the child are usually
unified under paediatrics, but those for adults arc diverse, and
co-ordinated by general practitioners. The transition is also a rime
of 'letting go' for parents, with its implied increased risk taking,
and it is often harder for them to do so with their adult 'child'
with LD than with their other children. The parents (or siblings
after bereavement) remain the main carers for many adults with
LD, and with dual ageing, older parents usually become most
concerned about the future for their child when they are not
around, but are faced with conflicting feelings, as the relationship
is as important a source of support to them as it is to the child.
Much tact and understanding is needed in discussions of future
placements and social skills training, building up to the time when
the parent is no longer able to care through incapacity or death.
Younger parents, however, mostly consider that a future inde¬
pendent life for their child is feasible. School programmes are now
designed with independence in mind, with self-care and work skill
development as well as self-travel and the use of community
facilities. To ensure success the parents must play a full role, and it
is essential for them to be involved in participating in the
assessment and choice of the future home for their child.

Bereavement can precipitate apparent behavioural problems.
Not only do people with LD recognise death, they go through a
grieving process that may appear aberrant because of the different
communication styles used to express their emotions and feelings.
The degree of understanding which shapes the concept of death
and dying may be related to the level of cognitive development, as
proposed by Ptaget, rather than the actual age of the person.
Group work with others who have been bereaved may be helpful,
but individual support is often needed.

Ageing Finally there are issues associated with ageing and
LD. Previously a 'healthy survivor' effect occurred, with most
learning-disabled people who survived to an advanced age having
mild LD. Severe LD still carries an increased risk of early mortality
but, as in the general population, there has been an increasing

ASSESSMENT AND A LIFESPAN APPROACH TO
LEARNING DISABILITY
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shift to the right in the age distribution. The changing cohort
makes the data contusing. A large US study showed increased
cardiovascular disability load with age and high mortality from
cardiovascular disease even though overall the group had low-
cardiovascular risk indices (Janicki et al 2002). There were also
age-related increases in musculoskeletal disorders and respiratory
disease. Cooper (1999a) has shown that where dementia occurs,
even without DS, there is a marked increase in the number of
associated physical conditions.

CONDITIONS ASSOCIATED WITH LEARNING
DISABILITY

Non-genetic conditions
This is a misnomer; no disorder is totally without generic influences
of some sort. However, for many conditions, non-genetic factors
play predominant role. Some disorders thai used to have very
darning outcomes are now much less common, at least in devel¬
oped countries. One example is the congenital rubella syndrome
caused by maternal rubella infection during pregnane)- that, ar its
most severe, could lead to multiple congenital abnormalities,
multi-system sensory impairment, and seizure disorder coupled to
severe ID. However, we may still encounter people with such
profound disabilities as adults, and there is still a yearly incidence of
new cases in the UK. Similarly the brain damage associated with
once common infections (e.g. tuberculous encephalitis/meningi¬
tis) is now rare. Major improvements in the management of neural
tube defects, especially open spina bifida, make the LD that was
often the consequence ofascending infection almost a thing of the
past. However, there arc still all too many cases that are due to
infections, to toxins, or to metabolic disturbances. It is noteworthy
that, worldwide, iodine deficiency is still the most common
preventable cause of LD (Hetzel 1988).31

Severe prematurity
The consequences of severe prematurity are being increasingly
real. , especially in relation to cerebral palsy, which in itself
in many cases is associated with LD. Cerebral palsy can be defined
as a cluster of conditions that show non-progressive motor
impairment secondary to disorders of brain development. It is the
most common developmental motor disorder of children, with a
prevalence rate around 2-3 per 1000. Seventy percent of children
with cerebral palsy will have one or more major developmental
impairment, mainly LD and visual impairment, thus the overlap is
large. Over the last twenty to thirty years the prevalence may have
been increasing (Schendel ct al 2002).

Intrauterine infections are now thought to play an important
role in early labour and thus severe prematurity. Chronic chorioam-
nionitis or systemic maternal infections may act through neonatal
encephalopathy. With advances in neonatology the survivability of
the severely premature infant has increased dramatically in devel¬
oped countries, but some of the less desired outcomes are also
becoming apparent. Intrauterine infections may also play a role,
in cerebral palsy and LD in term or near-term infants, but the situ
ation is less clear. The most commonly isolated organisms in
preterm labour are ureaplasma, mycoplasma and fusobactcria
species. The roles of chlamydia and viral infections, including
cytomegalovirus and herpes simplex, are less certain in chronic

chorioamnionitis, although they arc thought to play roles in neuro¬
logical damage at term. For the preterm the major damage seems
to be in the white matter, as revealed by ultrasound and MRI stud¬
ies. In an ultrasound study of children born preterm, 60% of those
with large whire-matter luccncics (parenchymal white-matter
lesions or enlargement of the ventricles, and in particular penven
tricular leucomalacia) had LD (Holling & Lcviton 1999). MRI
studies arc limited in sample size but tend to confirm these find¬
ings. Regional brain volumes in the sensorimotor cortex, the puta
men and the corpus callosum correlated with full scale IQ, and
specific grey-matter deficits (e.g. hippocampal volume) are found
which correlate with measures of memory (Isaacs ct al 2000). One
current aetiological theory invokes cytokine damage (intcrleukins,
tumour necrosis factor alpha, macrophage inflammatory protein)
as a final common pathway to brain injury for a variety of
mechanisms, including infections, hypoxic insults, and damage due
to toxins. Animal models have revealed that alterations to the

cytokine cascade as part of the inflammatory response can have
a marked effect on the extent of neuronal damage that occurs; an
imbalance between the degree of fetal inflammatory cytokine
response and the protection offered by growth factors may be
important, especially in the late second trimester

Infections

These remain an important cause of LD in addition to any role in
the very premature. They are still an enormous cause of disability
in low-income countries, and many are now preventable. Rubella
is epidemic in many developing countries in spite of die fact that
it is preventable by vaccination. In some populations syphilis is still
present at a high rate. Although in Western countries congenital
syphilis is rare, this is not the case elsewhere, and deafness and LD
are often die important sequelae for the child. The meningites still
cause damage. Haemophilus influenzae (type B) is preventable,
and vaccination has proved effective in developed countries. With
vaccination againsr meningococcal strains now also possible, it
is to be hoped that the tragic outcomes of such infections can
also be reduced in frequency. The encephalites, uncommon in
developed countries, still take an enormous toll in the third world.
Measles encephalitis is not only a major cause of ID and sensory
impairment but also of mortality in the under-fives in low-income
countries. In Asia, Japanese encephalitis is a major problem with
similar outcomes (Committee on Nervous System Disorders in
Developing Countries 2001). Vertical infection of the fetus with
the human immunodeficiency virus is possible in up to 40% of
carrier mothers. The outcome can be severe, and the infant may
have microcephaly, seizure and movement disorders and severe
LD in rhe worst case.

Non-infective environmental agents and toxins
The classical fetal neurotoxin is lead, and that severe LD can
follow acute lead encephalopathy has been known for over a
hundred years. Only in the last thirty years however have the long-
term effects of lower lead levels been realised, with a continuum
of dosc-rclatcd consequences from frank encephalopathy through
to subtle impairments of cognition, growth and hearing. The
diagnostic trigger level for blood lead in children has fallen six-fold
since the 1960s. Mercury poisoning was highlighted as a cause of
severe LL") by the well-known Japanese Minamata Bay incident
(methylmcrcury poisoning through contaminated fish) in the
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1950s. Like lead, there is continued concern about the effects of
lower levels of mercury in various areas of the world. The issue for
both is one of prevention through removal of such metals from
the environment. This is also applicable to other man-made or
distributed toxins, especially PCBs (polychlorimted biphenyls),
which can lead to wide-ranging cognitive deficits in children
exposed in utero.

Certain maternal behaviours are now well known to be risk
factors. The fetal alcohol syndrome is a major cause of mild LD
in some populations, and it is likely that it will be increasingly
recognised as an important factor (American Academy of
Pediatrics 2000). Some studies indicate that subtle deficits in
language and comprehension may result front even socially
acceptable levels of alcohol intake during pregnancy. Alcohol is
also passed into the breast milk. Maternal smoking is now
recognised as a factor in low infant birth weight (another risk
' >r for LD) and may independently have direct effects 011 fetal
tw.,rological development. Among prescribed drugs, both cocaine
and cannabis use in pregnancy have been associated with LD in
the child, it should also be remembered that many, and sometimes
essential, prescribed medications can have marked effects on the
developing nervous system. Some associations with LD have
become so clear that epithets have been attached — one example
is the fetal valproate syndrome in association with this common
antiepilcptic therapy. Nutritional deficiencies arc still very
common 111 low-income countries. Iodine deficiency and thyroid
dysfunction leading to congenital hypothyroidism has already
been mentioned (Haddow ct al 1999). Parasitical infection
leading to chronic iron deficiency anaemia affecting the child in
utero and beyond is extremely common and has also been linked
to poor cognitive performance. It is likely that many more
correlations could be made, but there is an unfortunate dearth of
research in this area.

Specific disorders of the developing nervous system

Building a central nervous system is a highly complex process. It
long been known the morphological shaping of the brain

occurs in a definite sequence of anatomical events, and recently
there have been major advances in our understanding of the
biological events determining the timing and the position of
developing neurons and how these relate to the micro- and macro-
architecture, especially of the cerebral cortex. The abnormal brain,
and in particular specific syndromes that produce LD, have thrown
light on the genetic basis of normal brain development, and we arc
starting to make sense of disorders of neuronal positioning. In
some of these conditions the gross anatomy of the brain may be
normal, and it is only at the microscopic level that definite abnor¬
malities occur. It is likely that many furrher such syndromes will be
uncovered in the next few years and they will play an increasing
role in our understanding of the basis of LD. Thus, although some
of these disorders arc rare it is important to review our current
state of knowledge.

Shaping the developing nervous system
The brain develops through a well choreographed dance of
migrating cells from distant origins; eventually neurons with
similar properties are grouped into discrete anatomical systems,
brain nuclei and, most clearly, the laminar patterns that evolve
in the developing cerebral, cerebellar and limbic cortices. Cortical

neurons do not develop in situ, but in special regions deep in the
brain where mitosis and patterning (broadly cell fate specification)
activity is active. They have been estimated to travel up to one
thousand cell body lengths to reach their final site where they
undergo differentiation. So developing neurons must proliferate,
they must move, and they must differentiate. As well as prolifera¬
tion, selective neuronal death (apoptosis) also plays a major role in
shaping the nervous system. All these processes require a complex
series of tunc-dependent gene activations and deactivations, the
secretion of signalling molecules that set off protein signalling
interactions (extra- and intracellular cascades) as well as signalling
by cell-cell interactions. Neurons do not move unguided. Glial
ceils grow and form a scaffold along which neurons can ascend,
and glial disorders can affect brain development in profound ways.
Extracellular matrix components act as signals to both glia and
neurons; movement of neurons is a process of differential adhe¬
sion, weaker at the rear and stronger at the leading edge — cell
adhesion molecules and intracellular contractile filaments play an
important role. Although the phases overlap and in some areas arc
reversed in the temporal sequence, it is a useful simplification to
envisage three types of events:
• mass divisions of partly undifferentiated neuronal precursors;
• the movement of these to their final destinations;
• the differentiation ofprecursors into neurons with the

selective formation and pruning of their axonal systems and
dendritic contacts by intrinsic and extrinsic inputs.

It is the last process that is most influenced by the external
environment and is the basis for the modulation by sensory and
feedback motor excitations. It has most dearly been demonstrated
by elegant studies on visual cortical development in recent decades
— examining how sensory input modulates the visual cortical
columnar arrangements, and the effects of sensory deprivation
during important temporal developmental windows. The final
stage is probably the most important determinant of cognitive
individuality and ability to respond to neurological challenge, but
presupposes an intact cortical system on which to act. Current
thinking about the fragile X syndrome suggests that, at least
in part, the problems may lie in this final stage (see p. 549). The
correct achievement of the first two stages, however, is also vitally
important in preventing cognitive disability.

Disorders of cell proliferation and patterning —

holoprosencephaly
Holoproscnccphaly is another of those conditions originally
thought homogeneous but now known to be an end result of
a large number of processes (Muenky & Beachy 2001). In its
milder forms it may go unnoticed, and so prevalence estimates are
probably conservative (1 per 16 000). In its most severe form it
manifests as a failure of the cerebral hemispheres to separate and
of the surrounding midfacc to undergo midline division, resulting
in single cerebrum, single midline eye, single nostril, etc. Very
severe forms are not compatible with life (but arc a relatively
common form of fetal loss); mild forms exist where a single
midline incisor tooth or hypertelorism arc the only visible features.
LD can likewise vary from very severe to absent.

Most cases are due to chromosomal abnormalities, but the
study of sporadic cases has revealed mutations in several important
signalling genes. One of these is termed (unfortunately) sonic
hedgehog (SHHgene found on human chromosome 7q36) since
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mutations in the fruit fly homologue lead to spiky outgrowths on
the larval belly. In vertebrates the protein produced by the sonic
hedgehog gene (Shh) is involved at several stages of nervous
system development, including the control of right-left
asymmetry and the dorsoventral patterning of the central nervous
system. The first discovered function was revealed by its
distribution in the early embryo: it was present in the two main
signalling centres — the notochord and the floor plate — which
are involved in the formation of the neural tube. Shh, by
repressing or stimulating various transcription factors, regulates
the specific proliferation and patterning of neural cell progenitor
types down the neural tube. It also acts more anteriorly to induce
dopamine neurons in the midbrain and serotonergic neurons in
the developing forebrain as well as being involved in the
proliferation and differentiation of cells in the cerebellum and
retina (Marti & Bovolenta 2002). Shh is a secreted protein that
needs to Ik cleaved to an active form then modified by addition
of a cholesterol unit. Some features of the Smith-Lemli-Opitz
sync1 mc (multiple dysmorphic features and CNS hypoplasia),
« he.. abnormalities of cholesterol biosynthesis occur, may relate
to Shh dysfunction. Shh binds transmembrane receptors on the
neural precursors. Again rhc non-human derived nomenclature
may sound strange — two proteins 'patched 1 and 2' normally
interact with a third, 'smoothened' to tonically inhibit the lattcr's
function. Shh de-reprcsscs the system by preventing patchcd's
action. Disruption of the genes involved can lead to tumours,
indicating in yet another way that SHH is important in controlling
cell proliferation. The eventual signal in the cell is via a system of
proteins produced by GL1 genes (name derived from glioma).
CRF.B-binding protein (CBP) is a transcriptional coactivator
now thought to interact with GLI3. CBP is abnormal in
Rubenstcin-Taybi syndrome, where l.D is linked to dysmorphic
features: syndactyly and short stature, broad thumbs and big toes,
and increased risk of neurodcvclopmcntal tumours (Petrij et al
2001 ). The genotype-phenotype link between these features and
disorders of the SHH system remains to be confirmed, but it is
likely that there are biological links between Rubenstcin-Taybi
and holoproseneephaly. It is clear that further links to other 1.1")
syndromes are likely to be revealed as the complex cascades of
sig! ng arc unravelled.

Disorders of neuronal migration — the
lissencephalies
Strictly, lissenccphaly simply means 'smooth brain'. Like so many
conditions associated with LD it is heterogeneous in origin.
Basically all lisscnccphalics involve varying degrees of altered brain
gyral formation (and its corollary, sulcal formation), accompanied
by a thickening of the cerebral cortex. At its most severe the whole
cortex may be affected, with a resulting severe LD, seizure disorder,
cortical blindness and motor paralysis. In the mildest forms only
small areas of the cortex may be included: pockets of misplaced
neurons, focal neuronal heterotopia, which may be rather common
(one quarter of childhood epilepsy may be associated with them).
The cells involved in the lissenccphalies ail migrate from the ventric¬
ular neurocpithelium, and this to some extent validates the group
iug. Three-quarters of the lissencephalies have been found to be
due to mutations in one of two genes: LIS1 and DCX (otherwise
known as doublecortin) (Ross & Walsh 2001).

The involvement of LIS] was first detected in the study of
Miller-Dicker syndrome, characterised by severe l.D, a character¬

istic fecial appearance (thickened upper lip, upturned nose, tall
forehead, narrowing of the intertemporal distance), and classical
lisscncephaly. Over 60% of children with Miller-Dicker syndrome-
have visible, and most of the rest submicroscopic, deletions on
chromosome 17 (at 17pl3.3). Thus this may be a contiguous
gene syndrome where more than one gene suffers hemizygous
deletion due to the chromosome abnormality. Smaller deletions
or point mutations at the same locus produce the isolated
lissenccphaly sequence which is neurologically very similar to
Miller-Dicker but without the facial features. Both conditions

disrupt LIS], which maps to this region, and recently LIS 1 has
been shown to be identical to the beta subunit of platelet-activat¬
ing factor acteylhydrolase (PAFAHB1). The soluble protein prod
uct of LIS1 binds tubulin and may modulate microtubule
organisation, promoting movement of microtubule segments
via the intracellular dyncin motors important to neuronal cell
movement.

Another related lissenccphaly was found to have X linked inhcr
itance. Manifest in males it is clinically similar to the isolated
lissencephaly sequence, but usually to a somewhat less severe
degree. In females the symptoms arc milder — a seizure disorder
may be associated with cognitive disability of varying degree, and
up to one-quarter of subjects may have normal intellectual levels.
Most eases are sporadic, although a few families with severely
affected males and mildly affected females have been described.
The condition has been shown to be due to disruptions (protein
truncation/nonsense mutations or missense mutations) in a

gene called Doublecortin (DCX) al Xq22.3-q23, which is only
expressed in the central and peripheral nervous systems. Its
protein binds tubulin, and since it interacts with lisl protein in
vitro, rhey probably interact in vivo in microtubule control.
Disruption of DCX leads to an inverted pattern of cortical
neuronal lamination (normally the youngest cells are most exter¬
nal, migrating past older ceils leading to a six-layered structure;
DCX mutations lead fo an 'inside-out' arrangement with an
apparent 'double' layer). Both lisl protein and doublecortin may-
act with other intra- and extracellular effector molecules including
those in the reelin system and the Abl kinase family. Thus the
pattern is set of series of parallel but interacting signalling mecha¬
nisms that co-operate to control neuronal migration.

The rcclin system was named after rhc movement disorder
it produces in a mutant mouse strain (reeler). In mice the gene-
controls the expression of a large sccrcred protein, reelin, that
is only produced by certain cell groupings in the developing
brain, more especially the cerebral cortex marginal zone. It binds
migrating neurons via receptors (VLDL-receptor and APOK-
receptor 2) inducing an intracellular phosphorylation cascade
involved in defining the correct position of the neuron within the
forming brain (Rice & Curran 2001). The human homologue
of reelin is termed RF.LN, and mutation is associated with the
lisscncephaly/cerebellar hypoplasia syndrome typc-b (LCHb),
where a thickened cortex, pachygyria and a very abnormal
hippocampus is associated with gross cerebellar hypoplasia with
absence of the usual folia. Reelin itself links into a large number of
other control systems, and the study of other genes involved will
generate new candidates for LD-associated syndromes.

Behavioural phenotypes
A phenotypc is the observable (either clinical or biological)
features that consistently arise with a given genotype. That behav-
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four could be a phenotypc has been controversial, especially
to those holding a view that behaviours do not have genetic
determinants, or that these are open to such temporal environ¬
mental and learning changes as to be insignificant in comparison.
However, recently, it has become more accepted that certain
behavioural patterns have strong innate underpinnings. The clas¬
sical association was with self-mutilating behaviours seen in the
rare I.csch- Nylutn syndrome (Hall ct al 2001}, an inborn error of
purine metabolism (Nyhan 1997), but can be extended readily,
e.g. to the hyperphagia associated with Prader-Willi syndrome.
By definition, psychotic disorders arc diagnosed by behavioural
and communication features, and if these arc felt to be largely
genetically determined then these also could be considered to be
behavioural phcnotyjxs. The cognitive features involved in the
dementia associated with DS have also been described as a behav¬
ioural phenotypc. It is obvious that varying degrees of genetic
determination can occur, as with other phcnotvpic features of a
g -ypc, leading to a variable presentation. That certain geno¬
types can also contribute towards a, sometimes variable, behav
ioural pattern (or, perhaps more correctly, cognitive responses that
are manifest as behaviour) is also reasonable, "lite concept prompts
us to look for behavioural and cognitive outcomes as well as read¬
ily observable physical changes as part of the clinical constellation
of a disorder.

Genetic syndromes associated with LD

Many conditions associated with I.D have been shown to have
genetic origins. We now know the human complement of genes
from the draft sequencing of the human genome, and the next
stage, where their detailed sequence will be found, is certain to
lead to even more findings relevant to LD. A survey of the most
important conditions is therefore important; they provide insights
into all aspects of LD as well as illustrating increasingly-varied
mechanisms of inheritance. The older classical patterns that were
described by Mendel arc probably exceptional; more complex
genetics, with partial penetrance, with varied phenotypes arising
fWmi the same genotype, and with varied genotypes giving rise to

ar clinical outcomes, is probably the rule. Genetic under¬
pinnings also give us one way to start reclassifying I,D, unifying
cognitive outcomes on the basis of the interactions of underlying
genetic profiles with environmental influences. Understanding the
genetic basis of the conditions is necessary to understanding how-
environment can modulate them, and thus the design of interven¬
tions that can maximise the person's potential in spite of the prior
genetic loading. A conceptual framework can Ix- introduced based
on the type ofmutation that is involved in the disorder. Mutations
are changes in the sequence of DNA in chromosomes and arc
necessary to maintain t he adaptive richness of the genetic endow¬
ment. It is useful to order mutations by scale. It happens that the
largest-scale mutations — those where a whole chromosome is
duplicated or absent — include the most common genetic condi¬
tion associated with LD:DS. Next down in scale are the partial
duplications and deletions of chromosomes, which include the
partial monosomies that produce conditions such as Credit chat
and the Wolf-Hirschhorn syndrome. Continuing through small
interstitial deletions (that give rise to contiguous gene syndromes)
and rearrangements, including those in the telomeric region of
chromosomes, eventually the smallest mutations, those involving
DNA sequence changes within a single gene, arc reached. Figure
24,1 gives examples ofsome of these different orders of imitation.

Chromosomal abnormalities and LD

Human chromosomes have been studied for over one hundred

years, but it was only in the 1950s that the correct human somatic
and mcioric counts were established. Improvements in cell culture
techniques and histology, especially stains that bound DNA,
heralded an era of discovery in which chromosome abnormalities
were found in association with a wide variety of clinical conditions
associated with LD. At first these were largely numerical abnor¬
malities, or large-scale rearrangements. Stains were subsequently
developed that bound differentially within normal chromosomes
revealing a striped banding that could be used as a grid-map to
describe and position a host ofother abnormalities; classical cltro
mosome banding still lies at the heart of clinical cytogenetic
services today. More recently, molecular methods combining
DNA-manipulation techniques with fluorescein labelling have
identified changes not seen under light microscopy, and direct
DNA amplification by the polymerase chain reaction lias changed
the way conditions such as fragile X syndrome arc diagnosed.

Figures 24.2 and 24.3 illustrate LD-associated chromosomal
abnormalities.

• First, numerical abnormalities of autosomes and sex

chromosomes may occur, e.g. 1XS due to trisomy 21. Absence
of an entire chromosome is termed a monosomy, the
commonest being Turner syndrome where only one X
chromosome is present.

• A second grottp are partial chromosomal duplications or
deletions. The whole of a chromosome arm may Ik lost, e.g.
the short arm of chromosome 5 in Cri-du-chat syndrome.
There are also smaller, usually interstitial, deletions that
underlie the contiguous gene syndromes. Duplications are
rare and usually of small chromosomal segments.

• A third group comprises translocations, where two
chromosome regions break, with subsequent transfer and
fusion of the pieces to the other breakpoint. This may be
between two separate chromosomes (reciprocal translocation)
or between the fragments from separate arms of a single
chromosome (pericentric inversion). Occasionally a fragment
will invert within a single chromosomal arm (paracentric
inversion). Reciprocal translocations are often without effect
when they are inherited in a balanced form, bur the
unbalanced tiirm results in partial monosomy and trisomy of
the respective chromosomes involved and may Ik lethal in
utero, resulting in miscarriage. If the breakpoints disrupt
genes, then the reciprocal balanced form may have clinical
effects.

• A fourth group involves isocbromosotne formation. The
centromere splits abnormally, leading to loss of one arm. This
is made up by the duplication of the remaining arm, forming
a chromosome with two identical arms symmetrical about the
centromere.

• A final group can be considered as a catch-all for other
abnormalities such as rare ring chromosomes and the more
common small supernumerary marker chromosomes
(chromosome fragments which retain their viability through
the presence of an active centromere; the most common is a
much attenuated chromosome 15).

• Mosaicism refers not directly to a chromosomal abnormality
but to the presence of more than one clonal cell line in a
given tissue. Mosaicism is especially common with sex
chromosome numerical abnormalities.
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Telomere

'p' arm (short)

Numerical abnormalities of
whole chromosome; examples

trisomy 21 (Down), trisomy
X, XXY (Klinefelter)

'q' arm (long)

Large deletions of chromosome (partial
monosomies); examples 5p- (Cri du chat),
4p- (Wolf-Hirschhorn). Terminal deletions

include the entire end part of the
chromosome (telomere). Interstitial

deletions are located within the
chromosome arm

Centromere

Telomere

Simple DNA mutations;
examples include most

inborn errors ol

metabolism, and DNA
mutations in hundreds of

other genes

Small (often submicroscopic)
deletions and duplications of

chromosome — contiguous gene
syndromes, examples

velocardiofacial (22q), Williams
(7q), WAGR (11p). Duplications

can be arranged 'head to tail' with
respect to the normal stretch of

chromosome (tandem duplication)
or may be inverted

Folate-sensitive fragile sites in
association with triplet repeat

expansion in neighbouring gene
with subsequent methylation
silencing; examples FRAX A

and FRAX E

Fig. 24.1
Examples of genetic conditions that have learning disability as part of their phenotype, in relation to chromosomal events that accompany
them. (The representation of the chromosome is schematic.) Then various conditions are discussed further in the text.

Trisomies Classical chromosomal abnormalities are common

and found in around 0.6% of newborn infants (1 per 200). Most
are trisomies, which occur in at least 0.36% of all live births (auto¬
somal trisomies 0.12%; sex chromosome aneuploidies 0.24%) and
in over 25% of spontaneous abortions. Thus they are the leading
cause of pregnancy loss. In first-trimester spontaneous abortions
recognised as such they may account for 50-60%. Trisomies of the
large chromosomes are rare, usually lethal in utcro, occurring
more frequently in early spontaneous abortions. The survivability
of a trisomy to term depends on the gene count of the chromo¬
some rather than on its overall size. The human genome map
shows that chromosome 21 is especially gene poor in relation to
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its overall size, whereas the slightly smaller chromosome 22 is
much more gene dense and is rarely seen in trisomy in the live
born. Trisomy of low-gene-density chromosomes, and especially
13, 18, 21 and the sex chromosomes (which are a special case) arc
compatible with a full-term pregnancy. Patau syndrome (trisomy
13: colobomata and other eye malformations, facial clefting, Poly¬
dactyly, severe LD) and Edward syndrome (trisomy 18: microg
nathia, multiple dysmorphisms including rocker bottom feet,
severe LD) arc associated with severe congenital abnormalities.
Children with trisomy 13 usually die around 4-6 months of age,
with few surviving into the first years of life. Trisomy 18 is also
lethal, and most die in the first year. Trisomy 16 is of interest in
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Autosomal trisomy:
example given is of Edward
syndrome. Down syndrome
(trisomy 21) is the most
frequent, then Pateau
syndrome (tnsomy 13).
Trisomy 8 is also compatible
with survival in some cases.

Sex chromosome
aneuploldy:
example given is of
Klinefelter syndrome. XXX
and XYY are also frequent,
Tstrasomy (e.g. XXXX) and

itasomy (eg. XXXXX)
■ore rarer phenomena and
are associated with severe

learning disability

Monosomy:
The only relatively common
full monosomy is that of
Turner syndrome (XO),
which is not associated with
learning disability

A large number of partial
monosomies of varying
length have been described
in association with learning
disability. Large-scale, but

.riable-size, deletions of the
onort arm ol chromosome 5
for instance can result in the
phenotype ol Cri-du-chat
syndrome

Mosaicism describes the situation where
two or more cell lines coexist that differ
in chromosomal constitution. It is
relatively common in sex chromosome
aneuploidies, and the diagram represents
white biood cells passing down a btood
vessel. Some of the cells shown have an
XXX sex chromosome complement
(47,XXX), and the others the normal
disomic 46,XX female complement.
Multiple mosaicism with three or more
clonal cell lines is not unknown with sex
chromosome anomalies. Mosaicism also
occurs in 2-5% of cases ol Down
syndrome (47,XX or XY +21) and again
the other cell lino is usually normal. The
absolute percentage ol each clonal cell line
is variable, and the certain pictures (e.g.
45XO/46XX mosaicism) seem to often be a
feature of general ageing

Fig. 24.2
(a) Trisomies and monosomies of
chromosomes, (b) Mosaicism.

that its occurrence seems almost entirely related to maternal
age. Trisomy 8 is being increasingly described, especially with
newer methods of fetal investigation and diagnosis, but the fetus
rarely survives until birth. There is an excess of male fetuses, and
mosaicism is usual. In surviving trisomy 8 there is a moderate
degree of LD. However, in terms of both numbers affected, and
the importance to ihc specialist in the psychiatry of LD, trisomy
21 or DS holds first place; this is discussed at length in die follow¬
ing section. Numerically the individual trisomies of the sex chro¬
mosomes arc next in rank.

Partial trisomies, involving duplication of a segment of the
chromosome or an entire chromosome arm, arc known for many
chromosomes; those of 4p, 5p, 6p, 7c), rip, 1 Op I Oq, llq, 12p,
13q, 14q, 15q and 20p, although rare, arc- the most important.
Deletion of a whole autosome is usually lethal. A partial deletion

leads to monosomy of that segment of the chromosome, and
partial monosomy of 4p, 4q, Sp, 9p, llq, 12p, 13q, 18p, 18q,
21 p and 21q have been described. The unifying features of all
these relatively rare syndromes arc LD of varying degrees, and
growth retardation. With the advent of more sensitive fluorescent
hybridisation studies of karyotype, new syndromes in association
with more restricted chromosomal rearrangements are being
regularly described.

DOWN SYNDROME

Recognisable descriptions of Down syndrome (DS) have been
present for hundreds of years. However, the first detailed descrip¬
tion of the condition was bv fames 1 .amnion Down in 1866. who
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is duplicated

(a) Reciprocal translocation (b) Isochromosome formation

Formerly p

c

Formerly q i

(c) Ring chromosome (d) Pericentric inversion formation

Fig. 24.3
(a) Reciprocal translocation between
chromosomes. These can occur

between autosomes or between
autosomes and sex chromosomes.
When segregated to germ cells they
may produce partial trisomies and
monosomies (unbalanced) forms in
the offspring, or the balanced
rearrangement may persist which may
be without clinical effect unless a

breakpoint directly disrupts a gene.
(b) Formation of an isochromosome.
An error during cell division leads to
abnormal centromere splitting with
loss of one arm of a chromosome
(here it is the short arm) and
duplication of the remaining arm. The
X chromosome is often that involved
in isochromosome formation, (c) Ring
chromosome formation — there has
been fusion at the ends (telomeres) of
the individual arms of a single
chromosome. This usually results in
some loss of chromosomal material
with resultant gene loss, and,
although a rare condition, learning
disability is a common co-occurrence,
(d) Pericentric inversion — which can

be conceptualised as a reciprocal
translocation but within a single
chromosome, although the mechanics
are far from clear for either. A

pericentric inversion of chromosome 2
near the centromere is fairly common
(1:13 000) but without a clear
phenotype associated. Paracentric
inversions are inversions of stretches
of material within a given
chromosomal arm.

used the term 'Mongolian idiocy' to characterise certain clinical
features that occurred in combination with, on average, a moder¬
ate degree of LD. Down was also a pioneer of early medical
photography and took the first photographs of subjects with the
syndrome. The original epithet with its incorrect and racial
assumptions of origin has been abandoned (Ward 1998).

Not only were the clinical features of DS clearly demonstrated
early on, so also were associated risk factors. Shuttle-worth in 1909
showed those with DS tended to be the youngest in their sibships,
and this was clearly associated with advanced maternal age. A
variety of causes were later put forward to account for the
development of DS — front maternal alcoholism, tuberculosis to
hypothyroidism — bur since the 1950s it has been clear that nearly
all cases result from an extra full or partial chromosome.
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The origins of trisomy 21

Waardenburg in 1932 suggested that non-disjunction of'genetic-
factors' could be a cause of DS. Lejeune and his colleagues
in 1959 demonstrated an extra acrocentric chromosome in
fibroblasts of people with DS, and simultaneously Jacobs and her
group in Edinburgh demonstrated the same finding in bone
marrow cells. Studies since then encompassing a wide variety of
populations have shown that DS is almost exclusively associated
with an extra copy of chromosome 21. The trisomy usually occurs
de novo, and DS is the most common example of a genetic
condition that is not inherited.

Non-disjunction is the failure of segregation of chromosomes
during cell division so that one daughter cell will have an extra
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chromosome and the other one less. Monosomy 21 is not often
seen, and most cases arc presumed to be lethal to the cell.
However trisomy 21 is often compatible with survival to term.
Meiotic cell division forms gametes in two stages. Recombination
or crossing over of I)NA occurs during meiosis 1, and is marked
by the formation of specific structures called chiasms that bridge
between the chromosomes. Changes in the rate and/or position
of exchanges as marked by chiasmata are a feature of human
trisomies. Molecular studies of trisomy 21 have shown that the
extra chromosome is maternal in over 90% of cases, and around
75% of errors occur at the first meiotic division. Chiasma numbers
arc decreased, with around 40% showing no chiasmata at all.
Where they do occur, it is between the distal long arms and they
arc thought to be less efficient than those more proximal on the
chromosome (Hassold et al 2000). With second meiotic division
errors the first-division chiasmata numbers arc actually increased,
especially proximally. Thus too few or too many chiasmata at
maternal division ! increase the risk of trisomy 21. Paternal
mciotic errors leading to trisomy 21 may act through similar
mechanisms, although most such arc at meiosis-II (60%). In
around 5% of cases of trisomy 21 the error is thought to be mitotic
rather than meiotic. For most then the error is maternal and a key
question is how altered chiasma formation relate to maternal age
effects. Women in their 40s have at least a fifteen-fold increase in
risk compared with women in their 20s. One possibility is that the
ageing ovum becomes less efficient at processing abnormal
configurations, with perhaps a double-hit phenomenon where
ageing oocyte factors interact with a predisposition to abnormal
chiasma formation.

Nearly 95% of people with DS have full trisomy 21 (karyotype
is 47,XX,+21 or 47,XY,+21). Robcrtsonian translocations
between acrocentric chromosomes account for another 5%. Some
of these (around 45%) are due to a Robcrtsonian fusion chromo¬
some, (usually between chromosomes 14 and 21) being inherited
from a balanced carrier parent (if the carrier was the mother,
she would have a karyotype of the form 45,-14,-21,XX,
+rob(I4;21)), leading to trisomy for the long arm of chromo¬
some 21, which contain the majority ofchromosome 21 (depend¬
ing on the whether the fusion is mono- or di-centric, a small
short-arm component may be present). Clinically there is full ITS.
The small short arms of acrocentric chromosomes contain many

repetitive sequences and extensive sequence homology that may
relate to their tendency to form fusion chromosomes. The fusion
and its normal homologuc are able to pair during meiosis. Other
Robmsonians arise de novo, and most are maternal in origin.
Robertsonian formation does not seem related to maternal or

paternal age, and their relative contribution to DS decreases with

maternal age. T he situation is even more complex in that proximal
21q loci usually show a great deal of homozygosity, even if the
parent's chromosomes were heterozygous for alleles in this region.
A familial balanced carrier of a Roh(21;21) fusion is especially
unfortunate as all offspring will have DS (monosomy 21 being
unviable).

A further 5% of people with DS will have two cell lines in their
body, one with full trisomy 21 and one with a normal karyotype
(47,XY,+21/46,XY for example). Such mosaicism may arise from
loss of a chromosome 21 in a trisomic cell early in embryogenesis,
or result from an early mitotic non-disjunction. Mosaicism is a
complex phenomenon with varying percentages in different cell
lines (e.g. lower in lymphocytes than fibroblasts) and varies with
time within the same cell line,

Table 24.2 summarises the various genetic abnormalities
underlying DS.

Prevalence and mortality of DS

Although variation occurs from country to country, DS is
common at around 1:600 to 1:1000 newborns. The age-related
risk is well known, but, since most babies arc born to younger
mothers, so most DS children will be born to younger mothers. In
developing countries where the birth talc is higher, the absolute
numbers are greater. For service development and clinical plan¬
ning purposes it is also important to look at numbers of people
with DS in different age cohorts, as the ageing of the general
population is mirrored in LD. In fact today there are twice as
many DS adults as DS children. A case-finding survey found
343 persons in community settings in the Lothian Region of
Scotland (population 850 000), of whom 139 were over 36 years
old (Fig. 24.4). These arc minimum numbers, and 30-40% of
these will be showing some clinical signs of dementia. These
figures are broadly comparable with other surveys done in
Lanarkshire and Ayrshire.

The number of DS adults is projected to increase and peak at
least 50% above 1990 levels in the first two decades of this
millennium. Survival is still lower for people with DS than the
general population. In a large US study ofmortality data on nearly
18 000 people with DS, median age at death increased from
years old in 1983 to 49 years old in 1997. This rate of 1.7 ye^.s
increase per year of the study was highly significant (Yang et al
2002). During the same period the median age at death in the
general population increased by only 3 years (73 to 76). The
largest increase came in the early 1990s with a striking reduction
in the proportion of deaths in DS children under 5 years.
Congenital heart disease took its toll at all ages, with a peak

Total number with Down syndrome = 343
Number of adults = 256
Number of adults over the age of 36 = 139

26

<10 10-16 16-25

28

26-35

Age group

36-49 50-59 >60

Fig. 24,4
Down syndrome — numbers by age in
Lothian, Scotland (population about
800 000).
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Table 24.2 Genetic abnormalities underlying Down syndrome
■utom

Genetic variant of Down syndrome
Chromosomal complement
in parents

Chromosomal complement in
person with Down syndrome

Percentage of people
with Down syndrome

Full trisomy 21 Usually 46,XX and 46.XY 47,XX +21 or 47,XY +21 95%

Robcrtsonian translocation:
Chromosomes 12, 14, 15, 21 and 2.2 have
very small short aims (acrocentric) with
satellite and alphoid sequence DNA but
little coding DNA. Fusion between two
such chromosomes at the centromere

(centric fusion) yields a composite
chromosome with long arms from each
of the contributing acrocentrics.

Can be as above (around
50% for those involving
chromosome 15-15 and
90% of the others) or one

parent may be a carrier of a
balanced rearrangement
e.q. 45.XY, -14, -21, t(1421)
45.XX, -21,-22, t(21;22)
45,XX, -13, -21, 1(13,21}
45.XX.-15. -21, t(15;21)
45,XY, -21,-21, t(21;21)
(sometimes written as e.g.
45,XY, rub(14,21»
The first two are the most

common, the homologous
recombination is rare

Down syndrome will result
frnm inheritance of the
unbalanced chromosome
complement, for instance:
46,XY -14, t(14;21)
In such cases there are two

normal chromosome 21s in
addition to the long arms
of 21 inherited from

segregation of the
Robertsonian derivative
chromosome. The
alternative unbalanced
form where chromosome
14 is (in essence) in trisomy
is not usually compatible
with survival to term

<5%

Unbalanced derivative arising where
one parent has a balanced reciprocal
autosomal translocation

e.g. 46,XX, 1(2;21)(p11;p11)
as a hypothetical example
The parent may also have a
normal karyotype and the
rearrangement occur de
novo In the child

Inherits the unbalanced
form 46.XY, der(?1) - the
der 21 replaces the normal
chromosome 2, and trisnmy
of the long arm results

Very rare

Mosaicism Usually normal e.g. 46,XX / 47,XX +21
Can coexist with both full
trisomy 21 and with a
Robertsonian translocation

Around 2%

standardised mortality odds ratio (SMOR) of 85.5 (95% CI)
between the ages of 20 and 29 and a numerical peak (2980
deaths) under 10 years old. Respiratory associated conditions were
also very prominent, with a peak SMOR of 14.2 between the ages
50 and 59 and a numerical peak of 1622 deaths in the same band.
Presenile dementia had a peak SMOR of 116 between 40 and 49,
indi og its great relative importance with a numerical peak of
420 mi the 50 59 band. In contrast, malignancies apart from
leukaemias and testicular cancer were undcrrcprescnted at all ages.
In spite of the improvements it is clear that people with PS arc still
at substantially increased risk of early death.

Prenatal screening for DS

Up to 80% of DS children are born to women under 25 years of
age. Maternal age considerations are thus only one factor in
preventing DS. In the UK, routine maternal screening occurs for
those over 25 years, but this is not the case for younger mothers.
It is difficult to reliably identify specific changes in the maternal
age-related incidence of DS, and there is a great variability in
birthrates from year to year, for reasons that arc not clear, there
may also be an increased rate of DS babies in mothers under
20 years. The most commonly used marker for fetal DS is lowered
maternal scrum alpha fetoprotein level (AFP). DS fetal liver lias a
lowered AI-'P production. Recently a combination of AFP, human
chorionic gonadotrophin (HUG) and urinary unconjugated
K-stratriol h is been used to calculate the risk for a younger mother

of carrying a fetus with D.S. More invasive is ultrasound-guided
fetal cell sampling from amniotic fluid (amniocentesis: 15-22
weeks. 0.5% loss risk). The' main indication for this is advanced
maternal age. In addition to a karyotype, DNA tests for fragile
X and other conditions can also be made. Chorionic villus

sampling (CVS) obtains placental tissue traus-cervically or trans¬
abdominal!); and also has an increased fetal loss risk. Its main
advantage is that it is done earlier (10-12 weeks). Very early ( A S
has occasioned some reports of fetal limb abnormalities.
Combining first and second trimester scrum testing has been
reported to increase the detection rate (to S5%) and decrease the
false positive rate (to ]%) and may lead to a decrease in the need
for invasive testing (VVald ct al 1999). Much current effort centres
on isolating fetal cells that leak into maternal peripheral blood
and PCR amplifying fetal DNA or detecting anomalies by
fluorescent methods. The technology could be developed as
a primary screen with a secondary quadruple hormone screen
(all above-mentioned hormones and inhibit! A) (Roiz.cn 2001).
Advanced ultrasound methods, especially colour dopplcr imaging,
have led to an increasing detection rate of systemic abnormali¬
ties associated with fetal D.S, e.g. cardiac and gastrointestinal
abnormalities (especially duodenal atresia). More subtle variations
such as thickening of the nuchal skin fold and cystic hygromas may
have higher sensitivity, Nicolaidcs's group were able to show that
55% of major cardiac/great vessel abnormalities were associated
with fetal nuchal translucency at 10 14 weeks gestation (Hvett
et al 1999).
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Clinical features of DS

|)S is .1 multisystem disorder, ami almost every organ system in
the body can be involved. It is important to have some working
knowledge <>l these, since the interplay between the various
.systems can be extensive.

The classical clinical features

Not everyone with US will base all clinieal features or to the same

degree, h'or instance .1 protruding tongue is present in tinder 5ON.

the 'diagnostic' transverse palmar crease in 53%. liven the most
consistent leature, itpslanring palpebral lissures, is restricted to
80% (Hpsrcin 2001 . Differential growth in DS is especially clear
in the head shape and facial features. Head circumference is
reduced slightly at birth. At about 6 years it is 2 s)> below normal.
Markedly reduced anteroposterior head diameter (brachyeeph.tb
develops after birth. The maxilla is also decreased in si/e relative
to the mandible. The bridge of the nose may be underdeveloped
and the eyes closer together, with the characteristic slope and
presence of an epicanthie fold. Specific mm CXS changes in DS
are given in Table 24.3.

Table 24.3 Specific physical conditions associated with Down syndrome

Specific system or
developmental area

vth

Respiratory tract

Joints and muscle tone

Skin

Congenital anomalies:
heart and

gastrointestinal ttact

Annotation

Generalised growth disturbance. At birth the infant is slightly smaller than normal. Mean height for
adult men is around 1.5 m and women 1.4 m. Growth is reduced more in the limbs than trunk. Rate of

growth may differ at different ages, and in spite of the reduced stature the intrinsic bone development
seems normal. Height at 10 years (as in general population) predicts final adult height Plasma growth
hormone is not reduced, but serum insulin-like growth factor (IGF-1) is increased during the first 2 years,
then remains at a constant level throughout life rather than showing the normal two fold difference
between adult and childhood levels. IGF 2 levels are normal. Treatment with growth hormone increases
the mean growth velocity and both IGF-1 and IGF-2 levels, suggesting the growth impairment may be a
specific rather than a general effect However, growth hormone treatment does not alter head size or
affect the level of learninq disability, and it is nnt recommended unless 0 specific and pathological lack
of growth hormone con be demonstrated.
Over 30% of both sexes tend to be overweight, and in one sample nearly 50% were obese. This related
to living at home rather than in supported accommodation, suggesting a social factor. However Down
syndrome individuals have a lower resting (not active) metabolic rate, and they also tend to bo less
active than their peers overall, and the link between body mass index and diet is not strong.
Hypopharynx is narrowed with art increased risk of sleep apnoea, especially in the young. Psychological
disturbance, e.g. excessive daytime restlessness / behavioural difficulties, In association with snoring can
indicate this diagnosis, for which remedial treatments are available
Neck joints have been a focus of attention for young adults and adolescents. Atlanto axial joint
instability is associated with transverse ligament weakness, but only symptomatic in 1.5%. X-ray
diagnosis can be difficult, requiring repeated films from different views. It may be seen in up to 13% on
X-ray, but intervention is controversial. In general it should not overtly restrict physical activity, save in
those sports where there is a high risk of neck strain. In a few cases death in association with rnudkal
procedures has occurred (including tracheal Intubation and physical restraint). The Down syndrome
newborn has a striking muscular hypotonia (perhaps a universal feature). Involuntary reflexes that
participate in forming the background muscle tone are reduced in intensity, as well as voluntary muscle
control such as handgrip, It is worsened by coexisting congenital cardiac disease, The decrease in tone is
probably central in origin and continues in older children to a lesser but still significant degree.
Hypotonus and feeding difficulties during the neonatal period are important correlates of early
mortality.
Characteristic developmental anomalies formerly played a key part in diagnosis. Dermatoglyphs of the
palm and sole show ulnar loops on the second finger, and an arched tibial pattern on the hallucis of the
foot. A transverse palmar crease is often marked. These represent developmental problems that occur
during the third month in utero. Skin itself is soft in children with Down syndrome, the hair is often soft
and fine, but has a tendency to dryness in adults. The circulation to the extremities is often poor and
acrocyanosis in cold weather is frequent.
Congenital heart disease in 40-50% of children — still a leading cause of infant mortality, which requires
early detection and treatment if pulmonary hypertension is to bo avoided. Anomalies of the venous
inflow tract lead to a variety of outcomes (in approximate rank frequency: atrioventricular canal,
ventricular septal defect, atrial septal defect, tetralogy of Fallot and patent ductus). Operations for these
are no different from those in other children save for complete atrioventricular septal defect, which
tends to be complex and has a higher early and late mortality. The echocardiogram can reveal most
defects.
Gastrointestinal anomalies arc less prevalent and variable. Incidence of congenital duodenal stenosis or
atresia is strikingly raised to near 300 times that in the general population, but the indications for
treatment are the same.

continued
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Table 24.3 Continued

Specific system or
developmental area Annotation

Vision/hearing Lye — squints in up to 20%. which may require surgical correction. Myopia and other refractive errors
present in over one-third. PresPrving visuospatial learning in children with Down syndrome is vital, so
collection of such abnormalities is essential I ater cataracts become common. Keratoconus (acute and

painful corneal inflammation with scarring and the formation of a cone-shaped protrusion) is rarer but
sight threatening Two peaks of incidence: one in late teenage years, and one after 40 years.
Hearing — otitis medio affects many children; may be exacerbated by structural anomalies of the ear.
Most children have a unilateral or bilateral hearing loss to some degree, which is added to by later onset
of sensori-neural deafness. The more profoundly disabled can find using corrective hearing aids and
spectacles difficult, but, since they facilitate communication, efforts should be made. The provision of
appropriate specialist audiometry services can help greatly.

Haemaiology/iinniunology Deficiencies in immunological competence/surveillance may be a common denominator for several
disuiders, including infections, haernatologiral tumours and endocrine disturbances. Infection, especially
pneumonia, is still the leading cause of death in Down syndrome. Although B lymphocytes appear to
have normal morphology there is a tendency to raised levels of IgG and IgM antibodies, save in
newborns where they may be decreased. Cell-mediated immunity is altered, with a small decrease in T
lymphocyte numbers (esp. T helper rplls). Thymus is often severely dysmorphic, with associated T cell
maturation delay releasing an excessive proportion of immature cells. A high frequency of transient
leukaemoid reactions occur in npwborn, and the white cells involved always seem to be fully trisornic for
chromosome 21. The risk of true leukaemia is also raised in both children and adults. In the first year
acute non lymphocytic leukaemia predominates. In later years the spectrum of types is similar to that in
the general population, but there are massively increased risks for myelodysplastic syndrome (relative
risk 175) and acute megakaryocyte leukaemia (relative risk 600). The treatment response in people with
Down syndrome may differ, and methotrexate may be toxic at even standard doses.

Endocrine system Piubably related to immune disturbance is an increased prevalence of autoimmune thyroid dysfunction
(usually hypothyroidism) at all ages Microsomal antibodies can be detected in the infant, and
seroconversion from euthyroid to compensated hypothyroid to full illness can occur throughout life.
Some cases are congenital, but most are of later onset, and the presence of thyroid antibodies is
variable. However, up to 20% of adolescents and adults with Down syndrome may suffer from it, and it
is a crucial differential diagnosis to be eliminated in the presentations of behavioural disturbance,
depression and dementia in these age groups. Screening is advised for children on a regular basis, and
for adults a 2-yearly screen is suggested, but is not yet universal.
Diabetes mellitus is also more prevalent (esp. type I) and again is postulated to have an autoimmune
basis.

Reproductive system Men with Down syndrome due to full trisomy 21 are usually infertile (only one documented case of a
man with Down syndrome fathering a child). This is not the case tor mosaic trisomy 21, and offspring
both normal and with Down syndrome have been reported. Spermatogenic arrest of varying degrees
leads to an average lowered sperm count. Cause is unknown.
In contrast over 20 women with Down syndrome are known to have had children, and slightly less than
half of these had Down syndrome in turn. However, there may also be a slowing of follicular
development in the ova, with some women completely failing to ovulate. Another reproductive change
is that the menopause occurs on average 5 years early in women with Down syndrome

The central nervous system in DS

Neuroanatomy
On average, brain weight is decreased by 10-20%, with reduced
fronto-oceipital length. Oilier changes arc subtler and variable:
decreased gyral count, cortical thinning, underdeveloped ccrebci
lar mid-lobe. Neuronal heterotopias occur in cerebellar white
in a iter and vermis, indicating neuronal migration problems.
Neuronal numbers are decreased in a patchy fashion, in cerebel¬
lum, locus coerulcus and basal forebrain. Individual neuron

morphology is also altered, with abnormal dendrite formation.
There are anomalies in neuron associated cells, including glial cell
enlargement The development of the brain in I TS involves abnor
mal degrees ol neuronal differentiation, abnormal cortical lamina
rion and a decrease in the number of neurons eventually formed.

Cultured fetal neurons show normal initial differentiation but

subsequent degeneration and programmed cell death (apoptosis).
There is also dendritic atrophy (at least in visual cortex) which
continues into adult life. These mechanisms suggest problems at
all levels of brain maturation proliferation, neuronal migration,
and differentiation. Apoptosis may involve defects in the mecha¬
nisms that scavenge cellular free radicals. Such defects may also
predispose to dementia. Free-radical excess is a key candidate
hypothesis for the development of Alzheimer's disease in the
normal population, and one of the tri allelic genes on chromo¬
some 21 is superoxide dismutase, which performs a scavenging
function. The presence ol pathological features of Alzheimer's
disease, including neurofibrillary tangles and amyloid-containing
plaques, is well documented and found in practically all indiviclu
.lis with ITS over the age of 35 who have had postmortems. T he
brain distribution of these lesions is similar to that ol Alzheimer's

542



LEARNING DISABILITY 24

disease of the normal population (the clinical dementia is further
discussed IkIow). The substrate on which the dementia develops
is certainly not normal, however; e.g. the hippocampus in ITS has
rather specific changes with a doubling of cells (thought to be
astroglia) that stain positive for a protein marker termed S100.

Neurochemistry
In the fetus with DS the activity of choline acetyl trans (erase
is normal but the number of muscarinic receptors is reduced.
Pharmacologically, a well-reported peripheral neurological effect
is atropine hypersensitivity. In adults there may be an increased
turnover of central monoamines unrelated to cognitive decline.

Cognitive changes associated with D5
"ntcllcctual disability becomes apparent during the first few
„onths of life, and increases as the child becomes older, as meas¬

ured by progressive delay in attaining developmental milestones.
The earliest milestones, such as smiling at faces, may be delayed
only for a few months, but later milestones, especially language-
related items such as the ability to form a sentence of three words,
may be delayed for up to 2 years. These delays arc group averages,
and for individual children changes may be more difficult to elicit.
Cognitive decline starts within the first year and is almost contin¬
uous from then until 10 years. After the first decade the intellec¬
tual disability tends to remain relatively static or only slowly
progresses, with some late teenagers showing a phase of improve¬
ment followed by a period of stability until the decline with
advancing years, in many cases accelerated by dementia. As most
studies have focused on children, there are much fewer reports on
the stability or otherwise of cognitive abilities of adults without
dementia. At around 5 years most children have test scores in the
high moderate to mild range of LD, and early educational and
psychological interventions may be a key to maintaining this. The
variability in intellectual attainment is well demonstrated by citil
drcn with full DS having test scores in the normal (low average)

uigc. There is evidence that parental educational levels, partly
reflecting their IQs, are related to the degree of intellectual
disability in ITS children. About 60-75% of DS children have
impairments in language production more severe than their
mental age would predict, 20—35% had language comprehension
and production on par with their mental age, and only 5% had
deficits in both areas (Miller ct al 1999). Vocabulary skills develop
more quickly than syntax, and there is a deficit in expressive
language.

Early intervention and intellectual and social
achievement in DS

DS children brought up in their own homes do better than those
in institutions or foster care. One study showed an increase ofover
17 IQ points at the age of around 10 if the child is brought up at
home (Ludlow & Allen 1979). In the comparative longitudinal
survey reported by Shepperdson (1995a) the attainment levels
were linked to the social class of the parents, and also higher lor
children of younger mothers who gave greater stimulation.
1 lowcvcr, a single measure such as IQ very inadequately describes
the profile of disability experienced in DS. Some consensus
findings are emerging from studies of the neuropsychological
strengths and weaknesses. There seems to lac a preservation of

visuomotor skills and co-ordination (Thase et al 1984). VVishart,
in an important series of experiments, found that infants with 1XS
tended to use avoidance as a strategy for coping with cognitive
psychological challenges, rather than try and use extant problem-
solving skills. In fact infants became more skilled in avoidance
with age. They also showed significant deficits of motivation
with very variable test-rctest scores, failing on items they
previously passed on. T hese motivational and behavioural profiles
arc important in designing for the education of the child (Wishart
1995). Haxby (19.89) found that young DS adults, without
confounding medical problems, did better on tests of short-term
memory based on visual and spatial (Corsi's block-tapping tests)
rather than verbal tasks. Other adults with non-specific learning
disabilities showed the opposite effect. Wang & Bcllugi (1994)
compared groups ofadolescents with DS and William's syndrome,
confirming that those with DS were worse at the digit span lest,
and better on block tapping. Young DS adults also performed
belter on tests ofmanual dexterity and sequencing of movements.
The relative deficit in auditory short-term memory may Lie
important in overall attainment, and is compounded by the
hearing problems to which children and DS adults arc susceptible.
A detailed speech, language and hearing assessment should take
place in any educational intervention programme for DS, and
strategies used that combine written and oral communication.
Computer-based teaching could be helpful in this context. Early
language interventions should centre on encouraging attempts
at communication regardless the mode used (Miller ct al 1999),
and speech therapy may be needed especially to promote the
development of expressive language.

Psychiatric disorders in DS
DS adults are affected by the same variety of psychiatric disorders
and comorbidities as the general population. In a study of over
two hundred adults, psychiatric disorders (WHO criteria)
occurred at a rate approaching 30% (Prashcr 1995).

Affective disorders and DS

Overall prevalence figures vary. Coliacott et al (1992) found t
high incidence of depression (11%) (all types of depression
included), nearly three times greater than in a matched I,D control
group. Myers ifc Pucschcl (1991) found psychiatric disorders of
some form in nearly 18% ofchildren and 27% of 1 >S adults; 6% had
major depressive disorder. They noted that depression tends to
present with marked biological features, with prominent sleep
disturbance, psychomotor slowing or agitation. Much less appar¬
ent arc cognitive associates such as loss of interest in day-to-day
activities, poor concentration, or thoughts of guilt and worthless
ncss. Suicidal thoughts arc uncommon. Hallucinations (auditory
and visual), however, may occur in a substantial percentage (Myers
8c Pucschcl 1995). The relative paucity of cognitive and subjec¬
tive symptoms of depression can make differential diagnosis diffi¬
cult. The functioning of those with depressive illness seems poorer
ihan matched groups, with continuing problems in adaptive
behaviour even after recovery. In Prasher's study, symptoms were
still present a year after the initial episode, suggesting a relatively
poor prognosis for some (Prashcr 8c Hall 1996). The main alter¬
natives arc dementia, physical disorders including hypothyroidism,
anil bereavement reactions. Dementia and depression may coexist,
and some have suggested a definite relationship between the two
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in DS (Burt et al 1992). Although Prasher's findings sound a

warning, the clinical impression is that the therapeutic response
to conventional antidepressants is usually good, with some
evidence that those acting on the serotonergic system arc prefer¬
able. Although bipolar disorder is not common in DS, previous
reports suggesting that I)S adults did not exhibit mania arc unsup¬
ported, and a series of reports has shown that the clinical features
are similar to bipolar disorder in the non-DS learning-disabled
population (Cooper & Collacott 1993).

Other disorders

• Autism. Myers & Pueschcl (1991) suggested a comorbidity
rate with autism of 1%. A more recent study in Birmingham
put the rate at nearer 7% (Kent et al 1999). The apparent
increase in the prevalence of autism in the general population
is controversial, and die same factors may apply here.

• Abnormal bereavement reactions. These are relatively common
in DS adults. There are two contributing factors. First, the
maternal ageing effect means many parents are older when
.heir child is born; second, and more importantly, the adult
with DS is usually looked after by his or her parents no matter
what age they arc.

• Schizophrenia. Schizophrenia and DS was described as long
ago as 1959, by Neville. Although it is not commonly
diagnosed, and must be differentiated from hallucinations in
depression or psychotic features in the early stages of
dementia, small-scale studies suggest that a chronic negative
outcome is not common (Cooper et al 1995).

• Other conditions. Many other disorders have been reported in
DS, including obsessive-compulsive disorder (Frasher & Day
1995) and Tourctte syndrome, but their incidence is
uncertain. However, many ritualistic and compulsive
behaviours in DS have similarities to those seen in learning-
disabled people without DS, and differentiation from autism
can be difficult if the person has a moderate or severe degree
of LD (Evans & Gray 2000).

Dementia

'S and Alzheimer's disease Langdon Down noted that
a remalc patient developed dementia in her 50s (Ward 1998). In
1876, only 10 years after the first report of DS, Frascr and
Mitchell in Edinburgh noted the co-occurrence. The pathological
features of Alzheimer's disease were described at postmortem in
an adult with DS by Struwc in 1929. Plaques and neurofibrillary
tangles occur in the brains of almost 100% ofolder DS adults, and
the anatomic distribution of these lesions is similar to that seen

in Alzheimer's disease in elderly subjects without LD. The pathol¬
ogy is, however, acting on a differently prepared substrate. MR!
studies indicate a smaller hippocampal but not amygdala volume
in DS adults without dementia (Aylward et al 1999a). In those
with dementia, however, both structures are smaller than in
subjects without dementia.

The anatomic changes ofAlzheimer's disease can begin as early
as the second decade of life in DS, and have even been described
in a 12 year old, but not apparently in younger children. The main
component of the amyloid in DS is amyloid |)A4 protein with 42
amino acid residues (Aj)42), coded for by the amyloid precursor
protein (APP) gene on chromosome 21, mutations in which are
the cause of a class ot relatively rare carlv-onsct familial dementia

in the general population. APP exists in three isofornts. In DS fetal
brain there is an almost five-fold increase in the expression of
the APP 695 variant, and a four-fold increase in the APP-751 and
APP-770 forms. The latter two isofornis have structures

suggesting that they may act as protease inhibitors, and levels arc
increased in the hippocampus and striatum of DS adults. In plasma
of DS adults the A(3+2 form of amyloid is increased, as is the less
common Ajj^o form. Interestingly, if DS adults are divided into
those with and without dementia the A[S43 isoform is specifically
increased by a further 26% in the dementia group. The levels of
AP«2 but not Af)40 varied with the Apof. genotype, suggesting a
specific role for the former in the pathology (Schupf ct a! 2001).
APP's part in the development of pathology is still unclear, and
there must be some mechanism to explain why the plaques and
tangles do not, on average, appear until the third decade, whereas
the levels arc persistently high throughout life. Teller et al (1996)
showed that the abnormal accumulation of Aj)42 occurs from the
21st week in utero, long before the formation of any plaques,
right through to the 61st year of life — a situation not seen in
matched controls. Normally the APP is processed into A[l40 with
only small amounts of Ap4, produced. However, in DS the A|342
peptide is present even in the absence of amyloid plaques. They
suggested that in DS a mechanism exists to degrade this protein,
preventing it aggregating, and it may be this mechanism that fails
with age rather than the protein deposition into plaques being the
proximate cause of the disease.

Another candidate on chromosome 21 is the Copper-Zinc-
requiring superoxide dismutase (SOD) gene (CuZnSOl)) that lies
close to the API' gene. SOD is a free radical scavenger, forming
hydrogen, which is then the substrate for other enzymes to form
water. Defective metabolism of reactive oxygen species is a feature
of fetal DS neurons. Duplication of SOD in itself is not essential
to cognitive impairment but occurs in nearly all DS subjects.
Apoptosis may link the biology to the pathology of dementia in
both the general population and DS adults. Caspasc, an apoptosis-
associatcd enzyme and caspase-clcavcd APP product, arc found in
neurons showing granulovacuolar degeneration in the
hippocampal CA1 region in DS brains (Su er al 2002). Gliosis is
also prominent in DS, and the gene coding for glial calcium-
binding protein subunit (S 100(1) is also found on chromosome
21. Intcrlcukin 1, a cytokine produced by macrophages, which
promotes gliosis, is also involved in the cellular regulation of APP
uptake. Interleukin-1 -containing cells are markedly increased in
DS, and it may link the defective immune response of DS to the
regulation ofalready aberrantly expressed proteins. It is likely that
many or all of these factors interact to create the histological
changes and the temporal sequence of the disease.

Prevalence of dementia The incidence is age-related,
and follow-up studies show that over the age of 40 around 10% of
DS adults per year will develop clinical signs of dementia. This
predicts an overall prevalence of clinical dementia at around 40%
for all DS adults over 40, correlating well with the numbers found
in practice. For a presenile dementia, this represents a considerable
number of affected people, and DS is probably the single most
common cause.

Clinical dementia in DS adults Clinical dementia does not

occur as frequently as the histopathological changes, and preva¬
lence reports range widely, from 6% to 75%. A large Irish survey
of DS adults (285 subjects; 35-74 years) found a rate of 13.3%,
and the dementia group had a mean age of 54.7 years (Temple
et al 2001). In those over 40 who presented with functional
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decline in an American adult DS residential centre, 21% had
clinical signs of Alzheimer's disease (Chicoinc et al 1998). For
those over 50 years of age, this figure increases; Van Buggenhour
et al (1999) found 42%. The overall trend is clear, differences
probably reflecting diagnostic criteria/tests used, and cohort
effects in a period where the longevity for DS has markedly
changed. At the turn of the century the average life expectancy
with DS was around 9 years. Now nearly 15% of DS men and 20%
of women are over 55, with most of this change occurring since
1960. The effects of normal ageing in DS must be separated from
those of Alzheimer's pathology. It is unfortunate that the term
'premature ageing' is rather widely applied to any ageing phenom¬
ena in DS, when in fact most evidence to support the concept is
(circularly) based on Alzheimer's neuropathology. The problem
is compounded by the difficulty of applying standard dementia
diagnostic criteria in DS adults, and a presentation that may high¬
light features that are atypical of dementia in rhc general popula¬
tion. longitudinal studies show that DS adults over 50 show
adaptive behaviour deterioration at a greater rate than comparison
LD groups (Zigman ct al 1996) and that this adaptive loss is
global rather than specific. Older studies ofDS adults found little
evidence for deterioration in cognitive measures, including short-
term memory, bur any clinical Alzheimer's-type dementia was
usually an exclusion criterion, and they focused on younger adults
below 50 years. Studies with wider age spread show definite
declines, especially in tasks involving planning and attention (Das
et al 1985).

It is not possible at present to predict who will develop
dementia, although some studies have tried. Changes in
neuropsychological measures and in rhc timing ofauditory event-
related potentials over a 2-year time period have been described.
Recently, a modified form of the selective reminding test
suggested long-term recall is affected up to 1 year before the
appearance of clinical signs (Krinsky-McHalc et a! 2002). An
increase in P300 waveform latency may predict dementia before
clinical signs arc apparent (Muir et al 1988). However, the
common hearing loss of older DS subjects makes such tests
difficult. Biological and psychological markers may be more

sefiil. The genetic polymorphisms associated with the ApoE gene
^chromosome 19) ntay be predisposing factors for dementia. The
gene product binds to amyloid-p peptide in the plaques and
tangles. The commonest allele in Western populations is ApoEeS.
Being homozygous or heterozygous for the less common ApoEe4
leads to an increased risk and decreased age-at-onset of late-
onset forms of Alzheimer's dementia in the general population.
Sehupf & Sergicvsky (2002) reviewed rhc data indicating that
apolipoprotein E may modulate the age when clinical symptoms of
dementia appear, concluding that, in DS, ApoEe4 was a risk factor
for earlier onset and ApoEe2 protective, as in the general
population. The original level of cognitive functioning may also
help in predicting the dementia risk. Controlling for a variety of
variables (but in a small sample set) suggested that higher initial
cognitive levels reduce dementia risk (Temple et al 2001).

The place of imaging in diagnosis is not clear, partly because
of lack of normative data. CT scans can be difficult to interpret
until clinical signs arc very obvious, although one small study
indicates that temporal lobe oriented views might be useful
(Lawlor er al 2001).

Clinical features and diagnosis of dementia At present it
is often not easy to make an early diagnosis. For the DSM-IV-TR
diagnosis of any form of demen tia, there must be a demonstrable

deterioration in short-term and later long term memory, along
with a worsening ability to focus attention and maintain personal
orientation. The DS adult is very different in many aspects from
non-LD populations with presenile or old-age dementia. The
metabolic and genetic background differs, but so also does their
upbringing, education, language acquisition, work placements
and social support structure. Thus dementia acts on a different
substrate, and can be expected to produce different effects in
most areas of functioning. Memory change may not be the initial
symptom; difficulties in multiple areas of function occur and
deteriorating self-care skills seems the commonest, followed by
loss of social and language skills and then memory loss. In
younger DS adults a frontal lobe presentation with marked
behavioural disturbance may be an early feature. This may also be
present in older adults but usually here accompanied by detectable
memory loss. Various behavioural difficulties are very common
(including wandering) and may occur de novo or may represent
an exacerbation of long-term behaviours. Psychotic features such
as auditory and visual hallucinations are quite frequent and may
be early, although the degree of LD may make their interpreta
tion difficult. Depression is common, either as a result of, or
comorbid with, dementia, and a treatment trial may be required
to resolve the issue. Other behavioural changes include general
motor slowing, a decrease in motivation levels and interest in
previous pursuits. Altered language use may be an early sign. The
vocabulary may become restricted, with increased repetitiveness
or in some cases the onset ofmutism. 'Organic' features again may
occur early, and it is especially notable that latc-onsct features
in the cognitively normal person may be presenting features in
DS: incontinence, mobility impairment and epilepsy. The course
of dementia varies, but is often rapid. In some cases death may
occur within 6 months of initial diagnosis, in others the course
runs several years. In late stages the person may be completely
immobile and doubly incontinent.

In the assessment the establishment of baseline level of func¬
tioning is important, but may be a difficult and at present often
retrospective process. Testing instruments include structured
observer ratings (reviewed by Deb & Braganza 1999) in com¬
bination with more specific psychological scales such as Vineland
or the Severe Impairment Battery. A longitudinal approach is
needed, sometimes over an extended period, to pick up subtle,
early changes. There are srill no tests, however, that alone permit
a definitive diagnosis. In adults with milder LD the Mini Mental
State Examination modified to suit the person's abilities has been
found helpful when combined with longitudinal measures.
Clinical work-up must be extensive, making full use of informa¬
tion from key informants at work and at home, as well as clinical,
physical and psychological examination of the person themselves.
Brain imaging, including CT and M.RJ scans, to be useful needs to
be repeated but then can clearly show changes typical of
Alzheimer's disease.

Epilepsy, dementia and DS Unlike for other causes of
LD, epilepsy in DS is not common save in the very young and in
association with dementia. Although it can occur without demen¬
tia the adult onset of epilepsy should be regarded as a serious
occurrence demanding further investigation. Grand mal epilepsy
may occur in both early and late dementia, but myoclonic epilepsy
is more common. There may he a diurnal pattern, with a promi¬
nence of the fits on awakening. Although the usual antiepileptic
medications are useful, the epilepsy is sometimes difficult to treat
(Tangyc 1979). The usual recourse is sodium valproate provided
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the liver function is adequate; lamotriginc and carbamazepinc
sometimes make things worse. The DS aduit who develops
myoclonic epilepsy usually has a much more rapid deterioration
than others with dementia.

Differential diagnosis The differential diagnoses arc mostly
treatable — depression, hypothyroidism, bereavement reactions
— and should always be considered. Less common arc anaemias
(both iron-deficient and folate-dcficicnt), and chronic cocliac
disease is over-represented in DS adults and children. Depression
and anxiety are common in DS adults and arc the mental health
disorders that arc most commonly unrecognised. Functional
mental health problems, physical disorders and dementia may all
coexist, and vigorous treatment of amenable conditions may be
needed to resolve the issue. There is some evidence that DS adults
with dementia arc at greater risk of developing hypothyroidism
than those without dementia (Percy ct al 1990).

Treatment and management After the diagnosis of
dementia is confirmed, the psychiatrist has a role to play in work
hg with and supporting the family or carers, treating the behav¬
ioural or psychiatric components of the condition, and also
advising on the suitability of the particular environments that the
person encounters. Many of the current care settings arc not an
environment compatible with dementia. For example, adult train¬
ing/resource centres serve large numbers of changing clients,
noise levels arc often high, and open-plan design can lead to
increased confusion and behaviour disturbance. Much can be
done to create smaller, quieter areas within such settings, main¬
taining placement continuity while creating a much less sensory-
threatening environment. Similarly, hospitals usually have high
ambient noise levels, multiple staff changes and, to the already
confused, present an additional source of fear and disorientation.
Sadly, eventual nursing home or hospital placement often occurs
for the wrong reasons, at the wrong stage of the illness, because of
the lack of appropriate alternatives. Care of the elderly wards are
not age-generic and may distance the person from the appropriate
social work and specialist healthcare services for LD adults.
Although management is largely supportive, there is interest in
anticholinesterases. Two small trials of doncpez.il have been
undertaken. Prasher's group conducted a pilot placebo-controlled

ouble-blind parallel-group trial, but, perhaps understandably
for an early trial in L.D, only on thirty subjects with DS and
dementia. They showed that the drug was relatively safe and well
tolerated, but the numbers were too small to show significant
changes (I'rasher et al 2002). Larger trials arc at present underway.
There is, in fact, no a-priori reason that someone with DS and
early dementia should not receive anticholinesterase medication
after full clinical investigation, as would any other person with a
presenile dementia.

Dementia and the family Dementia is a tremendous stress
for the family or carers, especially parents, who themselves may be
experiencing problems of ageing. Janicki described this as 'two
generation ageing', an inversion from the normal situation where
the children usually look after the parent sufferer. Attempts should
be made to maintain the home placement and support parents
in the immediate practical aspects of healthcare, and in making
plans for future care. Carers are especially troubled by restlessness,
loss of speech, incontinence and wandering, and these behavioural
problems need careful management. Parents arc also very
concerned as to who will look after their son/daughter when they
themselves die, whether or not the person suffers from dementia.
After parental loss, it is still the family that usually look after the

person with DS (usually the siblings, most often a sister, take over
the role of carer). In the final stages, health needs may be over¬

whelming, and there is a great need for specialist respite/
terminal care. Hospice terminal care facilities have proved useful
for some, and studies on good palliative care practice for people
with LD arc beginning, but clinically the general practitioner is
generally adept at palliative care.

Sexual development in DS and its problems
Sexuality and sexual expression is as much part of normal
development for the DS adolescent as it is for anyone else. The
sexual development of men with DS seems to follow a normal
course, with the development of primary and secondary sexual
characteristics. DS girls start menstruating at around the same age
as others, and cycles are usually regular with regular ovulation
(Scoia & Pucschcl 1992). However, most DS men have reduced
sperm counts — a problem of unknown cause, spermatogenesis
arrest varies from very niild to complete. Men with mosaic DS
however are fertile and have been known to have children. Women
with full trisomy 21 can be fertile (over 24 children have been
reported). Some have problems, however, with ovulation or
slowed follicle growth.

The development of sexuality during adolescence is often a
major issue for both the person with DS and their carers.
Shcppcrdson (1995b) described longitudinal studies on two
cohorts of young people with DS: a group born in the 1960s and
followed up during teens and mid-twenties, and a group born in
the 1970s who were then seen in their teens. Although the carers
of adolescents born in the 1970s appeared more permissive, carers
of both cohorts were rarely in favour of parenthood for people
with LD. Over half thought that sterilisation might be appropriate
in certain circumstances. Although two-thirds of both groups
felt sex education was appropriate for teenagers, only one-third of
carers in the first cohort felt it appropriate to adults. Although,
superficially, attitudes seem changed, such views are still unfor¬
tunately common today. Sex education is appropriate for young
people with DS, and they should learn about forming rcla
tionships, marriage, heteroscxuality and homosexuality, as well
as the mechanistic aspects of intercourse and body function. The
LD in combination with increased independence makes them
vulnerable to abuse and exploitation, and dealing with such risks
should be a parr of any educational programme. Community LD
nurses who develop a specialist interest in sex education/sexual
health can be useful in adult education.

The X chromosome is especially important to our understand¬
ing of LD. In 1897 Johnson reported that, on the basis of the
US census of 1890, 24% more men than women had LD. Both
Luxenburger in 1932 and Penrose's classic 1938 study confirmed
this in institutional populations. Initially it was thought that
increased male aggressiveness led to notification and institutional
isation, but the same excess is seen outside hospitals. The overall
male gender relative risk for all I.D is near 1.7, for mild LD alone
is around 1.9, and for severe I.D somewhat less at 1.4 (Crocn
ct al 2001). An increased male susceptibility to neonatal injury
partly contributes; low birthweight male infants have a higher
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mortality than females, and recently an association between birth-
weight and 1Q has been shown for males (Matte el al 2001).
However, most of the male bias is due to X chromosome abnor¬
malities. The human genome sequence reveals that 3.75% of all
genes arc on the X chromosome, and the X chromosome seems to
be predisposed to disorders affecting cognition. Even assuming
some disorders presently regarded as independent arc part of the
phcnotypic spectrum of single mutations, in the premier genetic
database, Online Mendclian Inheritance in Man, over 200 of
almost 1000 conditions associated with LD are X-linked (Zcchner
ei al 2001).

The unusual genetics of the X chromosome
Only one X chromosome is fully active in any cell. This is the case
no matter how many X chromosomes are present. Man is a sexu¬
ally dimorphic animal, and some means of ensuring equivalent
gene dosage is needed. In all cells of normal females, one X chro
mosontc exists in a densely packaged inactive state, the hetero-
chromalic Barr body, created in the iatc blastocyst embryonic
stage. Specific mechanisms are. involved in both X chromosome
inaclivation and also in 'counting' the number of X chromosomes
present, so that all arc inactivated save one in any given karyotype
(Avner & Heard 2001). Both these functions are located in a

region called XTC (X inactivation centre, Xql3.3). In this complex
a gene, XIST (X inactive-specific transcript), produces an RNA
(Xist) which coats its own chromosome. XISToti the X chromo¬
some that is to remain active is transcriptionally silenced. Before
the coating occurs, all X chromosomes in the cell express Xist at
low levels, but it has a short half-life. The events that trigger inac¬
tivation increase the stability of Xist, possibly dependent on a
certain level of accumulation being reached. Whcras Xist coating
by itself is insufficient to maintain inactivity, a secondary process
involving hypcrmethylation and the recruitment of hypoacetyfcd
chromatin-associated proteins (histoncs H3 and H4) fixes the
chromosome in the inactive state. This inactivation, once begun,
is a spreading process, responding to chromosome-specific DNA
signals (probably long interspersed nuclear elements, LINEs) that
act as inactivation boosters. Certain regions (low TINE density)
arc spared and continue to remain active on the 'inactive' X. With
respect to inheritance they behave like autosomal regions and are
termed 'pscudoautosomal'.

Counting and the identification of which X chromosome is to
be inactivated require distinct, poorly understood mechanisms
separate from inactivation itself. Counting may involve low levels
of a blocking factor sufficient to bind only one X1C in a cell. The
correct autosome count is also necessary to the inactivation
process, and in die triploid state (cells with 69 chromosomes,
normally lethal in utero) the extra X chromosome is not inacti
vared. The pattern of X-inactivation in human cells is random,
producing a paternal and maternal X active mosaic. Human extra
embryonic tissues, however, only express maternal X, suggesting
imprinting of the paternally inherited X that may be important in
some disorders. Usually the mosaic pattern in females allows
around 50% of cel ls to express paternal-sourccd X and 50% mater-
nal-sourccd X. Only maternal-sourced X exist in men, so they art¬
fully affected by X linked conditions whereas women vary in clin¬
ical expression. At the extremes, an apparently non-random inac¬
tivation may occur by chance, resulting in the full disorder in some
women, while at the other extreme there is no detectable effect.
In sonic conditions there is a truly non-random inactivation, e.g.

some families with Lcsch-Nyhan syndrome have multiply affected
females. Another, commoner, type of non-random inactivation
can occur in identical female twins that explains some of the clin¬
ical twin discordance in X-linkcd disorders.

Sex chromosome aneuploidies
These are numerical anomalies of X or Y. All excess x
chromosomes when present are inactivated. Thus phcnotypic
consequences must be due to the higher copy number of the
pscudoautosomal genes that escape inactivation. Abnormalities of
the number of sex chromosomes arc not uncommon, at over
1:500 live births (1:400 men; 1:600 women). The Y chromosome
harbours few genes, and only aneuploidies leading to an increased
X chromosome number show a strong association widi LD.
Females with Turner's syndrome (XO) do not have LD; in fact,
mosaicism (around 25%) may confer a slightly higher than normal
IQ. The clinically important aneup4oidics have the karyotypes
47,XXY, 47,X.XX and 47,XYY. Various mosaic karyotypes
other cell line usually being normal) are also found. Higher
number aneuploidies are well described but rare (Willard 2001).

Klinefelter syndrome
Klinefelter syndrome (47,XXY; 1:500 to 1:1000 men) is a

relatively common and important condition, but still with art
extensive prenatal loss (50% of all 47,XXY conceptions, 1:300
spontaneous abortions). The non-disjunction is nearly 50% pater¬
nal and 50% maternal in origin. Seventy-five percent of the mater¬
nally derived eases show a maternal age effect, and most paternally
derived cases are associated with advanced paternal age.
Klinefclter's original clinical description in 1942 pre dated cyto¬
genetic analysis, and his cohort was later found to include men
who did not have XXY. The key criteria arc now held to be an XXY
karyotype and male hypogonadism. Diagnosis often occurs at
puberty, with varying development of secondary sexual character¬
istics along with small testes, or through referral to an infertility
clinic. Around 90% have scant facial hair, and gynaccomastia
occurs in about 50%>. The adult with Klinefcltcr's syndrom
usually around 4 cm taller than average (with especially long lower
limbs) and with an asthenic body build. The average IQ (adults)
is around 90, and also a substantial percentage of those with
47,XXY' fall into the LD range — usually mild, with most having
IQs above. 60. Specific learning disorders arc common, although
the usual delay in diagnosis predicates against early intervention.
In adolescents, verbal comprehension is decreased whereas
performance IQ may be in the normal range. The postulated rela¬
tionship of Klincfelter's syndrome to psychiatric disorders, espe¬
cially psychoses, was based on the studies in institutions, and the
true relationship is uncertain. No association was found when
information from large cytogenetic and psychiatric databases was
cross-linked in Denmark (Mors et al 2001); however, it is unclear
whether this incorporated data on LD.

Trisomy X
The karyotype 47,XXX is found in around 1:1000 women.
Generally there is little clinical evidence to suggest physical abnor¬
mality (a slight increase in height may occur, but this is also pat tly
correlates with parental height). However up to 70% have specific
learning disorders and 1,D is over-represented due to the slight
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decrease in average IQ. Some women have reduced fertility, but
most do not, and their children have normal karyotypes. There are
reports of an increased incidence of schizophrenia, not necessarily
associated with LD, and some evidence for behavioural changes
during the transition from adolescence to adulthood (Harmon
et al 1998).

47,XYY males

Again, this occurs in around 1:1000 men. There are even fewer
physical correlates than trisomy X (overall height is increased),
and yet XYY has gained a controversial status out of propor
tion to its clinical importance. Studies on populations of men
in maximum-security psychiatric hospitals in the 1960s seemed
to show an excess of XYY carriers as well as XXY (Witkin et al
1976). These studies lacked adequate comparison groups, and the
high prevalence of XYY in the general population casts doubts
on inferences relating XYY to criminal behaviour. Average IQ may
I- - very slightly lower than in the normal population, which
. ./ play a small part in a general increase in behavioural
problems.

Sex chromosome polysomies, and other abnormalities
Where the number of X chromosomes and/or Y chromosomes
increases further the phenotype is often severe. X chromosome
terrasomy (48,XXXX) and pentasomy (49,XXXXX) are rare but
well described. 48,XXXY and 49,XXXXY are more common.

Generally there is a marked LD, and a variety of physical abnor¬
malities. The greater the number of X chromosomes, the more

profound die LD. These extra X chromosomes arc entirely mater¬
nal in origin, and are all inactivated, and rite phenotype is a conse¬
quence of increased copy number of genes escaping inactivation.
Ring X and supernumerary marker chromosomes derived from the
X chromosome arc usually also associated with LD. In some cases
they may fail to inactivate, due to lack ofXIC, or sometimes a fail¬
ure to express Xist even when the gene is present. In these cases
all regions of the X chromosome arc expressed from both copies
(a functional disomy), not just the pscudoautosomai, and the

notype is severe.

Dynamic mutations — the fragile X syndrome
It has been long known that the male excess of LD could be
familial. In 1943 Martin & Bell described a family where 11 men
had a common set of clinical features including LD, and other
similar families were reported over the next two decades. In 1971
Turner and her group suggested grouping cases where X-linked
LD was the only clinical feature. In 1969 Tubs showed that under
specific culture conditions (thymidine/folate deprivation) a cyto
genetic marker became visible on the X chromosome in four LD
members of one X-linked family. However it was not until the late
1970s that Sutherland and others realised this finding to be an
important diagnostic tool. The anomaly shows up in a percentage
of lymphocytes as a faintly staining constricted region near the end
of the long arm of X (Xq27.3). Its apparently tenuous nature led
to the appellation 'fragile site' and it is one of three such on X
chromosome (termed FRAXA; the others are FRAXE and
FRAXE; all are folate sensitive). Rare fragile sites are also found on
autosomes, largely without clear clinical consequences (Sutherland
& Baker 2000). There are also several 'common' fragile sites on X

of no clinical significance, including FRAXD, which, lying near
FRAXA, can cause confusion. Over 80 common fragile sites arc
found through the genome, but their clinical significance is
unclear. The presence of other fragile sites close to FRAXA led to
an initial prevalence overestimate. Turner's early Australian reports
for instance suggested around 1:2500 men and 1:4000 women.
The discovery of the gene that is disrupted in association with the
cytogenetic marker led to diagnostics directly based on DNA
analysis, and the rate was revised downwards to around
1:4000-4500 men and 1:8000~9000 women, but this is still a

very common inherited cause ofLD.

The genetics of fragile X syndrome
F,arly work revealed several unusual features of inheritance that did
not follow classical Mcndclian lines, including a very low pene¬
trance compared with other X-linkcd disorders. In the 1980s
Sherman and her colleagues studied over a hundred families with
fragile X syndrome and found that the daughters of women who
must be obligate carriers of the gene mutation were at much
greater risk of LD than daughters of unaffected male carriers
('normal transmitting males'). Further, they could identify' fragile
X chromosomes (by karyotyping or inferred from intellectual
impairment) in only around half of female obligate carriers. In
pedigrees it was noted that LD seemed to be more severe in
younger generations — they displayed genetic anticipation, and
in fragile X this was termed the Sherman Paradox. The answer to
this paradox came with the identification and sequencing of the
underlying gene, designated FMR1 (fragile X mental retardation
gene 1), and its associated mutation in 1991. It is now clear that
disruption of this gene alone is sufficient to cause fragile X
syndrome. The gene has 17 exons, spanning around 38 kbp of
DNA. Over 95% of cases of fragile X are associated with a very
long linear sequence of multiply repeated DNA nucleotide base
pair triplets — Cytosine-Guaninc-Guaninc or Guanine-Cytosine-
Cytosinc, dependent on the strand that is chosen (Warren &
Sherman 2001). This is more readily written as (CGG)w where n
is the number of repeated triplets. This non-coding DNA
sequence is found in the 5' untranslated end of the FMR1 gene
near the promoter and is very variable in size in the population.
On average around 29 triplets exist (range of 6 to 52) and these
have no effect on gene function. However, in men with full frag¬
ile X syndrome the copy number of the triplet is huge, ranging
from over 230 to well over 1000, representing 690 to over 3000
extra bases of DNA. Cells do not permit such a large repeat in the
FMR1 gene region to persist without modification. The cytosine
residues of GC pairs in the repeat, nearby CpG island and gene
promoter are highly methylated enzymically, accompanied by de-
acctylation of chromosome-associated histonc proteins. Proteins
recruited to the area include the methyl cytosine binding protein
type MECP2, which is disrupted in Rett syndrome and other
MRX disorders (see below), linking these to Fragile X. These
alterations lead to an architectural compaction of the chromoso¬
mal region, preventing access of DNA polymerase and resulting
in transcription failure. The gene is silenced and no mRNA
produced. Transcription failure of FMR1, preventing production
of its associated protein FMRP (fragile X mental retardation
protein), is the cause of the disorder, not the repeat presence itself.
Rare individuals with full fragile X syndrome phenotypc have been
reported with other FMR 1-silencing disruptions such as gene
deletions, intragenic mutations, even a single base pair mutation.
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Table 24.4 Fragile X syndrome — size of base pair triplet repeat in FMR1 gene, classification and stability, and phenotypic outcomeS- .■! .■ . ''

Size of repeat in terms of number
(n) of triplets — (CGG)n Classification Clinical phenotype

6-60 Stable; the normal situation; not prone
to expansion

60-200 Unstable; prone to expansion through a
female meiosis

Over 200 Full expansion repeat size, unstable if
passed through a further female meiosis

None

Largely no effect; controversially, some
specific cognitive changes at the upper
end of the premutation range

Fragile X syndrome

That [lie repeat itself is not causal is further emphasised by studies
of transformed cell lines carrying the fragile X mutation where
blocking histonc dcacetviases and mcthylation enzymes can rcac-
ivatc the gene (Chiurazzi & Ncri 2001). However, as a possible

therapy, tltis approach is limited since translation as well as trail
scription seems suppressed in full mutation carriers.

The origins of the repeat arc beginning to be understood.
Repeat size can increase by up to 10 20 times between genera¬
tions as a natural event. Most likely this is due to slippage in the
DNA replication mechanism, witli the repeated motif more likely
to form hairpin loops and other structures that predispose to
replication errors. A polarity exists, with repeats added at the 3'
end (i.e. during the final stage of repeat replication). Repeats of
around 60-200 triplets are highly unstable but only when trans¬
mitted through the female germlinc, where massive further expan¬
sion occurs. In the general population the size of the repeat can be
used to indicate its stability, and three classes of repeat size are
generally recognised (Table 24.4).

Repeats have an important fine structure. A normal-size repeat
of 30 or so CGG triplets will have a few (1-3) interspersed AGG
triplets. These break up the tract of CGG triplets and in doing so
confer increased stability. Mutations that remove the AGG repeals
increase the length of'perfect' CGG sequence and also the risk
of mciotic instability. Premutations need to have at least 50
uninterrupted CGG repeats before they will expand to a full
mutation, but shorter lengths of'perfect' GGG sequence may also
increase the likelihood of smaller intcrgcncrational expansion,
especially if the tract is closer to the 3' end of the sequence.

In women, when repeat length is within the premutation range,
then in around 50% cases with 60-80 triplets, and in nearly 100%
with over 90 triplets, an expansion to a full mutation occurs in
germ cells. In contrast in male carriers there is usually no further
expansion. In some X-containing sperm there may lie a
contraction in repeat size, which is actually more likely with
larger premutations. These sex differences explain the unusual
inheritance patterns seen in families. The change from
premutation to full mutation probably occurs pre-zygotically, that
is in the developing gametes themselves. Ova obtained from
females who have full fragile X syndrome show a further expansion
iu repeat size. The observation that somatic tissues in those with
full fragile X syndrome arc often mosaic for the repeat expansion
is now thought to be due to contraction of repeat size in such
tissues rather than the outcome of a post-zygotic expansion event.
The mechanisms of the enormous expansions are not yet fully
clear, but may involve very large-scale replication slippage, with
extra CGG triplets added at the 3' end. DNA repair enzymes exist
to excise such repeated sequences, but the effectiveness of one of

these, FEN1, is reduced in proportion to the size of large hairpin
loops (Henrickscn ct al 2000). Factors also act on repeat length in
the male germline, but in the opposite direction. Sperm from
males with full fragile X. show only X-premutations. Oostxa's
group has shown that cells from the early fragile X fetus have the
full mutation, but by the 17th week only the premutation exist
indicating a true contraction of repeat size (Maltcr et a! 1997).

In the families of subjects with fragile X syndrome the size of
the repeated triplet thus varies. Normal transmitting males and
obligate carrier females have premutations between 60 and 200
repeats, only unstable when passed from mother to a child. Thus
daughters of normal transmitting males will have a premutation of
much the same size as their father. However, when they pass this
X chromosome to their offspring, then full expansion occurs and
around half their sons have full fragile X syndrome and half their
daughters arc heterozygous full mutation carriers.

The functions of FMRP

The FMR 1 gene produces a 4.4 kbp mRNA that codes for the
FMRP protein. The individual mRNAs of the 17 exons arc spliced
together in alternate ways to form a series ofdifferent RNA mole¬
cules (spliccforms) and so different protein isoforms. FMRP has
mRNA binding regions (these motifs arc termed KH domains and
an RGG box). Such binding sites may be highly relevant to cogni¬
tive outcome — in a patient with full fragile X syndrome and scvc-<-
I.D due to a single point mutation of FMR1, the mutation
directly in a KH domain. The RGG box has been shown to bind a

subgroup of mRNAs with specific structures (G-quartcts) (Brown
ct al 2001). The sequestering and suppression of translation of this
type of mRNA may be a clue to FMRP's normal function. FMRP
is synthesiscd in ribosomcs in neuronal cell bodies and also in the
vicinity of synapses in dendrites. In mice where the murine equiv¬
alent of FMR1 has been experimentally silenced (mouse 'knock¬
outs') die dendritic spines on neurons arc immature in form,
perhaps indicating a slowing of maturation rather than a fixed
phenomenon, since the synaptic changes may resolve over time,

Neuronal and brain changes in fragile X syndrome
Relatively few postmortem studies of fragile X syndrome have
looked directly at neuronal architecture. In full fragile X males the
neuronal count is normal but the dendritic structure in the cere¬

bral cortex is aberrant, with long, thin, immature spines that arc
more numerous than in controls. In-vitro experiments using
pinchcd-off and rcscalcd presynaptic neuronal processes (the
'synaptoneurosome') show that dendrites synthcsisc proteins,
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including FMRP directly in the synaptic regions, a process essen¬
tial to correct developmental synaptogenesis. Synaptogenesis in
excessive initial amounts with subsequent removal/pruning
forms the mature connectivity arrangements needed to process
later sensory input, as was well shown for visual cortex in the
classical studies ofHubel & Wiesel during the 1960s and 1970s,
and more recently for other cortical sensory areas. A second subse¬
quent stage of cortical synaptogenesis and pruning is directly
regulated by sensory input and has been described in both sensory
and motor cortex. Direct protein synthesis in the presynaptic
zone is probably highly important to such synaptic plasticity. In
.vynaptoncurosomcs, FMRF synthesis is increased by glutamatc
induced neuronal excitation, and the mechanism is absent in
jynaptoncurosomes derived from murine FMR1 knockout tissues
(Greenough et al 2001). Such elegant studies suggest that fragile
X syndrome might be an example of a disorder that acts at the final
stages of brain development.

MRI imaging (both males and females) indicates hippocampal
*—enges, but results arc inconsistent. One explanation of this may
be age-related — studies on younger individuals tend to show an
age-related increase in the volume of the hippocampus, whereas
older individuals have shown an age-related decrease. Other
abnormalities repeatedly reported in full fragile X males include
decreased size of posterior cerebellar vermis, and increases in
fourth ventricle, lateral ventricle and caudate (Eliez et al 2001).
Abnormal cerebellar vermis has also been reported in some studies
of autism; however, there is no increased comorbidity with autism

in fragile X, and the clinical picture, although showing superficial
similarities and certain autistic-Lvpc behaviours, has important
differences, including a less severe overall delay in social skills in
fragile X. Further the autistic behaviours do not relate to the
expressed levels of I'M R I', which is deficient in fragile X syndrome
(Bailey ct al 2001) More information may result from future
functional MRI studies. For example, a small study of 14 full
fragile X females showed increased activation of the anterior
prefrontal cortex and absence of expected activation of the
inferior/superior parietal lobe compared with controls during a
psychological task (a counting Swoop inhibition task of executive
function) (Tamm et al 2007)

Screening issues and the place uf the dynamic
mutation in the population as a whole
DNA-based methods are replacing karyotyping in fragile X diag¬
nosis. The mutation can be sized on a gel after restriction enzyme
digestion of DNA, or detected by direct amplification using PGR.
Many individuals who may have fragile X remain to be screened,
and this is most apparent in adults with LD. A recent institutional
survey found fragile X in 3.S% of all residents (Van Buggcnhout
et al 2001). Thus testing of adults as well as children is an impor¬
tant area. If there are physical features and/or a family history of
l.D, it is important to test for fragile X and obtain genetic coun
selling for the family. The current American College of Medical
Genetics recommendations for testing arc given in Table 24.5.

Whom to test? Important features
Features that lower the
threshold for testing Other points

Males and females

Persons seeking
genetic/reproductive
counselling

Fetuses of known
carrier mothers

Person with a positive
cytogenetic result

Person with negative or
uncertain cytogenetic
result

With learning disability
and/or other

developmental delay
and/or autism

With a family history of
fragile X syndrome
or with a family history
of undiagnosed learning
disability.

With atypical clinical
features

With strong clinical
features

Any phenotypic
characteristics of fragile X
syndrome
Family history of fragile X
Family history of .'
undiagnosed learning
disability

DNA testing is now method
of choice
If there is a confirmed

family history of fragile X
syndrome then DNA analysis
alone is sufficient -

■ Fragile X testing should
otherwise be done as part
of a full genetic evaluation

Prenatal testing follows the
positive carrier test in
mother

- NB: CVS is sometimes

ambiguous

CVS, chorionic villus sampling
* Working Group of the Genetic Screening Subcommittee of the Clinical Practice Committee, American College of Medical Genetics
1994 Fragile X syndrome: diagnostic and carrier testing. American Journal of Medical Genetics 53:380-381.
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Screening DNA for fragile X docs not eliminate the need for an
additional general karyotype. Chromosomal abnormalities have
been detected as, or more, frequently than fragile X in individuals
referred for fragile X screening (Warren & Sherman 2001).
Prenatal screening is possible but controversial especially with
female fetuses, when prediction of outcome is limited. There has
been some concern that the mcthylation status of the repeat may
not be adequately ascertained by CVS, and some recommend
amniocentesis to confirm hypcrmcrhylation as well as repeat
expansion. With new technologies the situation is rapidly chang¬
ing. Antibodies that directly bind FMRP may be useful diagnostic
tools, especially in those cases of fragile X not associated with
repeat expansion.

Direct DNA examination of DNA has also helped define the
population prevalence of the varying mutation subtypes, The
dynamic mutation is found in every ethnic population so far
tudied, although the average repeat length differs between

groups. In contrast the position of intercalated AGG sequences
seems very conserved and an ancestral form (CGG)yAGG
(CGG).jAGG(CGG)9 suggested. The premutation shows a sex
bias (around 1:1000 men, 1:400 women) compatible with
proposed mechanisms of repeat expansion. In certain genetically
isolated populations such as Finland there is good evidence for a
founder effect (common ancestor); in others, including the UK
and USA, the premutation docs not have the same diversity of
variants found in the full mutation, suggesting different
expansion/contraction rates between populations or that a true
equilibrium between premutation and full mutation has not yet
been reached in some populations, Proportions in French
Canadians from Quebec arc similar to those in British and
American populations, but relate to a different haplotypc, and
there arc still many unanswered questions about how the
mutation evolves in populations.

For an X-linkcd condition the apparently low rare of new
mutations and evidence for a founder effect (common ancestor)
is unusual, but clear in .Swedish and Finnish families. It appears
that the premutation can be carried silently over many genera
tions. At first this scc.ms to conflict with the high frequency of
the condition, but there also may lac a slow 'creep' in size of the
premutation over generations. Marker haplotypcs close to the
mutation can be used, as well as the sequence of the mutation
itself, to follow the disorder within families. These markers show
linkage disequilibrium in a variety of populations. Thus French
ancestors may have been different from the Finnish and Swedish
who may have shared at least one common ancestor. UK studies
show a wider diversity of haplotypcs, and evidence for a common
ancestor is not so strong. A different process may account for UK
evolution, with occasional stepwise 'jumps' upward in premuta¬
tion size. These population differences make generalisations about
the absolute numbers of premutation carriers difficult. However,
a very large Quebec study examined mutation size in over 10 000
females (Rousseau et al 1995). Premutations of66 triplets or over
were found in around 1:500 females, with a similar frequency for
55 to 63 triplets. From these figures the predicted full mutation
child carriage rate is around 1:2900.

Clinical features of the fragile X syndrome
Physical features of full mutation carriers Features found

in full fragile X males arc very variable and overlap considerably
with the normal population (Table 24.6). The most consistent arc

Approximate percentage of
Phenotypic feature adult cases showing feature

Macro-orchidism 90

Elongated face 80
Prominent ears / cupped ears 65
High arched palate 60
Flat feet 60

Hypcrextensible digital joints 48

an elongated face, enlarged testicles and ears. Ail these ate more
apparent after puberty. Up to 20% of children may show no
obvious physical features, save some cupping of the cars. A
squared chin often accompanies the long face. Ear prominence is
especially noticeable in Caucasians, less so in other ethnic groups
Testicular volume may be dramatically increased up to and over
120 ml; the average is around 45 ml. Gonadotrophs levels and
spermatogenesis seem normal, however. The growth trajectory is
interesting. An increased average childhood height is replaced,
after an early onset of puberty (when testicle size increases)
between the ages of 10 and 12 years, with a decreased adult
height. Both the growth changes and the adult facial features
suggest problems with pituitary or hypothalamic function. A
disorder of connective tissue may account, in part, for the large,
prominent (antevcrtcd) cars, and also for other, less consistent
findings including a smooth 'velvet-like' skin, hypcrcxrcnsiblc
linger joints, flat feet and mitral valve prolapse. Mild macroccphaly
is a relatively consistent feature. Around a third experience recur¬
rent gastro oesophageal reflux (with vomiting) during infancy;
during childhood recurrent mid car infections and sinusitis arc
common. Twenty percent have seizure disorder and up to one-
third have squints. Full fragile X females arc protected against the
full clinical expression by random X inactivation. The cognitive
deficit correlates with the extent of physical features, and, in the
most severely affected, physical features are similar to those r *
males (obviously excepting macro-orchidism), with the sanv.
relation between puberty and expression.

Physical features of premutation carriers The most
striking physical associates of the premutation arc the high
incidence of premature ovarian failure (POP) in women — in 16%
before the age of 40 (Allingham-Hawkins ct al 1999) — and
Parkinsonism in older men (Hagcrman et al 2001). Both features
seem specific to die premutation and arc not replicated in
protomutation or full mutation carriers. Tentatively they may
relate the FMR1 mRNA to FMRP ratio, which is higher in
premutation carriers than controls. Female premutation carriers
also have ah increased rate of fragile-X-linked general physical
features, with greater jaw and car prominence,

LD and the behavioural phenotype of fragile X
syndrome
LD is usually the first feature detected in male children with fragile
X, but varies from severe to very mild. On average it is moderate,
but with important changes over the lifespan. Early reports that
preschool boys did not show LD-range IQ have been challenged,
but what is not in question, and consistently shown in multiple
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independent studies, is that a decline occurs, probably starting as
early as middle childhood. Most male adults with fragile X will test
within the moderate to severe range of LD. The specific cognitive
contributions to die overall IQ score are not uniform. In a

prospective study (Bailey et al 1998) consistently higher scores on
motor and adaptive performances were seen than on cognition
and communication. Underlying these outcomes are deficits in
short-term memory (with specific features; for sentences it is
worse than objects), visuomotor co-ordination and arithmetical
ability. Related to the storage problem is a deficit in processing
information that requires action in a sequential rather than
simultaneous fashion. Full fragile X females on average show a
decrease of 10-20 IQ points, placing many in the learning
disabled range, and many others have specific learning disorders.
Unlike in men, there is no suggestion as yet of IQ decline, but
there is evidence for similar weaknesses on specific skills such as
arithmetic, and on tests of executive function, spatial ability and
visual memory (Bcnnetto et al 2001). In fact the deficits in
executive function have been well replicated and are not simply
explained by the lowered IQ.

In addition to LD a behavioural phenotype has been described.
In full mutation males, hand flapping or waving, and other repet¬
itive mannerisms arc common, and similar features noted in frag¬
ile X women. Like the men, fragile X women also tend to be shy
and anxious. Communication difficulties include conversational

rigidity and perseveration, and a 'cluttered' and over detailed form
of speech has been noted. Small-scale studies have indicated a
raised incidence of mood and personality disorders, including
schizotypal personality. There are also areas of great relative
strengths. Domestic and daily living skills arc especially well
preserved and often improve in adults.

Shyness, social anxiety, gaze avoidance and poor peer group
relations, and the mannerisms have suggested an overlap with
autism in both men and women. There are differences, and
detailed analysis of speech patterns suggests that they differ
between fragile X and autism. Autistic features indistinguishable
on testing from non-fragtle-X autism may exist in a subgroup of
fragile X children (Rogers ct al 2001), but the subsequent tempo¬
ral course of cognitive changes is not the same (Fisch et al 2002).
Whether the link is coincidental comorbidity or a true biological

k is still uncertain. Neurological and imaging findings, however,
biggest that there may be a true overlap between the conditions.

Cognitive and behavioural changes associated with
the premutation

Although relatively well researched, earlier results linking the
premutation with cognition arc controversial. Reported work has
almost entirely focused on premutation females. Overall, premuta
tion carriers are not more frequent in children in special education
placements or in LD patients, and the consensus is that LD per
sc is not associated with having a premutation. Case reports can
suffer from selection bias, and studies on larger groups of premu¬
tation carriers have produced confusing findings. At present the
best interpretation is that cognitive and social behaviours are also
unaffected by the presence of a permutation (Mazzocco 2000).
One interesting, replicated finding is a high lifetime prevalence rate
of depression in premutation-carrying mothers of fragile X chil
dren. This is not fully explained by the stress of bringing up a child
with a developmental disability, as the age at onset of depression
predated the age at which LD in the child was diagnosed.

Treatments and interventions for the person with
fragile X and their family.
No treatment exists for the primary disorder in fragile X at pres¬
ent, but treatment of associated conditions is essential. Vision and
hearing need to be carefully monitored to maximise the person's
potential, and all therapeutic interventions need to make the most
of the adaptive strengths present with fragile X. Cardiac and other
physical problems may be open to intervention and speech and
language therapy may be needed to improve communication. The
various behavioural components need careful assessment. In some
the hyperactivity may respond to metamphetamine or similar stim¬
ulants. However, at present most strategies follow those used for
people with LD in general. For parents, having a fragile X child is
a major life event; supportive family therapy and counselling may
be needed not only for the immediate, but also the extended
family. Genetic counselling if accepted by the family is often
useful, and early access should lie encouraged. The risk estimates
for daughters who may carry a premutation need to be consid¬
ered. Until we know more about the underlying biological and
developmental mechanisms involved in fragile X, however, we
do not have any specific therapies. Therefore it is still the under¬
standing of the profile of LD in fragile X that is of most help in
maximising their educational potential. In fact identifying particu
lar constellations of weaknesses, strengths and developmental
trajectories is the way forward for all LD-associated syndromes.

Other important LD-associated conditions with
definite physical or dysmorphic syndromes (MRXS —
X-linked mental retardation, syndromic forms)
An increasing number of other syndromes are being defined
by their association with abnormalities on the X chromosome
(Chclly & Mandcl 2001). Disorders once thought separate in
spite of overlapping phenotypes arc now being linked at the
genetic level. For example at least four neurological disorders —
X linked callosal agenesis, MASA syndrome, X-linked hydro¬
cephalus and the complicated spastic paraplegia syndrome type 1
-— are now known to be due to mutations in the human LI gene
that encodes a cell adhesion molecule (LI CAM). These are now

grouped as the CRASH syndrome (an acronym of Corpus callosal
hypoplasia, mental Retardation, Adducted thumbs. Spastic
paraplegia and Hydrocephalus). One example, Rett syndrome, is
worth considering in some detail.

Rett syndrome
Rett syndrome, although rare, is important as it has revealed novel
mechanisms underlying LD conditions. Its aetiology also forms
conceptual bridges between the biology of fragile X and that of
various MRX disorders. Rett syndrome is an X-linked domi¬
nant genetic disorder, with a prevalence of around 1:10 000 to
1:15 000. A short-lived plateau, then a rapid deterioration in motor
and speech abilities, follows a period of apparently normal devel¬
opment lasting 6-28 months. There are subsequent age-related
changes, with a secondary plateau lasting for years lacing succeeded
by a late motor system deterioration. Rett first described
the syndrome in Austria in 1966. He mentioned some clinical
features that resembled autism (stereotyped hand wringing and
waving movements that replaced purposeful activity) as well
as a progressive dementia, gait disturbance and loss of facial
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Early posiural probtams
Motor (Mays

Some apparent improvement in speech
Seeming preservation of walking skills
Underlying slow neurological deterioration
Clearly dyspractic hand movements

| jy I

1 2 3 4 5' 6 20 40 I
(years) »—> .. )

Loss of acquired skills
Learning disability becomes apparent

Cessation ol walking loads to wheelchair
dependency
Wasting and deformities of distal limbs
over a period of decades

Fig. 24.5
Typical time course of symptoms in
Rett syndrome. The four classical
phases are illustrated, with a guide to
the expected times of appearance of
the features.

expressiveness. In tire early stages it may be confused with Batten's
disease, Angclman syndrome or autism (through communication
loss), but there arc diagnostic tests for the first two and for Rett
syndrome itself. The sex linkage explains the female predomi¬
nance; the few males described with Rett syndrome have severe
neonatal encephalopathy. The time course and age-related features
of the disorder are illustrated in Figure 24.5.

Physical and behavioural phenotypes are associated with Rett
syndrome. A primary criterion is a deceleration in head growth
rate after initially normal growth, which eventually results in
significant microcephaly. Although reports of hormonal deficien¬
cies are inconsistent, overall growth is also slowed. Gait and trunk
movement apraxias arc also primary features, starting at around
1-4 years. Many girls also have a relative slowing of foot growth,
resulting in very small hypoplastic feet by adolescence that are very
prone to trophic skin changes and acrocyanosis. letter progressive
changes in lower-limb innervation patterns occur with fixation of
the feet in a rigid, supine and often asymmetric flexure (Hagbcrg
2002). Scoliosis is also common and variable. A double curve

develops progressively around primary school age, and its neuro¬
logical consequences may require rapid surgical intervention. GI
manifestations such as reflux and swallowing problems are
frequent, can be serious, and may represent autonomic pathology.
Over 90% have epilepsy with seizures usually beginning around
4 years. These may decrease in frequency and severity after teenage
years.

Cognitive and behavioural features are prominent. .An initially
normally developing child looses purposeful hand movements,
which arc replaced by near continuous stereotyped wringing and
twisting whilst awake. Any learned speech, even babbling used as
communication, is lost. Most (85%) preschool children have
disturbed sleep with night wakening coupled to paroxysmal or
continuous laughter. Older girls may have episodes of violent
screaming unexplained by detectable physical pain. Breath hold¬
ing and hyperventilation occur, sometimes alternating, and
other episodic phenomena include bruxism and air swallowing. By
school age, intense staring to gain eye contact may represent an
attempt at communication. Most important, however, arc
progressive phases ofcognitive deterioration leading eventually to
severe LD. Girls with Rett syndrome often live into adulthood,
hut there is a decreased average lifespan (30-40 years) although
there have been reports ofwomen up to 78 years. There is a raised
risk of sudden death partly attributed to problems with cardiac
conduction. Cognitive skills may be preserved much more than
motor systems with age, suggesting premature physical ageing.

The brain in Rett syndrome In Rett syndrome the brain
is around 15-30% smaller than in an agc-matchcd control.
Pathological signs of degenerative changes, dcmyclination or

inflammatory changes are absent, and the overall picture resem¬
bles a developmental arrest in infancy. There arc some specific
features. The earliest reports by Rett and his colleagues showed a
decrease in substantia nigra melatonin. This and associated striatal
abnormalities may play a role in the movement disorder. Later
studies showed a decrease in the number and arborisation of
dendrites and a lack of dendritic spines of layer III and V pyrami¬
dal cells, especially in the frontal cortex, but also in inferior tempo¬
ral cortex and hippocampus. This pattern seems unique to I
syndrome, and is compatible with arrested cortical maturation.
Biological markers (such as MAP2 and COX2) of the period of
dendritic development and synaptic pruning are absent in the
areas involved. In contrast to the apparent arrested development
in the cerebrum, MR1 studies indicate cerebellar degenerative
changes with progressive loss of Purkinje cells (Armstrong 2002).
Neurotransmitter findings have been conflicting. A finding of
increased in CSF glutamatc has been replicated, however, and in
younger patients an increase in glutamate and NMDA receptors
has been shown, which changes to a reduction in older subjects
(Blue ct al 1999).

The genetics of Rett syndrome, and men with Rett
syndrome Most cases (80%) of Rett syndrome arc due to
sporadic mutations in the gene MECP2 (coding for mcthyl-CpG-
binding protein type 2) at Xq28, and over two hundred different
mutations in this gene have been described. MECP2, like most
X chromosome genes, is normally expressed from only one
chromosome of the pair in females. Thus the expression of Rett
syndrome depends on the number of X chromosomes without the
mutation that are inactivated, and there is a spectrum of scv /
in the female phenotypc. In some cases when inactivatiorr is
skewed towards the mutated chromosome the clinical features are

mild, and this mechanism also explains the variable phenotypc in
those rare families where the condition is inherited.

MeCP2 binds to 5-methyicytosinc residues that are found
in CpG dinucleotidcs, including those of CpG islands and the
promoter regions of genes. On binding to promoters a complex
ofother proteins arc recruited, including histone dc acctvlases and
a co-reprcssor protein. This complex initiates a series of events
leading to heierochromatin becoming compacted, which represses
downstream gene transcription. This sequence has already been
noted to have a role in the fragile X, and MECP2 is a key regulator
of many genes. MECP2 mutations seem to arise mainly in the
paternal gcrmiinc (around 70%) (Girard ct al 2001). This (rather
unexpectedly) explains most of the predominance ofwomen with
the disorder, rather than intrauterine lethality in male fetuses. One
possible explanation is that maternal germ cells arc much less
methylated (at CpG dinuclcotides) than male, and mcthylation
increases the risk of deamination and mutation. Methylated CpG
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sequences are mutation 'hotspots' in perm cells, and there
are more of" them in male germ cells. There is in fact a cluster in
and around the MECP2 gene. Rare cases of de novo maternal
mutations and the even rarer situation where Rett syndrome runs
in families have shown that w hen males do inherit the disrupted
gene the consequences are severe, with profound developmental
delay, microcephaly, hypotonia and seizure disorder leading to
death in the first few years. Scanning here has indicated diffuse
abnormality or apparently normal findings. Several reports exist
of men with Klinefclter's syndrome who meet all the criteria for
Rett syndrome. In these cases it can be predicted that random
X inactivation will produce a mosaic picture (in addition to the
clonal mosaicism common in sex chromosome abnormalities),
leading to a less severe outcome. The features are similar to those
in girls with Rett syndrome (Hammer ct al 2002).

LD-associated conditions with no physical or
dysmorphic manifestations (MRX disorders —
X-linked mental retardation, non-syndromic forms)
In addition to disorders where 1.11 is associated with physical
features, reports of familial X linked disorders w here cognitive
disability and behavioural features are the only outcome abound.
Synonyms for these include MRX (mental retardation X-linked,
non specific) and non-specific or non-syndromic XLMR (X-linked
mental retardation). In spite of the narrowed phenotypc w hen
compared with MRXS disorders, linkage studies on such families
have shown them to be a very heterogeneous group. 1 low-ever,
large-scale collaborative research has mapped many within the X
chromosome, and for at least ten the genes have been identified
Mutations in some genes are restricted at present to single or a few
families. However, this will probably change as more cases of
MRX are examined.

FRAXE and the FMR2 syndrome
l-RAXH, a fragile site around 600 kbp from LILAXA, is also asso
dated with a GCC repeat expansion. The associated disorder has
much m common genetically with the fragile X but clinically the
svndrome is different with only mild Ll> or simply speech delay
and specific reading and writing disorders HQs 50 85) (Gecz
2000). The IQ does not decline with age, and no other clear
features have been described. The prevalence is uncertain; esti¬
mates of 1:5(> 000 to 1:100 000 arc largely based on screening 1.1)
populations, and the true carriage frequency may be higher. The
gene responsible, FMR2, was identified from analysis of a submi
croscopic deletion that contained the FRAXE site in a FRAXE
patient. The full expansion (over 250 repeats) leads to a methyla-
tion dependent silencing of FMR2. FMR2 is a large gene with 22
exons that show complex splicing patterns. Its protein, FMR2, is
present at high levels in the hippocampus (granule cell layer), the
neocortex, and cerebellar Purkinje cells (Miller ct a! 2000), and its
concentration in the cell nucleus makes it a potential transcription
factor (Hillman & Gccz 2001).

Other MRX disorders

Alpha GDQ is a protein that suppresses the hypcrcxcitability of
cortical pyramidal cells, it is one of a series of RabGTl'ases
involved in neurotransmission. Mutations in its gene, GDI I at
Xq28, occur in several MRX families. Anorher neuronal signalling

pathway is the RhoGTl'ase system. Genes for three different
proteins in this pathway have been shown to be disrupted in a
subset of MRX families. The (unfortunately named) oligophrcnin
gene (OPHNI) is expressed in neurons and glia. and its protein
stimulates GTPasc activity important in the dynamics of the neural
growth cone. PAK3 (p21 -actuating kinase-3 gene) is also mutated
in some families, and the protein regulates neuronal cyroskcleton
functions. ARHGEF3 gene codes for a protein (cool 2) that is
again involved in the control of neuronal cytoskeietal movements.
1'hese and other recent discoveries on the X chromosome are

listed in Table 24.7.

MRX and MECP2

As well as Rett syndrome it is now known that different mutations
in MECP2 are involved in a broad range of MRX syndromes. In
men the resulting 1.1) is usually moderate to severe, but in women
it may be mild. Expressive language can be affected, and there arc-
reports of psychiatric symptoms including auditory and visual
hallucinations in some men. In one family bipolar disorder was
associated with ED, pyramidal and parkinsonian features, and
macro-orchidism (PPM-X syndrome) (Klauck et al 2002). The
hallmark regression of Rett syndrome is not seen in MRX
associated MECP2 disorders. In total the number of affected
individuals with Mlit "P2 mutations who have I.D mav he (at least)
as high as the total number with the fragile X, making them a very-

important new class of l.D associated conditions (Convert ct al
2001),

CONTIGUOUS GENE SYNDROMES

Contiguous gene syndromes ( CGSsi constitute another important
class of disorders associated with ED, and only recently have we
begun to understand their aetiologies. The common feature is
a chromosomal abnormality, most often a deletion but sometimes
a duplication, whose visibility is at or just below the threshold of
the light microscope. They usually require specialised imaging
techniques for their detection — in particular the increased sensi
tivity of karyotype methods provided by fluorescent in situ
hybridisation (FISH) or direct DNA analysis. Since these methods
are relatively new, many more CGSs remain to be discovered
and current prevalence figures are not necessarily helpful, The
chromosomal abnormality is small on the scale of the whole chro¬
mosome (usually less than 3-5 Mbp) but large enough to cncom
pass at least several genes; thus these mutations are differentiated
from the single gene disorders such as the MRXS and MRX
conditions described above, and large-scale abnormalities such as
trisomies and partial monosomies. Only a few syndromes will he
discussed in depth. They can broadly be grouped into four classes
(Table 24.8).

Deletions of non-imprinted autosomal regions

Williams syndrome
Williams syndrome (or Williams-Beuren syndrome; 1:20 000 to
1:50 000 live births) was first described in 1961 for subjects with
a characteristic facial presentation ('elfin' face; peri orbital fullness,
star or lacy iris pattern, anrevertcd nostrils, long philtrum and
prominent lips). An infantile hypercalcemia mav Ik present, and
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Table 24.7 Some proteins involved in X-Jinked learning disability ' •

WHYS snd MP.X examples not
mentioned in detail in main text Gene prndnrt / genp locus Notes

Coffin-Lowry syndrome Serine/threonine protein kinase / Xp22 Males and some expression in females.
(severe learning disability) (RSK2 gene) Characterisfic dysmorphisms. Some mutations

lead to a much milder learning disability.
Chromatin structure may be defective

ATR-X syndrome (severe Helicase protein - wide range of cellular Mental retardation with thalassaemia
learning disability) functions including DNA repair / Xq13 syndrome. Males, very rarely females have any

(hclicasc-2 gene) features. Chromatin structure may be defective
Lesch-Nyhan syndrome Enzyme in purine metabolism pathway / Severe self-mutilation. Reduction in

(severe learning disability) Xq26-27.2 dopaminergic neuronal systems associated
(HPRT gene) with significant decrease in size of caudate

and putamen
MASA syndrome (severe Neural cell adhesion molecule / Xq28 Mental retardation, Aphasia. Shuffling yait,

learning disability) (ifCAM gene) Adducted thumbs. X-linked hydrocephalus is
major but not constant part of syndrome.
CRASH syndrome is a synonym (Callosal
hypoplasia, Retaidation, Adducted thumbs.
Spastic paraplegia. Hydrocephalus)

Hunter syndrome Mucopolysaccharide metabolism enzyme / Variable degree of learning disability in males,
Xq28 About 30% are due to deletions. Affected

(IDS gene) lemalos are due to skewed X iriactivation
Duchenne muscular dystrophy iarcolemma membrane associated protein / Mild learning disability in some cases (18% of

Xp21.2 boys have IQ < 70). Progressive muscle wasting
(Dystrophin yepe)

Norrie disease Possible growth factor /Xp11.4 Mild learning disability/but a deterioration
{NDP gene) occurs over time. Deteriorating vision leads to

blindness
MRX Type 60 {including MRX Oligophrenia / Xq12 Up to 0.1 % of learning disability

family 60 and cytogenetically Possible signalling protein in RhoGAP series
abnormal patients) (OPHN1 gene)

MRX type 46 (including Cytoskeleton activity regulating protein / Up to 1% of learning disability
family MRX46) Xq26

(.ARHGEF6 gene)
MRX type 3 Protein involved in synaptic vesicle function Up to 1% of learning disability

/ Xq28 .

(RABGDIA gene)

heart valve abnormalities arc frequent. IQ is very variable (mean
58, range 20 106) with 75% of children in the LD range. Most
Others have specific learning disorders, but IQ may not be static
and there arc indications ofa decrease over time. Great interest has
centred on the cognitive profile that is hidden by global IQ
measures. There is a relative (sometimes severe) weakness in
visuospatial constructive ability, with strengths in the auditory rote
memory and language. Visuospatial construction involves the
ability to envisage an object as a set of parts, and, when given these
parts, an ability to reconstruct the object. Williams syndrome
children find this very difficult but adolescents and adults less so.

Compared with DS children matched on age and global IQ, those
with Williams syndrome are much worse at copying even simple
geometrical objects. They tend to focus on parts of objects rather
than the whole. Visual perception seems normal, and they can
correctly linguistically describe visually presented material. A
behavioural phenotype has also been described. There is a
characteristic type of social behaviour: highly sociable, over
friendly, but at the same time susceptible to significant social
anxiety, easily distractible, more excitable, more prone to negative
moods'. The most characteristic of these are the increased
likelihood of approaching others spontaneously and the increased

distractibility, the other features being common to many LD-
assoeiated disorders (Mervis & Klein-Tasman 2000). These
features have been interpreted on the basis of theories of social
knowledge acquisition and usage, especially the 'theory of mind'.
The social-perceptual component is preserved (ability to make
judgements of others' mental state based on facial/body
expressions which relate to affective processes) while the social -

cognitive domain (false-belief tasks, etc.) is impaired. Only 20% of
younger Williams syndrome children arc successful at false-belief
tasks.

The genetics of Williams syndrome There is a
microdeletion within the long arm of chromosome 7
(del(7)(ql 1.23ql 1.23)). Nearly all cases are sporadic, with a few
rare autosomal-dominant families. The deletion consistently spans
a region of 2 Mbp of DMA, and specific low copy-number repeat
DNA sequences that bracket the region may facilitate unequal
crossing-over, leading to the deletion which removes a series of
genes (at least 16). The parental source of the deletion seems
unimportant. One gene, elctsrin, accounts for the great vessel
problems, and perhaps also the hoarse voice and prematurely
ageing skin. Other genes of interest in the region include LIM
kinase.-], which may be involved in the visuospatial problems.
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Table 24.8 Contiguous gene s; rndromes associated with learning disability;,,;. 2-- ■ . " " : " ''

Contiguous gene
syndrome grouping Syndrome

Chromosomal
locus Notes

Autosomal microdeletion
syndromes

Monosomy Ip36
Microdcletion cri-du-chat
Microdeletion Wolf-Hirschhorn
Williams

Langer-Giedion
Potocki-Shaffer
WAGR

Rubenstein-Taybi
Smith-Magenis

Miller-Dieker
niGeorgeA/CF

1p36
5p15
4p16
7q11.23
8q24.1
11 pi 1.2
1lp12-14

16p 13.3
17p11,2

17p13.3
22q11.2

Common (1: 10 000), variably LD
Deletions usually macroscopic; see main text
Deletions usually macroscopic; sec main text
See main text
71% have LD, multiple exostoses of cartilage
Variable LD, multiple exostoses
Wilms tumour, Aniridia, Genitourinary,

mental Retardation; presentation depends
on deletion size

Facial/digital anomalies
Facial anomalies. Behavioural phenotype

includes hyperactivity and self-injury.
Rather common (1: 25 000)

Facial anomalies and type 1 lissencephaly
See main text

NUlosomal microdeletion

syndromes, with
imprinting effects

Prader-Willi

Aogelman
15q11.2-13
15q11.2-13

See main text
See main text

Autosomal microduplication
syndromes

Dup 17p11.2 r?pn.2 Mild to no LD. Only described in a few
patients so far

X chromosome microdclction

syndromes
Kallman / steroid sulfatase

Duchenne Muscular Dystrophy
region rnicrodeletions

Choroderaemia region
microdeietions

Xp2?,3

Xp21

Xq21

Where the deletion involves the steroid
sulfatase gene all men have mild LD

Variable LD

Very rare. Variable LD, sometimes without
the eye problems

The Velocardiofacial / Di George syndrome

This (1:4000 live births) is the most common CGS so far
detected., arid it liar, been suggested as one cause of the association
between LD and schizophrenia. A characteristic facial appearance
(: ceding jaw, wide spaced eyes, broad nose root, midfacc

oplasia with hypcrnasa! speech, occult cleft palate, external car
anomalies) accompanies conotruncai cardiac abnormalities in the
vclocardiofacial syndrome (VCFS), and also absent thymus and
hypocalcaemia in the more severe form called Di George
syndrome. LD is usually mild to moderate, some have no LD but
specific learning disorders. There have been frequent reports ofan
association with schizophrenia and affective psychoses (both
bipolar and major depressive disorders) (Murphy et al 1999). In a
study of 26 patients with VCFS and psychiatric illness, Carlson's
group found a high prevalence of attention deficit hyperactivity
disorder and bipolar disorder in children and adolescents. All six
adults had bipolar disorder, four with paranoid and grandiose
delusions. Twenty-three of the patients had the classical
microdclctions on chromosome 22 (Carlson et al 1997). The link
with schizophrenia has been replicated (Murphy & Owen 2001),
but its importance is hard to quantify. In one study of consecutive
referrals no cases were found in over two hundred patients with
developmental delay, but a microdclction found in 2 of 16 patients
with psychosis without LD, a very high rate (Waitc et al 2002).
MR! imaging of 11 adults with schizophrenia and VCFS
showed white matter foci in 90%, midline anomalies in 45%

and cerebral atrophy or ventricular enlargement in around 54%
(Chow et al 1999). The white matter hyperintcnsitics were found
in another small study of 10 patients where septum pel lucidum
and cerebellar abnormalities were also described (van Amelsvoort
et al 2001).

The genetics of Velocardiofacial/Di George syndrome
Most subjects have a microdctction in chromosome 22 (dcl(22)
(ql 1.2q l 1.2)). The deletion is usually on the verge of light -

microscope visibility, and careful high-resolution banding reveals
presence in most cases. However, there are now standard tech
niqucs for FISH analysis, or the deletion can Ik detected using PGR.
The common deletion is around 3 Mbp long and bracketed by
low-copy-number repeat DNA sequences that predispose to unequal
crossing-over and deletion formation. Chromosome 22
is a 'hot-spot' for such abnormalities. Cat-eve syndrome (a rare
condition where colobomata, craniofacial and heart abnormalities
coexist with very mild to moderate I,D) is normally due to a
tctrasomy of a region of the short arm down to 22ql 1. This is
usually due to an extra small supernumerary marker chromosome
(inv dup(22)) but can also result from a direct duplication leading to
partial trisomy. Cat-cyc syndrome clinically overlaps with the dcr(22)
syndrome which is due to non-disjunction of a constitutional
t( 11 ;22) translocation leading to a partial trisomy of chromosomes
11 and 22 (McDermid & Morrow 2002). Although a large number
of genes are deleted in VCFS, many of the affected tissues are
derived from the embryonic pharyngeal arches. Neural crest cells arc
involved in the formation of these and their derivative structures,

556



LEARNING DISABILITY 24

and neural crest coll migration problems may underlie many VCFS
features. A mouse model with a deletion of over 24 genes has been
made (mimicking the minimal deletion size in humans). It only takes
four human genes to be reinserted to produce an almost complete
phenotype rescue. Of these 7'BX1 (a human T-box gene and potent
transcription factor) is the most interesting as its known functions
have the most explanatory power for the heart, endocrine and
dysmorphic features. However, any role in cognitive and psychiatric
symptoms is uncertain.

Contiguous gene syndromes in imprinted autosomal
regions

Prader-Willi and Angelman syndromes
The ID-associated syndrome with the clearest behavioural
phenotype is probably Prader-Willi. It is not common (1:10 000
to 1:20 000 live births) but usually readily distinguished from
other disorders. Langdon Down noted the physical appearance
and the hypcrphagia, made the earliest photographic record, and
labelled the syndrome 'polysarcia' (Ward 1998). f'radcr, latbhart
and Willi described the clinical features in detail in 1956, and
the eponym was created for them. Prader-Willi syndrome has
recordable features even in the fetus. Fetal movements and activity
are delayed in onset and diminished in extent throughout preg
nancy. Especially in mothers who have had previously normal
pregnancy, a marked decrease in fetal activity should alert the
clinician to the possibility of the condition. At birth and in the
neonate there is severe hypotonia and hyporeflexia, which may
impair feeding. Other features are less consistent at birth (visible
hypogonadism in both sexes, facial appearance and a peculiar cry)
but develop during infancy and childhood. Most children arc slow
to grow, and there is a relative decrease in hand and especially foot
growth. The eyes are almond shaped, and there may be squints.
The bi-frontal diameter of the face is narrowed. Other reported
features include relative depigmentation (said to be confined to
those where the syndrome is caused by deletions). Prader-Wiili
adults are small relative to others in their family.

The eating disorder Body leptin levels are elevated even
before the onset of any eating disorder, indicating a relative
increase in infantile body fat. The eating disorder begins between
18 months and 5 years. There is an intense preoccupation with
food. Most children show abdominal stretch marks from about 6

years. Itching may lead to pruritus. If unchecked the food-craving
behaviour results in morbid obesity. Individuals report a constant
hunger and a lack of satiety (they also rarely vomit). In addition to
the increased food intake a lowered metabolic rate and decreased

physical activity level contribute to a rapid weight gain. They may
hide food and gorge themselves on it; they may also eat foodstuff
otherwise considered unappetising — rotten food, dog food, etc.
The rate of eating is usually not higher than normal, however, but
feeding continues for an extended period. If uncontrolled the
weight gain is dramatic and damaging. Alimentary diabetes and
cardiac failure due to insufficiency are common and the usual
cause of early death. Although older adults (some over 60) have
been reported, the survival is rarely beyond 30 years of age
without major obesity reduction. With strict control, survival may
be near normal.

Cognitive, other behavioural and psychiatric manifesta¬
tions LD is usually mild, but very variable in range from severe
to absent. In those without LD, specific learning disorders usually

occur. They perform better on tasks of visuomotor discrimination
than on auditory verbal processing, in addition to the eating disor¬
der, compulsive behaviours are very common (Dimitropoulos et al
2000). Ritualistic and repetitive traits arc seen which are not food
related. Over 50% may show hoarding behaviours or repeatedly
rearrange objects. Self-injury may occur — most commonly skin
picking, which is seen at: some time in up to 70% of people with
Prader-Willi. It can be severe to the point of bleeding. As adults
the risk of psychotic illness, especially affective or cyclical forms, is
markedly increased. Although affective disorder is very commonly
associated with general LD, 100% of older adults in a recent study
with the uniparental disomic origin of Prader-Willi syndrome (see
below) were psychotic with hallucinations. Although the numbers
were small, hallucinations were restricted to this subgroup (Boer
ct al 2002).

Angelman syndrome (1:15 000 live births) is grouped here
with Prader-Willi syndrome on the basis of their related genetics.
The clinical conditions are very different, however. Slow head
growth results in microcephaly, and LD is severe (speech does not
usually develop) with seizure disorder (80%). The facial appear" •:
is distinctive, with a prominent jaw and wide mouth, the b..it
is ataxic, and there is a behavioural phenotype of paroxysmal
outbursts of laughter unrelated to prevailing affect or environment,
and a tendency to tongue thrusting. The brain shows abnormal
choroidal pigmentation, and distinctive electroencephalograph
discharges occur. Not all body systems arc equally affected (e.g.
there has been a report of pregnancy).

The genetics of Prader-Willi and Angelman Syndromes
Both syndromes are due to microdeletions or gene mutations on
the long arm of chromosome 15 at tire same point (lBcjll—13).
The very different outcomes arise from the complex genetics of
this region. Certain genes arc expressed from only one chromo¬
some of the pair; which particular chromosome depends on the
parental origin. The parental 'stamp' (imprint) is maintained by
epigenctic effects, which almost certainly involve differential
methylation. In Prader-Willi around 70% have a microdclction
(dcl(15)(ql 1,2ql3); around 4 Mbp) on the chromosome 15
inherited front their father. Some genes in this deleted segment are
only expressed by the paternal-sourced chromosome, and so their
proteins will be entirely absent. Of these genes, SNRl'N (cnct ies
small nuclear ribonuclcoprotein polypeptide N), and a sei I
genetic unit within it termed SNURF (SNRPN upstream reading
frame) play a key role. This complex unit has embedded within it
smaller genes that code for small nucleolar RNAs (snoRNAs). The
protein encoded by SNRPN can bind of another group of RNAs,
small nuclear RNAs, which may regulate mRNA splicing activity.
However, rare individuals where Prader-Willi is due to a chromo¬
somal translocation breakpoint within the region have narrowed
the critical interval and suggest that snoRNA genes may play a
more important role in the core phenotypc (Gallagher et al 2002).
Their function is at present unknown, and other genes probably
modify the syndromic features.

Angelman syndrome is also usually due to a microdeletion (70%)
at exactly the same point on chromosome 15, but this time on the
maternal-sourced chromosome, implying deletion of gcnc(s)
normally active solely on the maternal chromosome. The key gene
is UBE3A, which encodes an ubiquitin-protein ligasc. This gene
does not show imprinted expression in cultured human cells, but
discrete areas of in-vivo human brain (Purkinjc cells, hippocampal
neurons, olfactory mitral cells) only express the maternal allele. The
molecular basis for such tissue-specific paternally derived chromo-
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some silencing is unclear, but may be signalled through alternative
spliceforms of the gene's mRNA (Jiang ct al 1999). The protein
encoded by UBE3A has multiple functions, including down-
regulating a cytoplasmic initiator of apopiosis (p53). Increased p53
may contribute to later aspects of die disorder. More than UBE3A
may be involved, and an adjacent GABA-A receptor gene cluster
has been implicated in the severity of the epilepsy seen widi a full
deletion. As well as microdelecions there arc other rare mechanisms

leading to Prader-Willi or Angclman. Uniparental disomy (UPD)
arises when both chromosomes of the pair originate from rhc same
parent. This may be due to one parental gamete containing both
chromosomes of the pair and the other gamete neither (gamete
complementation); another mechanism involves the creation of a

trisomy and subsequent loss of one of the chromosomes (trisomy
rescue); finally a monosomy may be 'corrected' by duplication to a
disomy. There is evidence for the second type in some Prader-Willi
cases. UPD resulting in two copies of maternal-sourced chromo-
so'"" 15s will result in the Prader-Willi syndrome, and two pater-
na. jiirccd chromosomes in Angclman, as the active imprinted
genes are absent in these situations. A third mechanism involves the
apparatus creating the imprint itself. Errors in an imprinting centre
in the region can lead to a failure to establish an imprint of the
correct parental kind. Thus a chromosome 15 inherited from a
father with an imprinting mechanism defect may carry a maternal
imprint (technically the grand-niaicrna! imprint is maintained),
leading to both chromosome 15s in the child having a maternal
imprint. Although these effects give insights into the formation of
differential mcthylation patterns and UPD formation, they make
diagnostics rather complex! Around 30% of Prader-Willi cases have
no deletion; of these about 28% have maternal UPD. A small
number have imprinting centre mutations or arc carriers of a chro¬
mosomal translocation that breaks in the Prader-Willi critical

region. For Angclman the situation is not quite the reverse;
paternal UPD only accounts for around 5% and more often shows
a complete chromosome duplication suggesting monosomy rescue;
3% will have an imprinting centre mutation; 5% have a direct muta¬
tion in the UBF3A gene; the others have no identifiable defect of
cht mosomc 15 and may be phenocopics of the syndrome with a
1< elsewhere in the genome.

Autism

Autism has recently had a high profile, especially on two fronts:
the apparently massive increase in prevalence, and claims of asso¬
ciations with infant vaccination programmes. Both concepts are
highly controversial. The first may be largely due to an increased
awareness of the condition, and re-definition of many people
whose problems were not understood or simply not acknowl¬
edged The second (a link to triple-vaccination for mumps,
measles and rubella or MMR) in spite of consistent lack of
evidence in rigorous epidemiological surveys still continues to
occupy much public and media attention, It is not proposed
to discuss the latter issue in this chapter.

Pervasive developmental disorder, in the DSM-IV classification,
embraces autistic disorder, childhood disintegrative disorder, Rett
syndrome, Asperger syndrome, and unspecified forms of autism.

Rett syndrome has already been described; Asperger syndrome
is not associated with ED. Unfortunately there is no clear evidence
for causal links between the other pervasive developmental disor¬
ders that arc associated with LD, and autism itself is probably
heterogeneous in origin. At present a multitude of theories exist
to explain the origin and development of autism from psychody-
namic constructs, psychological dysfunctions, through biological
and genetic diatheses. Autism is of major concern to the adult
psychiatrist in LD. Early assumptions of a good cognitive outcome
for autistic children after treatment of the supposed psychogenic
disturbance have not been validated, and 50-60% of autistic chil¬
dren have LD that persists into adulthood.

Autism was first described in 1943 by Leo Kanncr, who
proposed five components:

• 'a profound lack of affective contact with other people';
• 'an anxiously obsessive desire for the preservation of

sameness';
• 'a fascination for objects which are handled with skill in fine

motor movements';
• 'mutism or a kind of language that docs not seem intended to

serve interpersonal communication';
• 'the retention of an intelligent physiognomy and good

cognitive potential manifested, in those who can speak, by
feats of memory, or in the mute children, by their skill on
performance tests'.

Wing pointed out that Kanncr, did not perceive LD as integral to
the syndrome, instead explaining failure on IQ tests on a lack of
cooperation (Wing 1991). Bcrtclhcim in 1956 believed the prime
cause of autism was an unloving and threatening relationship with
the parents in the earliest years — the so-called 'refrigerator
mother*. Kanner (who first suggested a genetic basis) felt he could
detect autistic traits in the child's parents that could contribute to
this supposed abnormal bonding. The idea that the mother and
her upbringing of the child is the root cause of the autism has
probably been as damaging as Bateson's theories of the double
bind as a cause of schizophrenia. There is no evidence that parents
of autistic children arc less affectionate or caring than others, and
even at its conception the idea could not explain why other
children in the family were completely normal.

The terms 'childhood schizophrenia' and 'childhood psychosis'
used as synonyms for autism have also created confusion. The
term 'autistic', meaning autistic aloneness or social withdrawal,
was first proposed by Rlculcr as one of the primary diagnostic
symptoms of schizophrenia. However, psychodynamic origins of
autism were questioned in the early 1960s, and it is now clear that
autism is a disorder of developmental neurobiology and associated
developmental psychology with a strong genetic background.
Autism is not a variant of schizophrenia. However, aucism's first
entry into classification schemes for childhood disorders (1CD-8,
in 1967) was as a schizophrenia subgrouping. True childhood
schizophrenia is a distinct and very rare disorder, properly intro¬
duced into classification by DSM-III. There is no place now for
'infantile psychosis', and 'infantile autism' should also be aban
doncd, as the person grows into a teenager and adult with autism.

Definitions of autism in the major classification
systems
Current definitions centre on dysfunction in three main areas:

two-way social interactions, communication, and restricted.
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Table 24.9 ICD-10 and DSM-IVTR definitions used in autism

Classification Social domain language domain Behavioural domain

ICD-10

DSM-III-TR

Interaction deficits

Inadequate appreciation of
social cues

Lack of adjustment of
behavioural response in
accordance with social context

Marked problems in establishing
and maintaining two-way
relationships

At least two items from
social interaction impairment
list

Marked impairment of multiple
non-verbal behaviours, such as

eye-to eye contact, facial
expressiveness, body posture,
and gestures used to regulate
social interaction

Fail to develop relationships
appropriate to their
developmental level with their
peer group

Limitation in ability to
spontaneously seek out and
share enjoyments, interests or
achievements with other

people
Fail to reciprocate appropriately

in social or emotional
interactions

Language skills
Lack of appropriate use of

whatever language skills that
have developed

Lack of appropriate response to
other people's verbal and non
verbal cues

Restricted tonality of speech with
unusual or little use of emphasis,
cadence or accompanying gestures

At least one item from

qualitative impairments in
communication list

They do not develop, or show a
delay in developing, spoken
language, which is not
accompanied by attempts to
compensate through other ways
of communicating, e.g. by
gestures, or signing, or imitation

Where speech has developed
adequately they have a marked
impairment in the ability to
initiate or sustain a conversation.

They show a stereotyped and
repetitive use of language, or
idiosyncratic and peculiar
language

They lack varied spontaneous
make-believe play or social
imitative play appropriate to their
level of development

Behaviour patterns
Stereotyped and repetitive patterns j

of behaviour, interests and
activities.

In children especially there may be a ;
specific attachment to unusual
objects.

Motor stereotypies may occur such |
as handflapping and rocking
movements

Rigidity and routine to wide range
of daily activities

Resistance to change in above areas.

At least one of the following
restricted, repetitive and
stereotyped patterns of
behaviour, interests and
activities
An all encompassing preoccupation

with one or more stereotypes and
restricted pattern of interest,
abnormal in intensity or focus

They have an apparently inflexible
adherence to specific and
(seemingly) non functional
routines or rituals

There are stereotyped and
repetitive motor mannerisms

They have a persistent
preoccupation with parts of
obiects

repetitive behaviour. ICD-10 (WHO 1992) created a group of
pervasive developmental disorders that included childhood autism
(F84.0) and atypical autism (F84.1) within a larger grouping of
disorders of psychological development (others were Rett
syndrome, Asperger syndrome and overactivity disorder with I.D
and stereotyped movements). 1CD 10 also requires an onset
before the age of 3 in addition to the triad. This definition mirrors
that found in DSM-IV-TR (APA 2000) for autistic disorder,
which created a well-defined set of diagnostic criteria, and it is
useful to consider these here. A total of at least six items from
three groups is needed for diagnosis, With DSM-TV, autistic
disorder moved from being an Axis II to an Axis 1 disorder, in part
due to the increasing acceptance of its developmental and
ncurobiological origins. I.I) is not required for its diagnosis, and
when present, is classed as an Axis II associated condition. A
synopsis of current definitions is given in Tabic 24.9.

The changing epidemiology of autism

Estimates of autism prevalence very much depend on the
diagnostic criteria used. It has sometimes been over-diagnosed in
1.1) children and adults, especially those in long-stay institutions
who showed some features resembling autism, including
stereotyped movements and rigid and repetitive behaviours.
However, studies on hospitalised subjects have shown that up to
one-third have autistic spectrum disorders with a tendency to also
have severe behavioural difficulties.

In a review of 23 epidemiological surveys of autism
(1966 1998; over 4 million people surveyed, identifying 1533
eases) the median prevalence was 5.2:10 000 (Fombonnc 1,999).
1 lowever, it was found that prevalence rates significantly increased
with publication year, and if only surveys from 1989- 98 were
considered the rate increased to 7.2:10 000. The numbers of
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males affected was greatly increased if 1.D was present, but overall
the maleffemale ratio was 3.8:1, strongly implying sex-linked
effects (assuming no diagnostic bias towards males). Some studies
indicate that it is most pronounced in those with mild LD.
Perhaps a specific group of X-linked conditions leads to a subset
of autism with mild LD. Overall LD is found in 60% of subjects,
much lovver than the 80% previously reported, and some recent
studies suggest even lower comorbidity. Most of this effect is due
to the increased numbers of new diagnoses in people without LD,
and autism's importance as an LD-associated condition remains as
strong as ever. In 6% of people with autism a specific medical
condition of possible aetiological relevance was present, tuberous
sclerosis being especially common. There were no associations
with social class for autism as a whole (Kanncr had believed it to
be associated with higher parental social class), but a more recent
study has indicated increased maternal education (as well as male
sex and being one of multiple births) as a risk factor (Croen et al
2002). Grouped together, all pervasive developmental disorders
fr 3 a prevalence (minimum) of 18.7:10 000, or in other words
tiv .y 1:500 — a very high rate. Wing & Potter (2002), in an
important review, updated the evidence and showed a continued
annual rise in autism incidence in preschool children as well as
in age-banded prevalences. For autism alone prevalences of
60:10 000 have now been reported. No environmental cause
(including MMR) has been confirmed by replicated scientific
investigations, but there is strong evidence that genetic factors are
a major influence. It is likely that most of the rise in both incidence
and prevalence figures is due to an increased awareness of autism
as a condition and changes in the definitions used to classify it and
its spectrum disorders. The question of whether there has been a
true rise is difficult to answer.

The clinical features of autism in association
with LD

Most behavioural changes associated with autism require the
development of complex abilities in children, and thus the diag¬
nosis ofautism is rarely made in the youngest years, often not until
tin child is around 4 years old. The implication that autism was
p nt at an earlier age is usually based on a retrospective analysis
of the developmental history (it is even more difficult if LD coex
ists). Early studies indicated little that discriminated infants who
would later develop autism from others. However, a recent analy¬
sis of videotapes of 1-year-olds suggests subtle differences in the
amount of looking at others and orientation to their own names
between typically developing children, those later developing
autism, and children with LD alone (Osterling et al 2002). At 18
months autistic children start to show specific problems in social
interactions. The clinical picture is highly variable, and the atypi¬
cal case can seem more common than the classical picture, espe¬
cially when there is also severe LD. It is clear that autism is not
restricted to childhood but continues throughout life. When asso¬
ciated with LD, this can cause immense social problems for the
person and their family. The ID may show a specific profile with
verbal IQ significantly less than performance. However, this
relates to LD severity and is much less apparent as IQ approaches
or enters the normal range (Ozonoff et al 2000). More clearly,
there is a remarkably consistent skill on the Block Design subset of
the WAIS, which may relate to theory of mind, and a weakened
central coherence may lead to a tendency to organise cognitive
processing in a localised and part-oriented fashion (Happc 2000).

The following descriptions relate to the person who has both
autism and significant LD. Social difficulties can vary from alone-
ncss and indifference to the social presence of others, through to
a highly passive stance in social interaction. Gaze avoidance
(stressed in early descriptions), is often inconsistent, instead there
may be inappropriate eye contact, sometimes staring for long
periods. The structure of the social interaction is disorganised, the
person may use social cues and body language inappropriately; for
instance, one person breaks into song or whistles at odd points
in a conversation whilst staring directly; at first glance this is over-
friendly and welcoming, but later seen as a stereotyped and an
inappropriate approach to making initial contact. In children, any
play that exists is not influenced by other children and does not
display norma! degrees of imaginative development. Speech may
never develop, especially with severe LD but sometimes also in
those whose overall IQ is much greater. Mutism can be discon
certing in the high-functioning person, although the facial expres¬
sion of emotions may be relatively intact. The severity of speech
disorder relates to the severity overall ofautistic symptoms. Where
speech develops it can be very repetitive, sometimes ccholalic,
with a narrow range of topics. However, within these topics ideas
are often surprisingly developed, giving the impression of an
obsession with intrinsic detail and facts. Stereotyped movements
are also more prominent with severe LD, but mannerisms and
tic-like activity can be seen even with mild LD. When one ques¬
tions the person, he may report these as having a purpose or
meaning themselves. Hand flapping, gazing and body rocking are
very common. Some repetitively spin around, sometimes with
their hands outstretched. Especially with severe LD, self-injurious
behaviour, head-banging, face-slapping and other forms may be
very distressing and difficult to manage. There is often a fascina¬
tion for objects, which may form part of the mannerisms, e.g. the
twirling of sticks or feathers in the hand. Other objects may be
collected obsessively and hoarded, e.g. records, cards, envelopes,
which must be arranged in special patterns. There can be a preoc
cupation with a temporal routine: they must rise at a specific time,
must go to certain places at definite times of the day, and incor
poratc rituals and mannerisms around a specific timetable. In at
least some there is also an increased need for personal space.

Attempts to change such behaviours by psychological
interventions, or even physical limitation of activity, have not been
highly successful, and often seem to cause a great deal of anguish
and meet with exceptional resistance from the autistic person. One
view holds that we should accept that the autistic person has
specific environmental and temporal needs, that, within limits,
should be permitted, rather than engaging in anxiety-provoking
efforts to alter them.

The biology and genetics of autism
The autism phenotype is probably an outcome of many different
underlying disorders. Numerically, only a few may predominate,
but most aetiological studies are trying to interpret a heteroge¬
neous condition. Further, most research has been on children,
and longitudinal studies through adulthood are much less
common.

The brain in autism; structural and imaging studies Early
postmortem studies revealed Purkinjc and granule cell loss in the
cerebellar vermis and limbic and paralimbic cortices (Bauman &
Kemper 1985). In the limbic system, in particular the hippocam¬
pus and amygdala, there are also cytoarchitectural abnormalities.
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with decreased neuronal size, denser neuronal packing and
reduced dendritic tree complexity. These suggest an arrested early
neuronal development, conceptually linking autism with other
LD-associated conditions. Overall brain size in autism is increased,
and MR1 studies suggest this results from enlargement of the cere¬
bellum (Hardan ct al 2001) and basal ganglia (Scars et al 1999).
Imaging also yields evidence for a limbic system abnormality that
persists through life, with amygdala and hippocampus significantly
smaller in adolescents with autism without LD (AyI ward et al
1999b). The hippocampal area dcntaca is significantly smaller than
normal, and this abnormality is present in varying age groups
(Sears ct al 1999). Amygdala and medial temporal lobe involve¬
ment is interesting given their proposed core role in the theory of
mind (Siegal & Varlcy 2002). Functional MR) studies arc now
being conducted, and initial results show temporal lobe hypoper¬
fusion (Boddacrt & Zilbovicius 2002).

Neurochemistry of autism Such abnormalities might be
expected to influence neurotransmitter systems. Platelet serotonin
has repeatedly been shown to he increased in autism, but this is
not specific and is found in other people with I,D. Attempts to
link this to candidate genes such as the serotonin transporter have
been inconsistent, and double-blind cross-over trials of serotonin-
lowering agents have not shown consistent effects on symptoms.
CSF endorphins have also been reported as increased. Based on
animal studies, stereotypics and mannerisms have suggested
dopaminergic hyperactivity, but differences in dopamine metabo¬
lite level arc inconsistent in autism. Nevertheless, antipsychotics
arc sometimes useful in reducing stereotypics in LD in general.

Genetics and autism Genetic factors operate in autism, and
the male bias suggests a sex-linked component in at least a subset.
Familial autism is also well known. The autism rate in siblings of
a proband is near 3%, and this increases when other cognitive
changes such as language impairments arc considered. Diagnostic
widening to include atypical autism and Asperger syndrome
increases the rate to 6%, and for all forms of pervasive
developmental disorder, 7%. 'l'hc concordance rate for
monozygotic twins (65%) is much higher than for dyzygotic (0%),
mplying a major genetic component with environmental

modification (Pcricak-Vance 2002).
Physical illnesses involving the brain occur in many autistic

people, especially those with more severe LD. They include tuber¬
ous sclerosis, untreated phenylketonuria, neurofibromatosis, and
neuronal (temporal lobe) damage caused directly by infections
such as congenital rubella and herpes simplex, or indirectly via
immune mechanisms as with cytomegalovirus. It is unclear
whether these associations arc real or coincidental, but it is reason¬
able to assume that some will Ik true phenocopies. In spite ofsuch
multiple aetiologies there has been some success in identifying
genomic loci that may contain susceptibility genes for autism
(Folstcin fk Rosen Shcidlcy 2001). The male excess is relevant
to suggestions of an association with fragile X, though an excess
of triplet expansions is not found in autism per se (Margolis ct al
1999). A large collaborative linkage study of families and sib-pairs
multiply affected by autism yielded some evidence for a locus
on the long arm of chromosome 7 (International Molecular
Genetic Study of Autism Consortium 2001). A similar result
has been reported for chromosome 2q (Buxbaum ct al 2001).
Chromosomal abnormalities (interstitial duplications of
chromosome 15q in the Prader-Willi deletion region) have also
been reported in autism (Cook ct al 1997), and genetic
association studies implicated chromosome 15. Recently, DNA

deletions from 5 to over 260 kbp have been found in several
chromosomes in multiply affected families (Yu ct al 2002).

Psychological approaches to understanding autism
Our limited knowledge about the neural processes involved in
communication and social interactions, although expanding, still
restricts the testability of psychological models, and the idea that
a single common process underlies the three areas of difficulty in
autism may be over-simplistic.

The central coherence model proposes a deficit in the ability of
people with autism to synthcsisc (gcstalt) parts into a whole design,
so that they focus on parts (Happc 2000). There may also be
deficits in executive functioning, cognitive control mechanisms
(working memory, attention shifting, suppression of innate
responses, etc.) that systematise lower-level behaviours. A dysfunc¬
tion would result in rigidity and inability to readily switch mental
set. This model would explain repetitive mannerisms and social
engagement problems. Certainly, people with autism find it difficult
to complete executive function tests such as the Lower of Hanoi.

The model with the greatest current explanatory power is the.
'theory of mind', which relates to the domain of social cognition.
People with autism have difficulties in attributing mental states as
part of the self or independently as belonging to others — in other
words difficulties in developing cognitive representations of
abstract concepts (such as self and non-self) essential to socialisa¬
tion, communication and imagination. Autistic children fait on
items such as the Sally-Ann task designed to test the ability to
make secondary abstractions about mind-sets, tests that DS chil¬
dren of comparable mental age can cope with. It seems they fail to
recognise that the mind-set is a representation or model of the real
world that people hold, not a faithful carbon copy that is common
to all. However, performance on 'theory of mind' tasks is also
related to language ability and executive function, and it is dilli
cult to dissect out linguistic and executive control problems from
cognitive misrepresentation (Tagcr Flusbcrg 2001). The social
cognitis'c skills that underlie the 'theory of mind' arise in later
infant years, and develop over the next few years, paralleling the
emergence of social deficits in autistic children. Many autistic
adolescents still cannot view stimuli within a social framcworl
It is likely that central coherence, executive dysfunction and pro'
lcms with the development of social cognition arc not mutually
exclusive and interact to produce the complex social, linguistic and
l>chavioural problems that emerge in autism.

Associated behavioural and psychiatric problems
Repetitive behaviours arc especially prominent in people with
autism and more severe LD. A need for sameness encompasses
many aspects of their lives. The mannerisms and routines need to Ik
repeated in specific ways, in specific places and at specific times.
They may only wear the same specific type ofclothes, which have to
be laid out for them in the correct order. The same questions may
be asked again and again, and they may misinterpret the meanings
of both questions and responses. There may be attach-mcnts to
specific objects, and collection and hoarding activities. Some seem
to enjoy endlessly manipulating objects — pieces of string,
magazines that may be collected or alternatively constantly ripped
up and so on. Most behaviours that arc interpreted by others as
difficult in autism occur when changes are made in the predictable
routines of day-to-day life. Aggression or self-injury is usually a
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response to fear or associated anxiety, cither fear of change or as a
reaction to change underway. Many have a strong temporal sense;
things must happen and people must behave in a predictable way.

Problems with communication, especially lack of speech, can
lead to the use ofother ways of imparting the person with autism's
concerns, such as screaming. Understanding any true meaning
to such outbursts (otherwise labelled as temper tantrums) is
important. Some need specific environments. Hyperacusis has
often been described in autism, and they also may have difficulty
in filtering multiple, competing sensory stimuli (cocktail party
effect). Some require gready increased personal space compared
with odiers, and this can require limiting the numbers of people
around the person. The introducdon of new environments and
routines is best done over a long timescale, with gradual changes
in day-to-day living building up to the eventual goal. The needs of
someone with audsm arc very different from those of odiers, and
the concept of normalisauon does not usually mean that they
should be forced to adopt the norms of general society. They have
a right to have their own specific needs met, implying the design
of r—iropriate environments and routines.

. chiatric problems are common and increase in teens and
adulthood. Bipolar disorder and major depressive disorder have
been reported as starting in adolescence, as well as an increase in
the severity of some behavioural symptoms such as obsessions, and
an apparent lack of innovation. Anxiety disorders, as parr of the
spectrum or distinct, are very common. There are no reports of an
increase of schizophrenia, but neither is the risk reduced, and co¬
occurrence is seen in clinical practice. The management of such
severe psychiatric disorders in people with autism is problematic.
Psychotic features destroy the internal predictability that the
person with autism needs, and severe anxiety and aggression may
result from their great difficulties in interpreting hallucinations
and delusions.

Specific therapies
The main aim with children who have both LD and autism is to

allow as full an education as possible. Facilitating language
acquisition may need a highly individualised educational
pro amme, whether within a normal school or in a special
ed .ional setting. The emphasis is on matching the environment
to tne child rather than force-fitting. Behavioural disorders may
interfere with learning, and the full co-operation of the family is
needed for successful resolution. Behavioural therapies may have
to operate on a one-to-one basis, and although the person may
readily exist within a group (including group living), there may be
little constructive interaction. The general treatment focus is on
developing and generalising social skills and expressive language
and in using task analysis to aid day-to-day living (Matson ct al
1996). The interventions should occur in the person's natural
environment, and identifying and tackling the pivotal behaviours
around which others evolve is helpful. For autistic people at all
ages the management ofchange can be difficult. Change can be of
three basic sorts: change in living environment, change in the
temporal structure of the daily routine, and change in social
contacts and carers. The effects of the last are often forgotten
when the person is living in supported accommodation away from
home. High staff turnover may lead to increased behavioural
difficulties. Even though there may be difficulty in forming
relationships, the person with autism has a need for relationship
consistency.

Drug therapies have a limited role. Antipsychotics may reduce
anger and irritability in some children, facilitating language devel¬
opment. Only studies of haloperidol have been replicated, but
there are concerns about the long-term consequences of its use in
children. Recently a large, multicentre, randomised, double-blind
study of risperidone against placebo was conducted in over a
hundred children and adolescents (5-17 years old) with autism
who also had severe tantrums, aggression or self-injurious behav¬
iour (McCracken et al 2002). Eight weeks of risperidone signifi¬
cantly reduced the irritability score of die Aberrant Behaviour
Checklist, a commonly used assessment tool in LD. At least 69% of
the active compared with 12% of die placebo group had a positive
response (a 25% decrease in irritability scores) and an improved or
vert' much improved rating on the Clinical Global Impressions
Severity Scale. In two-thirds the improvement was maintained 6
months after the start of therapy. Although these results are impor¬
tant and encouraging, there were side-effects including a signifi¬
cant mean weight gain of on average 3 kg (compared with 0.8 kg
on placebo) and less dramatic but significant increases in appetite,
fatigue, drowsiness and salivation. Long-term movement disorders
(including tardive dyskinesia) are a significant risk with antipsy¬
chotics in this group. In adults with autism and LD, antipsychotics
arc used widely, often as a last resort to reduce behaviour distur
banccs, especially aggression and self-injury, as well as their conven¬
tional use in treating coexisting psychiatric illness. Antipsychotics
are probably helpful in a subgroup ofpeople with autism, especially
to reduce agitation when enforced change occurs, but should be
regularly reviewed, and it is better to try and examine environ¬
mental factors to see if these can be met and a routine maintained.

Risperidone in part acts on tire serotonergic system. Trials of
specific serotonin reuptake inhibitors (SSRIs), however, have
produced inconsistent results, but SSRIs help in individual cases.
One study suggests they may be specific to a subgroup of autistic
children (DeLong ct al 2002). Of over 120 children (2-8 years)
treated with fluoxetine for 5-75 months, around 69% had a

favourable response with significant improvements in socialisation
and interpersonal contact including language use and non-verbal
appropriateness. As in most drug studies in autism, those with the
highest cognitive functioning did best. Among responders, two
optimal dose ranges seemed to be present. One group needed up
to 8 mg per day, and die otlier a much higher dose of 20-40 mg
per day. Fluoxetine response also correlated liighly widi a family
history of major affective disorder in first- or second-degree
parental relatives, especially bipolar disorder. In fact 68% of all die
children and 85% of the trcatment-respondcrs had a first degree
relative with major depression. A more puzzling association was
with high family achievement, but this also correlated with major
depression in the families, and again especially bipolar disorder. A
correlation was also found between treatment response and early
preoccupation with letters and numbers ('hyperlcxia'). A variety of
other treatments have been tried in autism, from naltrexone to
secretin, but replicablc findings arc few.

alslaisliyi ■■aw at1!

Psychiatric disorders
The nomenclature where psychiatric disorders coexist with LD has
become confused. Dual diagnosis, widely used in LD psychiatry to
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describe this, can also mean coexistence of substance abuse and
psychiatric disorder. There arc a wide variety ofcomorbidities, and
it probably makes most sense to spell out clearly, whenever
possible, the two (or more) conditions that arc present.

Psychiatric illness in people with I.D has been described since
the mid- 19th century. Hurd in 1888 had noted its presence in
people with mild I.D especially where a genetic liability existed.
Tredgold in 1908 also noted mental illness at some time in up to
50% of people with LD. The mid- to latc-20th century, however,
saw a loss of interest in the association; the creation of large LD
institutions with low levels of psychiatric input may have been a
factor (Doicn & Day 2001). Recently the situation has changed
again, perhaps stimulated by the drive to community care. It is
generally accepted that not only do psychiatric disorders occur in
people with mild LD, they can also Ik diagnosed in those with
severe LD, and many psychiatric disorders have a much higher
prevalence than in the general population. A continuing problem

with diagnostic overshadowing, occurring when one diagnosis
wads to the exclusion or non-detection of a coexisting condition.
In the extreme case all disorders arc subsumed under the term

I.D or arc thought to be aetiologically secondary to it (the old
concepts of primary and secondary handicaps) (Jopp 8c Keys
2001). When behaviour disorders arc also included, high levels of
LD-associatcd psychiatric morbidity arc seen at all ages. Ruttcrs
group's Isle ofWight studies in 1970 showed halfof children with
IQs under 70 had a psychiatric disorder compared with 7% of
those with normal IQ. More recent reports confirm this. In New
South Wales (Einfcld & Tonge 1996), over 40% of children aged
4-18 had severe emotional or behavioural disorder or psychiatric
disorder. For adults the overall prevalence is around 30^10%, and
since people with LD are part of an overall ageing population,
psychiatric morbidity does not fill with age so dramatically as
formerly (where there was a 'healthy survivor' effect), in the older
group non-DS dementia Is especially common (20%) (Cooper
1999b).

Psychiatric assessment schedules and diagnostic
vtruments

Early studies suffered from a lack of adequately validated rating
scales for psychiatric disorder in those with intellectual disability,
but several structured and semi-structured instruments are now

available for research use. For people with mild LD and good
communication skills the widely used schedule for affective
disorders and schizophrenia (F.ndicott & Spilzer 1978) in its
various forms has been used in several studies, and straddles the
area between LD and the normal population. Schedules
specifically devised for use in LI) include the Psychopathology
inventory for Mentally Retarded Adults (P1MRA; Senatorc ct al
1985) (self report and informant versions), the Diagnostic
Assessment for the Severely Handicapped (DASH; Matson ct al
1991) (severe and profound'with emotional disorders), and the
Psychiatric Assessment Schedule for Adults with Developmental
Disabilities (PAS-ADD; Costcllo ct al 1997). With regard to
diagnostic criteria there arc problems and inconsistencies in the
way both DSM-1V and ICD-10, and also the specific guide for LD
ICD 10-MR (WHO 1996), classify the various psychiatric and
developmental conditions associated with LD. The Royal College
of Psychiatrists (2001) has produced Diagnostic Criteria for LD
(DC-LD) that better address the issues in moderate to severe LD,
which should improve research consistency and, one hopes, also

clinical diagnosis. It includes conditions not easily described by the
classical systems such as attention-deficit hyperactivity disorder in
LD adults and various problem behaviours. A series of axes define
a hierarchical approach to diagnosis, and this is given in synopsis
form in Table 24.10.

Including personality disorders and problem behaviours may
appear controversial but is in fact useful — a systematic classifica¬
tion of behaviours in particular has been greatly needed. Through
its focus on adults, its approach to diagnosis in severe LD and its
inclusion of a systematiscd approach to behavioural disorders,
DC-LD is likely to be very useful to psychiatrists in LD whether
based on clinical interview of the patient or on the use of
structured questionnaires.

Schizophrenia

Kracpclin described a condition of 'propfechizophrcnie' in people
where dementia praecox arose in a setting of pre-existing intellec¬
tual impairment. He stated that dementia praecox could Ik diag¬
nosed in 7% ofpeople with LD, that the psychosis had a very early
onset and that the pathological process involved in this actually led
to the LD. Blculcr later denied that any true association existed, a

concept that persisted. Limited genetic approaches also tended to
reduce the relationship. Kallman's group in 1940 claimed no
increase in the rate of schizophrenia in families ofLD patients. The
two conditions were still thought to be mutually exclusive even
after psychodynamic actiological theories of psychotic illness were
on the wane — it was supposed that most people with I.D did not
have the necessary communication skills to permit such cognitivcly
complex disorders. If 'schizophrenia' is an epithet applied only to
the surface communication abnormality then this is true, hut we
usually mean that an underlying biological disorder is also present.
There is no reason to suppose that people with severe LD are
immune, rather the clinical presentation is modified by the
presence of the intellectual impairment. It is possible that some
medication-responsive 'behavioural' disorders in people with
severe LD may fall into this class, especially if there is also a family
history of psychosis. However, there arc dangers in classifying on
the basis of treatment response, and until a biological or molecu¬
lar marker is found the area will remain grey. Schizophrenia preva
tencc is raised in mild LD on average to 3%, which is much higher
than that in the general population (Doody et al 1.998). When it is
considered that this is likely to be an underestimate (most studies
excluded severe LD), then its importance cannot be overstated.

Clinical features

In mild I.D, schizophrenia presents in a similar way as in the
general population. The main danger is in misattributing obvious
psychotic symptoms to an underlying behavioural disorder, espe¬
cially where behavioural outbursts arise from the psychopathology.
The corollary,"the incorrect diagnosis of schizophrenia on the
basis of a primary behavioural disturbance, is also not uncommon.
Partly to exclude such biases the time taken to make a diagnosis
may be much longer than in the general population.

Auditory hallucinations are the most common symptom and
present in around 90%. However, as in the general population,
hallucinations occur in all sensory modalities, and careful ques¬
tioning often elicits visual hallucinations (Meadows ct al 1991).
The content rather than the form of hallucinations is determined

by the LD, and they relate more to the developmental than to the
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Table 24,10 DC-LD classification system b:r.c- • - v. ,§fi
DC-LD axis Typology Specific comments General notes

Axis I Severity of learning disability
. [A

Mild IQ 50-69 As in ICD 10 there is no .;k
Moderate IQ 35—49 concept of borderline
Severe IQ 20-34 learning disability
Profound IQ less than 20 "it

Axis II Cause ut learning disability
Unknown origin Codinys are used which
Infections and parasitical diseases Includes specific meningitis, encephalitis match relevant ICD-10

Endocrine, nutritional and metabolic Includes the inborn errors of metabolism categories
diseases

Menial and behavioural disorders Rett syndrome included here
Diseases of the nervous system Includes non-specific meningitis, etc.
Perinatal conditions Includes fetal / placental traumas,

maternal conditions, extreme low
birthweight or prematurity,
congenital infections ■

Congenital malformations / deformities, . ,1
chromosomal abnormalities

Injury, poisoning, other external causes

Axis 111 Psychiatric disorders
Level A Developmental disorders This gives a DC-LD-spedfic

Autism; other pervasive developmental coding to each but cross
disorders; specific developmental links this to the nearest

disorders ICD-10 and DSM-IV codes
Level B Psychiatric illness

Dementia; non-affective psychotic
disorders, including schizophrenia and

■ 'ML L' , ■ \;iv,... schizoaffective disorder; affective
disorders; anxiety disorders; phobias;
obsessive-compulsive disorders; eating
disorders; hyperkinetic disorders of
adults

Level C Personality disorders
Level D Problem behaviours

Verbally aggressive behaviour; physically
aggressive behaviour; destructive
behaviour; self-injurious behaviour;
sexually inappropriate behaviour;

Tb'i; ik'T-'k \wT',:. oppositional behaviour; wandering
V'• ;::#T Level E Other disorders

DC-LD, Diagnostic Criteria for Learning Disability (Royal College of Psychiatrists 2001).

chronological age, and to social factors (e.g. peer group and carer
interactions). The content may be simple commands or statements
that the person is bad, has done some wrong, or is urged to do
something that he knows to be incorrect. People widt LD are
often more cognitively pliable than others. They seek to please,
and will agree dial 'voices' could not really happen, only to have
the 'voices' return immediately die interviewer leaves. A similar
superficial denial of delusions can also be deceptive. Delusions
may be simple in form, partly attributable to a reduction in life
experience and opportunity ('psychosocial masking'). On the
other hand they may be difficult ro interpret and appear cogni-
rively bizarre. Again the fixity of the delusion may appear open to
question. The person may agree with the interviewer that tlic
delusional ideas can not possibly be true, only to describe them
again ro the next person who asks.

The emphasis must be on a consistent approach to collating
information from the individual and others, examining the prob¬
lem over a period of rime. This will also buffer the clinician against
the misreading of the many cognitive misunderstandings and
unusual responses that arc naturally part of LD. Most people talk
to themselves at some rime; people with LD frequently do when
there is apparently no one else there, but this can be a cognitive
style rather than psyehopathology. Formal thought disorder is
less common in people with LD (although not unknown), as are
thought echo, delusional perception, passivity phenomena and
thought withdrawal. The apparent reduction may he due to a diffi¬
culty in explaining these experiences to the interviewer. Thought
blocking is as difficult to interpret as in the general population.
Again a consistent approach over a period of time will help distin¬
guish attention changes due to true hallucinations rather than to
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intrinsic attcntional deficits. It is important also to assess whether
there is a consistent relationship between the phenomenology and
the person's mood state, and this again often takes time.

With increasing LD severity there is a greater behavioural over¬
lay to symptoms; the key features in distinguishing them from
underlying behavioural problems lie in their time course, where
they arise without known precipitants including a multitude of
simple to complex physical complaints and recent environmental
or carer changes. Some support for a psychotic base to some non-
prccipitant induced behaviours comes from a study using the
DASH schedule in people with severe LD who were said to have
schizophrenia — significantly increased scores in domains indicat¬
ing reality distortion and disorganisation occurred compared with
a control group without the diagnosis (Cherry et al 2000).
Sometimes, however, a trial of neuroleptics is necessary where
an unspecified functional psychosis is suspected in a person with
severe LD, even if it cannot resolve the issue as to the presence of
schizophrenia.

Aetiology
As in the general population the cause of schizophrenia is
unknown, but genetic factors play an important role, and imaging
studies have advanced our understanding of the disease process.
The schizophrcnia-LD association is highly familial, probably
due to strong genetic factors. In one study where the contorbid
group was carefully ascertained and compared against controls
with schizophrenia alone or LD alone, the incidence of schizo¬
phrenia in a first- or second-degree relative was higher when the
proband had comorbid LD tiian when he had schizophrenia alone
(Doody ct al 1998). Comorbidity also tended to occur in excess
in the families ofcomorbid probands. Overall the comorbid group
had a similarly raised incidence ofpure LD in their families to that
of the LD control group. MRI scans in these subjects showed that
the comorbid group more closely resembled controls with schizo¬
phrenia than LD controls (Sanderson ct al 1999). In particular,
although overall brain size of LD controls was smaller than the
others, the relative amygdala-hippocampus size was greater bilat¬
erally than in comorbid or schizophrenic groups, where size was
reduced, especially in the former. One interpretation of these
findings is that the comorbid group represents a very early onset
and more severe form of schizophrenia whose sole childhood
manifestation is LD. This concept is not new and has been around
since at least the time of Kraepclin, but has never been adequately
tested. Schizophrenic symptomatology per sc had its onset at a
similar age in both comorbid and schizophrenic groups. For those
admitted to maximum security settings there seems to be an earlier
age at onset in the comorbid patients compared with general
schizophrenic patients, but the reasons for admission to such
units are complex and do not always relate to an increased sever
ity of a condition (Doody er.al 2000). Relating historical variables
to structural findings proved more difficult (Sanderson et a!
2001). Obstetric complications were more common in the comor¬
bid group titan in the schizophrenic group, but whether this
is a cause or outcome of the disorder is not certain. Other acti

ologics associated with comorbid schizophrenia and LD have
already been mentioned — velocardiofacial syndrome, and some
disorders of the X chromosome. It is likely that the origins
are heterogeneous, CGSs are typically sporadic in origin and
would not explain the commonness of a family history of this
disorder.

Affective disorders

Bipolar disorder

Bipolar disorder appears more frequent in LD adults, although
prevalence reports vary from as little as 1% to as high as 12%. Some
groups feel that there is no increase (Dosen & Day 2001), but
significant misdiagnosis as behavioural disorder has occurred in
the past, especially for those with severe LD. Further confusion
has arisen by the failure to separate recurrent major depressive
disorder from bipolar disorder (continuing die older grouping
of both disorders as manic depressive illness). Arecent, small scale,
community prevalence study using structured instruments for
diagnosis found around 2% had mania or hypomania, and 3%
depression (Deb ct al 2001).

Clinical features The age at onset tends to lie earlier than
in the general population. During the manic phase of the illness
overactivity and lack of sleep can be prominent, but die patient
docs not always easily express a clear elevation of mood. Instead
irritability and aggressive outbursts arc more common. Pressure of
speech may occur, but complex speech disturbances such as clar.
associations and punning arc rare. Psychotic features, e.g. simple
grandiose delusions, are not uncommon, especially in those with
mild LD (Reid 1972). An excess of the rapid-cycling bipolar disor¬
der has been suggested, but an ascertainment bias may exist, since
the association with severe aggressive outbursts would make
admission more likely (Ballingcr 1997). In clinical practice,
however, q'clical and rapid alterations in mood state arc often
encountered, with multiple episodes of affective disorder in a rela¬
tively short space of time. The tendency to rapid-cycling is associ¬
ated with an earlier age at onset (Vanstraelen & Tyrcr 1999).
Catatonic symptoms (stupor, mutism, waxy flexibility) arc some¬
times seen, and catatonia, as in the general population, may be a
severe variant of bipolar illness rather dian schizophrenia, espe¬
cially where the stupor alternates with an excited phase. Previously
it was considered that mania did not occur in people with DS; this
has now clearly been shown not to be the case and its prevalence
is probably similar to that in other people with Ll>. In fact all
forms of bipolar disorder, including rapid-cycling, have been
described in DS.

Aetiological factors There has been little research here, bu'
recent association with Prader-Willi syndrome is important (Boer
ct al 2002). Of IS adults with Prader-Willi, 7 had a psychiatric
disorder that was either bipolar or depressive in type. Five out of
the 8 adult patients with uniparental disomy (UPD), but only one
patient with a deletion, also had clear psychotic features. In a
separate 15-year longitudinal follow-up sntdy of 53 children and
adults with Prader-Willi syndrome 8 individuals developed a
psychiatric illness, 4 of the deletion subjects had a bipolar disorder,
2 had transient psychoses, both the UPD patients had cycloid
psychoses (Descheemacker ct al 2002). If results from such studies
arc confirmed, they mark an important association between genes
on chromosome 15 and affective disorders.

Major depressive disorder
The symptoms of depression arc common in those with LD, and
the biological features assist diagnosis in those with more severe
LD. In 285 adult outpatients with LD, around 9% had a depres¬
sive disorder or dysthymia (Stavrakaki 1999), lower than some
reported figures for the general population. LD often modifies
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depressive symptoms, and under-diagnosis may be present again.
Certain behaviours (hyperactivity and wandering, mutism, unex¬

plained temper tantrums, etc.) not seen in depression in the
general population may be symptomatic of depression in this
group ('depressive equivalents'). Aggression may also be a promi¬
nent feature of depression, especially with severe LD.

Clinical features The biological features arc helpful. Sleep
disturbance (usually lack ofsleep or a disturbed sleep pattern with
night-time wakening) and appetite changes arc frequent. Weight
gain may be as common as weight loss. Although low mood is
common even with severe LD, irritability may be a more promi¬
nent feature, and changes in the levels of prevailing behaviours arc
as important as new onset of these; self-injury, temper outbursts,
altered self-care and other skill levels, even the development of
incontinence anew. The need to differentiate such symptoms from
dementia is clear, especially in a person with DS, or a person over
65 with LD, while remembering that the coexistence of dementia
and depression is not uncommon. A treatment trial may be
needed to resolve the issue. Somarisation of symptoms is common
—

^ _• person may, for instance, complain of headaches, stomach
pains, and excessive fatigue. Suicidal thoughts and acts occur
mainly in those with mild LD, and overall they arc not frequently
reported. A time chart of sleep, activity pattern, eating and cycli¬
cal changes in mood associates (aggressive, self-injurious behav¬
iour, sexual behaviour, irritability, anhedonia, apathy and
withdrawal) as well as observed mood changes can help establish
diurnal or other circadian rhythms and point to the diagnosis. The
differential diagnosis is sometimes very difficult in the severely
disabled. Dementia, metabolic and endocrine disturbances, and
the side-effects of the many medications that are often prescribed
are among some of the alternatives. In adult women with severe
LD, disruption associated with the menstrual cycle must be
considered, and a painful premenstrual period or menses them¬
selves can be mistaken for mood disorder.

Other disorders

• Generalised chronic anxiety disorder, often difficult to
'

uinguish from depression, with which it may coexist, is not
e in both LD adults and children, and low self-esteem is

common in both conditions. In mild LD the prevalence of
brooding, somatisation and sleep disturbance may be
increased over the condition in the general population (Masi
ct al 2000). In more profound disability it may manifest as
temper outbursts and other symptoms that have been also
considered as depressive equivalents. Where autism coexists
with LD, severe anxiety is a relatively common response to
any change in routine or environment. In fact a search for
aetiological factors is important in any anxiety disorder;
physical disorders, post-traumatic stress induced by physical or
sexual abuse, and bereavement reactions can play a role.

• Abnormalgriefreactions arc in fact common and often
misinterpreted by carers (Hollins & Kstcrhuyzcn 1997).

• Obsessive-compulsive disorder has been little studied but, like
all other mental illnesses, also occurs in people with LD. The
main differential diagnosis is from the rituals of autism. The
cognitive self-interpretation of symptoms in
obsessive-compulsive disorder is not usually seen in autism.

• Phobic disorders arc common — 4% in one recent small study
(Deb et al 2001) — and often specific, such as animal
phobias. More generally, panic disorder and social phobia can

be found and have been seen in the early stages of dementia
of DS.

• Personality disorder in people with LD is a controversial
concept. Reid & Ballingcr (1987) considered it present in
over 20% of a hospitalised group with mild to moderate LD.
It is difficult to separate features such as passivencss and
dependence from the symptom cluster that characterises I.D
itself, and one needs to be on very certain grounds since
personality disorder diagnoses often lead to exclusion from
services. On the other hand, there has been considerable
reluctance to use the diagnoses even where warranted in those
with mild LD, and a balance needs to be struck, and
unnecessary treatments or interventions avoided (Hurley &
Sovner 1995).

• Attention deficit/hyperactivity disorder is common in children
and adults with LD, with up to 20% meeting diagnostic
criteria. Stimulant medications may help those with mild LD,
but their effectiveness in the many children and adults who
have only partial symptoms, and in people with severe or
profound LD, has not yet been shown.

Treatment issues

Pharmacotherapy
Antipsychotics arc extensively used in treating both psychiatric and
behavioural disorders. The dearth of properly constituted and
controlled trials of interventions used in LD has complex origins
(Oliver ct al 2002). Recently, issues around informed consent,
diverse service configurations leading to access difficulties, and
unclear boundaries between social services and healthcare have all

played a role, as has the increased time needed to collect data from
people with LD. A review of antipsychotic use in LD found only
one randomised trial, reporting on only two eases and published
over forty years ago (Duggan & Brylcwski 1999). In most eases,
therefore, prescribing practice has been to generalise results from
the treatment of psychiatric disorders in the non-LD population.
In clinical practice, with respect to medication dosage, this is
usually quite acceptable. It is important to avoid misinterpreting
side-effects as having other origins (e.g. behavioural), and careful
monitoring for drug interactions is needed since many will also be
on antiepileptic medication; many psychotropics lower seizure
threshold. However co-thcrapy with both anticpileptic and
psychotropic medication is often necessary and, with close super
vision by an experienced psychiatrist, is usually successful.

Prior to the era of hospital closure the number of LD
psychiatrists was proportionately very small, but prescription rates
were high, and psychoactive medications prescribed to up to 50%
of the population. This has continued. In one North American
study 50% of patients in community resources received more than
one psychotropic medication, and 4% over four (Burd ct al 1991).
While such prescribing may be unusual, on average around 30% of
those known to community services receive psychotropics, and
it docs highlight the ubiquity of t heir use. The chief indications
arc schizophrenia or a schizophreniform psychosis (about 50% of
prescriptions). However, a significant minority (23%) do not have
a psychosis, the use here often being to control a behavioural
disorder. Long-term central consequences of typical and atypical
antipsychotics in people with significant pre existing cognitive
impairment have not been investigated. Short-term movement
disorders may be confused with intrinsic stereotypies, but more
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chronic parkinsonism and tardive dyskinesia can usually be clearly
demarked.

Treatment of schizophrenia Most advice follows that for
treatment in the general population. Where treatment is elective,
a full prior blood screen, physical examination and an ECG is
required. At the very least these should Ik- repeated at yearly
intervals. A review of past therapies and responses is advisable
both before starting any medication and at regular inrcrvals
thereafter. For emergency control of an acute psychosis, a typical
antipsychotic such as halopcridol may be combined, if necessary,
with a short-acting benzodiazepine. An atypical antipsychotic
is lirst choice for the longer-term treatment. Risperidone and
olanzapine arc usually well tolerated, but weight gain can be a

problem. Thioridazine was formerly widely used both in small
doses for its presumed anti-anxiety effect and in larger doses in the
treatment of psychotic illness. However, recent concerns about its
possible cardiac toxicity have meant that many have had to lu¬

nged over to aiypical antipsychotics. Clinical experience has
Miown that withdrawal of medication from people with I.D needs
to l>c done more slowly than in the general population; they may
benefit from a cross-over period where two medications arc
prescribed, one reducing and one increasing in dose. In severe
drug-refractory illness clozapine can help, although the regular
blood monitoring requirements may pose problems, especially in
those with more severe I.D who may not understand or comply
with regular venepuncture. Routine anticholinergic use is not
often needed. Most people arc quite happy to take medication
orally, and the former widespread use of depot medication is now
less common.

Even with current levels of community care a person in the
acute phase of schizophrenia with LD often needs hospitalisation
for stabilisation. Ideally this would be in specialist inpatient I.I)
settings. Although a person with mild LD can be managed
successfully in a general adult psychiatry ward, the staff may feel
untrained in the support of the needs deriving from the patient's
LD. Specialist LD psychiatric support to the clinical teams is
essential in such eases. The person with moderate to severe 1.1)
--d psychosis is inappropriately served by general psychiatric

vices, and there remains a continuing need for acute specialist
treatment settings for this group — a fact not always clearly recog
nised in LD hospital closure programmes.

Therapies for depression The usual first choice is an SSRI,
and there is little to choose between them (Rucdrich et al 2001).
As in the general population the adequate dosage needs (up to the
maximum tolerable with respect to side-effects) and the adequate
treatment duration usually ensure response. Tricyclics are second-
line, although the overdose risk is much less with Ll). The side
effects arc more prominent, and tricyclics may lower epilepsy
threshold more than SSRls. Trials of antidepressant therapy may
be appropriate in those with severe LD and depressive equivalent
symptoms/biological features that are not responsive to other
interventions, even when the"subject is not able to report a clear
subjective depressive mood. In fact Reid's seminal study showed
that this group was especially likely to respond to antidepressants
(Rcid 1972). In severe depression ECT should be consid¬
ered, and it is underused in people with LD. One caveat is DS,
where the anaesthetist should lie aware of the rare possibility of
atlanto-axial instability with any neck manipulation, especially in
younger individuals. Another clear indication for ECT is where
catatonic symptoms are prominent. In such eases it is usually
rapidly effective.

Drugs that stabilise mood Lithium has long been used to
stabilise mood swings in people with LD. Often in the past this
was used in cases of otherwise intractable cyclical behavioural
disturbance as well as clear bipolar disorder, or recurrent major
depressive disorder. Lithium, in the UK, is also licensed for use in
controlling aggressive outbursts, although any superiority over
behavioural interventions has not been shown. It is likely that
where it has been successful there has been an underlying major
affective disorder. In DS the increased risk of hypothyroidism
means that its use should be carefully monitored. Patients with LD
arc also susceptible to its renal effects, and polydipsia or polyuria
always requires investigation. Anticpileptic medications are also
widely used for mood control. With the prevalence of epilepsy in
those with LD there is a great deal of experience in their use.
Carbamazcpinc can be used on its own or combined with lithium
to achieve the desired effect. Doses are as for the control of

epilepsy. Valproic acid is said to be more effective in rapid cycling
bipolar illness (King ct al 2000b), Other newer antiepiloptics such
as iamolriginc may have a use in selected eases, but there is as yet
no real evidence for or against their usefulness as mood stabilisers
in I,D.

Medications for anxiety disorders Medications are really
second-line after a thorough search for environmental and social
precipitating and maintaining factors. Small doses of SSRls arc
often effective (in generalised anxiety, and especially in social
phobia) and do not engender tolerance seen with benzo diazepines.
However, careful short-term prescribing of benzodiazepines can
be useful, especially as an adjunctive therapy to psychological
and cognitive interventions. Direct sedation for short periods may¬
be needed to help the patient get through medical or
dental interventions. Traditionally, benzodiazepines (especially
tcmazepam) have been used, and if usage is kept to as small a dose
as needed they are very helpful.

For sleep disorders a behavioural approach to regulating sleep
patterns and the avoidance of daytime somnolence is often more
effective than medication. The use of long-acting benzodiazepines
has decreased in recent years, and newer very short-acting medica¬
tions such as zopicionc may Ik helpful, but again for limited
periods of time. There have been some reports that melatonin may
help regulate sleep patterns in children with autism and LD.

Psychotherapy arid cognitive behavioural therapy in
adults with LD

One school of thought proposed that LD is often a consequence
ofemotional or psychological abuse, rather than that the two situ¬
ations simply coexist (e.g. Sinason 1992). However, the outcomes
of severe deprivation arc not identical with LI). Dynamic
psychotherapy has had rather little use in LD and most of the
attempts have been with emotionally disturbed children with LD
and/or their families; the theoretical constructs are more devel¬
oped than the "clinical practice. Many psychotherapists shy away
from the field because of the difficulties in communication and the
problem of maintaining a strictly confidential therapeutic relation
ship with the patient in a milieu where disclosure of therapy
to carers is often expected. A form of object relations therapy
has been developed by Gaedt (199S), and Dosen (2001) has
pioneered a maturational system combining ideas from l'iagct,
Mahler, Erikson and Bowlby based on psychosocial and cognitive
staging and applied this to the treatment of depression and other
mental illness in children with severe Ll). However, it is fair to say
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that the practical use of such therapies is limited largely to an

adjunctive nature at present.
Cognitive-behavioural approaches have been more widely

successful, provided the problems of comprehension, self-report
ing of cognitions and self-regulation can be overcome (Krocsc
1997). This is often the case for people with mild or moderate
LD, and the treatment can form a usefiil adjunct to pharma¬
cotherapy, especially in the management of depression and
dysthymic disorder. Cognitive distortions in general are common,
in particular those of placing things into extreme categories — all
good or all bad, completely acceptable or totally unwanted, and so
on. The lack of subtlety in categorisation is also felt to underlie
some of the behaviours shown by people with LD who commit sex
offences, and cognitive-behaviour therapy has an important place
in their management.

Mala ptive behaviours ('challenging behaviours') arc very preva¬
lent in both LD children and adults. A survey of over two thou¬
sand adults showed 64% to have at least one behaviour disorder

(Smith et al 1996). Behavioural disorder in fact is used to describe
a vast range of problems from minor antisocial behaviours leading
to some disruption of day-to-day living up to serious aggressive
outbursts. By definition those that are outwardly directed are
challenging if they transgress a social boundary or rule, and thus
are context dependent. Self-injury is much more likely to be chal
lenging in any social context. Severe challenging behaviour may
occur in 10-16% of LD individuals. Behavioural disorders arc a

common reason for psychiatric referral, but their analysis and
management usually requires a joint multidisciplinary approach. A
set of criteria for defining when a given behaviour has become a

problem is given in Box 24.1.

It is difficult to separate challenging behaviour from psychiatric
illness, and indeed the definition of mental illness in classification
schemes such as DSM-IV could as easily encompass behavioural
disorder in those with LD as it does conduct disorders of children.
Ar present the level of true comorbidity between psychiatric and
behavioural disorder is uncertain. Certainly the rate of antipsy¬
chotic and antidepressant use is high in those with behavioural
disorders, and aggressive outbursts and self-injury have been
considered as depressive equivalents in those with severe disability.
A full psychiatric assessment is an important part of the work-up
of behavioural disorder, and this should also include screening for
autism or other pervasive developmental disorder. The person's
ability to interpret the behaviour is also important. It is often
found in people with mild LD that the nature of the behaviour
in itself is fully understood, but that there is a complete lack of
insight into the chain of events that the behaviour has set in
progress and its persisting effect on others. Such insight difficul¬
ties are intrinsic to the nature of LD and have generally led to
a different legislature around behavioural disturbance in LD.
Capacity generally decreases with LD severity, and it would be
difficult to maintain that a person with severe LD was fully respon¬
sible for his or her actions.

Being a social construct, behavioural disorder can take a huge
number of forms and is highly context and culture sensitive. The
usefulness of a catalogue of such behaviours is uncertain, but a

pragmadc scheme based on the form of the behaviour can help
conceptualise some of the difficulties. Table 24.11 gives such a
scheme; this is by no means comprehensive and has no implied
relationship to any actiologica! factors; it is roughly structured into
increased severity of danger to the person or others.

Multiple behaviours may co-occur in the same person or emerge
at different times; the duration and intensity of each may vary
considerably. Persistent antisocial behaviours are often very wear¬
ing for both the person and their carers. Sometimes thev arc envi¬
ronmentally determined, but the concept that most were due
to institutionalisation is contradicted by their persistence after
discharge from hospital and their prevalence in those never hospi¬
talised. At the other extreme, severe physical violence, although
fortunately rare, is probably the major limiting factor in commu¬
nity provision for people with LD, especially if there arc no iden¬
tifiable factors that predict outbursts. Self-injurious behaviour can
range from simple skin picking through to severe eye gouging,
head banging and face beating. Repetitive self-injury and sclf-
mutilation is perhaps the most distressing of all the problems that
present to psychiatrists in LD. It is much more common in people
with severe LD, and here it is associated with the presence ofother
challenging behaviours such as noisiness, overactivity, irritability
and stripping.

The causes of behavioural disorders

All factors tend to interact, so that one particular type of behav¬
iour may relate to different causal mechanisms at different times;
often a causal factor can never be clearly identified, especially in
those with severe LD. Many of the most difficult behaviours
follow a maturational pattern. They arc first exhibited when the
person is a child, sometimes preschool, and gradually become
more pronounced and persistent with age. This is especially
so with temper outbursts — eventually the parents are unable to
physically manage them, and secondary referral occurs. During
teenage years, problems can be further exacerbated by the devel-

Challenging behaviour*
• At some time must have caused more than minor injuries to

nselves or others or destroyed their immediate living or
working environment

• At least weekly had a behaviour that required intervention
by others or placed them in physical danger, or caused
damage that could not be rectified immediately or caused at
least an hour's disruption

• Cause over a few minutes disruption at least daily

Severe challenging behaviour'
' Occur at least once a day
• Usually prevent participation in programmes/activities

appropriate to person's ability level
• Usually require physical intervention by one or more staff

members
• Would usually lead to major injury to either individual or

others

• After Quereshi H 1994 The size of the problem. In: Emerson
E, McGill P, Mansell J (eds) Severe learning disabilities and
challenging behaviours: designing high quality services.
Chapman & Hall, London, p 17-36.
1 After Emerson E, Kierr.an C, Alborz A et al 2001 The
prevalence of challenging behaviours: a total population study.
Research in Developmental Disabilities 22:77-93.
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■ Table .24.11 A suggested typology of behavioural problems
. . : ."T.V. . ....

Form of behaviour General area Some specific examples

Persistent antisocial behaviours Noise related General repeated shouting, screaming
Elimination related Anal poking, faecal smearing (not related to constipation)
Food related Vomiting, deliberate choking, food smearing (not related

to Gl disorder)
Property related Persistent misuse of facilities — e.g. leaves taps running.

gas or electricity left on, without memory disturbance
Minor thefts

Absconding Persistent running away

Persistent aggressive behaviours Directed against property Destruction of furnishings and windows, belongings.
clothes

Directed against others Verbal threats
Isolated nipping, scratching, punching, kicking, biting.

throttling, throwing objects at person
Outbursts combining elements of these
Outbursts using weapons ol some form

Directed against self Skin picking, hand or arm biting with injury
Head or body slapping and punching with injury
Ingestion of inedible and dangerous objects
Head banging with injury
Self injury using externa! objects

opmcntal and emotional changes that arc associated with puberty,
and they persist into adulthood. Such an enduring pattern is very
familiar to those working with people with I.D, and it may be
considered an innate feature, what Read has termed 'organic
behaviour disorder" which is modulated rather than caused by
social or environmental factors (Read 1997).

Biological factors
The behavioural phe.notypc concept tries to relate clusters of
behaviours with particular clinical syndromes. Some of these have
been discussed already in the sections on DS and autism,
l.csch Nyhan syndrome, a very rare X-linkcd recessive metabolic
d ier (mutations in hypoxanthinc phosphoribosyltransfera.se
gene) is associated with striking degrees of self-mutilation. At
birth such children appear healthy, but by 3-4 months dystonias
become apparent, later developing into spasticity, choreiform
movements and transient hemiparesis. At around 2 years a severe
self-mutilation emerges with lip, buccal and finger biting. These
begin suddenly and can be clinically distinguished from self injury
associated with autism (Hall et al 2001). The postmortem finding
of reduced synaptic basal ganglia and substantia nigra dopamine
(but not other monoamines) suggested that dopaminergic
dysfunction underlies the self injury. However, both pharmaco¬
logical and lichavioural interventions have produced similarly
disappointing results, and most people who self injure do not have
this syndrome. Other neurochemical theories include central scro
toncrgic and opiate dysfunctions. I iowever, since these have also
been implicated in autism, there is a need to distinguish those who
have this and also self injure from those who do not. The other
classic behavioural syndrome is that of Prader-Willi syndrome (see
p. 557), where self injury is common in addition to hypcrphagia.

Psychological factors
The idea, derived from operant conditioning, that both behaviour
disorder symptoms and the ways of modifying them arc learned

and maintained by positive or negative rcinforccrs, lies behind
many psychological management approaches. The initial rein-
forcer of a behaviour may be apparently unrelated to the eventual
one. Rcinforcers arc divided into primary ones (e.g. food, drink,
pain) associated with basic biological needs, and secondary ones
that result from a pairing with primary rcinforccrs. Social rein
forcers (praise, pleasant environments, avcrsive stimuli, etc.) arc
generally thought to be secondary in type. A careful behavioural
analysis is needed to clarify these, but finding the antecedents of
behaviour is often difficult, and any specific behaviour may gencr
alise beyond the original inducing stimuli and rcinforccrs.
However, it is important to try to understand both the origin of
the behaviour, the original and current maintaining factors and
any meaning it has for the person. Meaning has often been
neglected, with the focus on changing the behaviour rather than
viewing it as a form of communication. It is also important to
consider whether the behaviour is a consequence of physical,
emotional or sexual abuse, whether by family, carers or other
people with 1.1). Other inducing stimuli include undetected/
untreated pain, or physical illness. Social reinforccrs, both positive
and avcrsive in type, have often been shown to be maintaining
factors. The linking of unwanted behaviours to positive reinforce¬
ments such as warm scxial responses, or concern, often leads to
the person being labelled as attention-seeking, and ignored, rather
than a focus being made on (he cause of the anomalous responses.

Environmental factors

The living situation can be important in maintaining a behaviour
or preventing the adoption of alternative, acceptable behaviours.
Long-stay hospitals were often an under-stimulating and over
populated environment reducing the opportunity to develop the
skills required to alter behaviours that may themselves be an crho-
logical response to living in very large groups. Smaller group
settings are usually much more successful, but there is a danger
that staffed individual placements may also reduce the necessary
opportunities to develop peer-appropriate social skills. Although
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there is often a good response to many low-level behaviour disor
dcrs in community settings, a substantial improvement in severe
behavioural disorders is not so clear, and other rcinforcers may be
acting. Some environmental needs, such as stability and continu¬
ity ofday-to-day living patterns and adequate personal space based
on individual needs, may be lacking in community placements and
may also contribute to behavioural problems. "Hie concept that a
very rich and stimulating environment is always best may not hold
for people with severe LD — over- as well as under-stimulation
may Ik- detrimental.

Assessment and treatment

The clinical psychologist and psychiatrist need to work together
on diagnosis and management. A screen should be carried out for
psychiatric disorder either as a primary cause of the disturbance or
coexistent. With severe LD a family history of psychiatric disorder,
cyclical components to the behaviour pattern, and more specific
indicators such as depressive equivalents may assist diagnosis.
Physical problems, e.g. incontinence, constipation, infections,

ailepsy, endocrine disturbances and sources of pain should be
assessed and treated. Sensory impairments and how the living
environment affects these should be considered. Communication
restrictions may mean that the behaviour is a way of attracting
attention. Where there arc no, or limited, verbal skills, some can
use Makaton or Sign-Along, sign languages devised for people
with LD, and the psychiatrist may need an interpreter (e.g. an
experienced carer or a speech and language therapist). Detailed
behavioural diaries, the aberrant behaviour checklist (ABC) or
other psychometric instruments can chart the periodicity and
cvent-rclatcdness of the behaviours.

Treatments should address the possible causes, stimuli and
reinforccrs, and the environment in which the behaviour occurs.

In general, outcomes arc better for people with mild LD, where
teaching anger management and self management skills, and the
self-monitoring of unwanted behaviours, can be combined with
operant interventions to replace unwanted with desired responses.
Interventions in severe LD arc more difficult. A behavioural
treatment programme that works within a specialist setting is often
much more difficult to implement and maintain within the
rt strictions of the person's own home or place of work.

Physical restraint was formerly widely used as a treatment modal
ity rather than aji emergency protective measure, especially in those
with severe self-injurious behaviour. Nowadays this is not generally
viewed as acceptable. In the UK, aversive procedures have no place
in treatment, but restraints of one form or another are still unfor¬
tunately sometimes urgently needed to prevent dangerous consc
quenccs of behaviours. Restraints can be mechanical (e.g.
protective headgear to prevent the consequences of head banging),
or physical restraint by others (e.g. brief period arm restraint to
prevent self beating of the face). A third type of intervention is that
of removing the person deliberately to a non-dangerous environ¬
ment. Various forms of this have been used in the past under the
label of'time out'. When a person is placed in a situation that they
ate unable to exit by their own free will then this is really always a
form of seclusion whatever the environment. Ethical questions
arise around often conflicting requirements of the duty to carc and
protect the individual against harm and allowing them freedom to
exercise their free will. Recently there have been questions as to any
superior efficacy of imposed restraint when compared with other
methods, as well as moral questions as to acceptability.

Positive programming methods such as those devised by La
Vigna use non-avcrsivc programmes based on the teaching of skills
functionally equivalent or related to target behaviours to establish
a more socially appropriate repertoire. They can be combined with
other psychological approaches based on the analysis of operant
conditioning effects. Drug treatments arc still widely used.
Neuroleptics are the most common, but the use of anti-depres
sants, especially SSRIs, and mood stabilisers is also widespread. As
an adjunctive therapy to other approaches tiicy have their place.
Good practice would advocate periodic attempts at dose reduc¬
tion, and this applies equally to atypical antipsychotics, about
whose long-term consequences wc are as yet unclear. Complete
drug washout, in hospital if necessary to ensure safety, may help
those on high doses of medication for long periods.

Most issues relevant to LD are dealt with in the chapter on
forensic psychiatry in this volume. In essence there are two
important areas: specific associations between I.D and offending,
and issues around legal process and consent.

Offending and LD
While many studies have shown rhat people with intellectual
impairment are overly common within the criminal justice system,
it is not clear whether they all meet die full criteria for LD, and
some suggest that it is intellectual disadvantage rather than LD
that is over-represented (Eraser 2002). Estimates of those with
learning problems range up to 8% of those attending police
stations (of whom 40% had special schooling), with 14% of this
group also having a mental hcaitii disorder (Barron ct al 2002).
Similar prevalence rates have been reported for prisoners and for
those serving probation orders. As would be expected, most of
this population lias mild LD, and there is little to distinguish most
offences from those occurring in the general population. They
may place themselves at risk, however, due to a lack of under¬
standing of society's norms and conventions and chronic low self
esteem. They arc also more likely to give false confessions. The
person with mild LD often comes from a socially disadvantaged
living situation, and such circumstances are associated with
increased risk of offending. There are other balances towards
and against the detection of offences — they are more likely to be
detected and apprehended on the one hand, but carers often have
a much higher threshold of acceptance of behavioural disturbance
on rhc other. Because of their intrinsic profound difficulties in
understanding the rules of society, people with severe LD should
not Ik- classed as offenders, and diversion from the system is the
norm via mental health legislation. Because of the disability, such
acts that would otherwise Ik classified as exhibitionism or public
masturbation in the general population have completely different
origins. Unfortunately, it is still the case that non-LD specialists
can misinterpret such problems, leading to a great deal of distress
for all those involved.

Specific offence types and LD
Previously, two offences were held as more common in people
with mild LD — sex offending and arson. However, both these
associations may, at least partly, have suffered from selection
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bias. Previous studies often focused on inpatient and especially
maximum-security or special hospital populations, and certainly a
hospital order is more likely for an offender with LD.

Within the total group of sex offenders, however, people with
1.1) arc more likely to have committed sexual offences across many

categories with a wider range of victims and especially against
younger children and male children (Illanchard et al 1999). They
arc also more likely to have been sexually abused themselves in
childhood (Lindsay et al 2001). There may be a persistent denial
or minimisation of the seriousness of the offence, which makes
it difficult to engage in direct therapies. Cognitive-behavioural
approaches arc currently the best straiegics, although the treat¬
ment duration may need to be very long. There is little evidence
for the efficacy of anti-libidinal medications. Re-offending rates
arc difficult to interpret and selectively reported. Many studies
have shown worryingly high rates of re-offending (40-72% for sex

offences), but much less in smaller groups undergoing specific
treatments. Re-offending may relate to the length of therapy;
shorter durations lead to more re-offending. Re-offending and
re conviction is actually a problem across the spectrum for people
with LD. In those discharged from medium-secure units the rates
are 30-85%.

Deliberate fire setting has again been consistently linked to LD
in those referred for hospital treatment, but any true association is
still unclear. The group seems to be younger — late rcens to early
adults — and mainly male. Arson is a very serious offence in which
the danger to others is exceptionally high. Treatments again may
need to be very long term; placement options and treatment
programmes arc often very expensive and under-evaluated.

Comorbidity in offenders with LD
Where a significant psychiatric disorder is already present, then the
person is often already known to the local LD services, and their
risk of misplacement will be lessened. In medium-secure units
for offenders with LD, O'Brien (2002) reported that 40% have a
formal psychiatric disorder, usually an autistic spectrum disorder
or schizophrenia. A study on behalf of the National Autistic
Society found that a minimum of 2.5% of the population of the
three English special hospitals had an autistic spectrum disorder
(Hare ct al 2000).

LD and the law

The status of LD within current legislation is changing. There has
been recent debate on whether LD should be considered as a

mental disorder at all. It still remains useful, however, to distin¬
guish those with LD who are at risk due to LD alone (rather than
a coexisting mental illness or behavioural disorder), although the
framework lor such protection has moved from hospital to
community. The use of a hospital as a place of safety used to
protect a person with severe LD without any other coexisting
condition has decreased markedly. In Scotland the Incapable
Adults (Scotland) Act is representative of such change, and allows
the appointment of a welfare attorney, sometimes with wide-rang¬
ing powers, where representation of the person's interests is under
question. It has also regulated the complex issue of consent, which
is linked to capability (formerly termed competence). Capability is
not all or nothing; a person can understand at different levels, and
the concept is socioculturally bound (Jenkins 1998). However,
there arc now clearer guidelines as to how a practitioner may

proceed whether the consent is to do with therapeutic interven¬
tions or allowing a person to take part in a research study.

The appropriate adult
people with LD arc especially vulnerable when they stand accused,
arc witttcss to, or victims of a crime. They may be readily confused,
especially with the stress of the situation, and may easily make self
incriminatory, erroneous or conflicting statements. The person
must be helped to understand the concepts of arrest, caution,
charging and questions, and to know their rights to contact a
lawyer and relative if detained. In the UK die standard adversarial
system in court compounds the situation. The 'appropriate adult'
scheme was devised to assist in such situations. The appropriate
adult is a trained person (training involves police, psychiatric, legal
and social work professionals) and facilitates the process of inter
view for both the individual and the police. The appropriate adult
should be present when a person is charged. Attendance is espe¬
cially important if the person is to Ik searched or intimately exam¬
ined, especially if there is any indication that the person has been
sexually abused or assaulted. During interview they arc not
substitute for a lawyer, nor expected to provide emotion.,,
support, but would indicate when a line of questioning was likely
to lead to unreliable answers, read any documents or statements
signed by the person, and note on this anything felt to be inaccu¬
rate. They would also advise on the need for medical assistance, or
rest |Kriods. The appropriate adult's role is not that of an advo¬
cate, who has a much wider remit to provide emotional support,
to interpret and be a voice for the person with LD, and to be an
active participant in safeguarding the person's rights, interests and
feelings.

Taken together, epilepsy and LD arc the most common conditions
(both affecting at least 2% of the population) that involve the
nervous system, and they frequently coexist. Epilepsy may occur in
30-40% of hospitalised LD patients. It tends to mirror the degree
of neurological damage, being more prevalent in severe LD. A
seizure disorder may affect around 5:1000 children at some tin v
and severe intractable epilepsy, especially with repeated sta.
attacks, may be a cause of LD itself. However, the overall progno¬
sis for epilepsy has improved and most children without LD with
epilepsy will be seizure free as adults. The prognosis is not so good
for people with LD, where seizures are often severe and multiple
in form, but even here the newer antiepileptic medications can be
very effective.

Aetiology
In about 25% the cause is unknown. For the rest the wide vari¬

ety of causes mirrors that of the LD — infections, trauma and
genetic/metabolic conditions. Many mechanisms have been
proposed to lead to hypercxcitability of neurons, and in the
hippocampus and other cortical areas injury leads to aberrant
axonal sprouting which may cause epileptogenesis (McNamara
1999). Epilepsy is often variably present in syndromic LD, paral¬
leling the incomplete penetrance of many other phenotypic
features. For instance 18% of those with fragile X have seizure
disorder, nearly always beginning after 2 years of age. In other
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syndromes epilepsy is also age dependent In DS, epilepsy inci¬
dence has two |x.\\ks: one in early childhood and the other in older
subjects in association with dementia. In some autistic patients
epilepsy can begin in later teenage or early adult years. The series
of disorders associated with disruption of cerebral cortex forma
tion (lisscnccphalies, double cortex, heterotopias) arc charactcris
tieally associated with epilepsy. The seizure type and frequency
may change over time. In the various autosomal dominant forms
of tuberous sclerosis, early infantile spasms may later t>o replaced
with generalised tonie-clonic seizures and simple or complex
partial seizures. The cerebral hamartomas arc very dysplastic and
highly epileptogenic. Other neurocutaneous syndromes, including
Sturgc-Webcr and neurofibromatosis, are also associated with
epilepsy

Diagnostic pitfalls

Epilepsy is the clinical event associated with an underlying exces¬
sive and abnormal neuronal discharge. Two or more seizures that
are initiated by an immediately identifiable cause are usually
required for diagnosis. Some manifestations of epilepsy may be
behavioural and difficult to distinguish from non-epileptic behav¬
iours. Temporal lobe seizures can produce a variety from limited
ties and stereotypies through to complete motor automatisms
and psychosis-like behaviour. On the other hand many abrupt-
onset voluntary and involuntary behaviours may be misinterpreted
as epileptic in nature, for example aggressive outbursts and nvstag
nuts. Conversely, during the pcri-ictal period, continuing subclin¬
ical epileptiform activity can cause confusion and aggression. The
most useful aid to correct diagnosis is high-quality clinical obscr
vation and description of the seizures. Imaging (especially MR!)
may be useful in some eases to detect specific brain lesions. In I.D
practice the acquisition of an electroencephalograph is common,
but it needs careful and specialist interpretation to be useful,

and it is often affected by frequently prescribed psychotropic
medications.

Treatments

Treatment of the multiple forms of epilepsy may be difficult.
Garbamazepine and valproate remain the usual mainstays in
clinical I.D practice. They arc also useful where a mood disorder
coexists with epilepsy. Phenytoin is now less widely prescribed, but
still useful in difficult eases; its therapeutic window is narrow, and
an apparently increased seizure rate may be due to too high as well
as too low a level. A host of newer anticpilcpric drugs arc now-
available and oft en very helpful in adjunctive control of refractory
partial epilepsy (and some as monotherapies). Vigabatrin is known
to be associated with visual field defects and only used if all other
lines of therapy have failed. The psychiatrist should be aware that
typical neuroleptics will reduce the seizure threshold, and atypicals
have a variable effect. They arc In no way conrraindicatcd but
cautious prescribing must be observ ed. A brief resume of current
treatments is given in Table 24.12.

Anticpilcptics should all be used only with full knowledge of
their possible interactions with each other and with other
therapies. Status attacks or serial repeated seizures arc a medical
emergency. Rectal diazepam will usually control the situation, but
intravenous benzodiazepines (diazepam or lorazepam) may be
needed (used in a hospital with full resuscitation facilities) and
oxygen required for cyanosis. Midazolam as a nasal or intra oral
spray has been shown to be effective in controlling status in
children, but is not yet licensed in the UK for adults. It offers the
promise of an easier and much less invasive route for control.
Paraldehyde still has a place in some pacdiatric settings. Overall
the management of complex epilepsy associated with LIT is best
done by specialist epilepsy services for people with LIT, which have
been successfully established with clinics based in health centres or

Table^4.1?.atlCepiyatg^d^to^|«t^.e<^jsg^era;_a^^hei^h^^es.^g-

Ser..„re group Subtypes
Typical first-lino
medications

Typical adjunctive
medications

Generalised seizure group

Partial (or focal or localised) seizure group

Tonic-clonic

Absence (petit mal)

Myoclonic

Atypical absence, tonic, atonic
(usually children)

Simple and complex

Carbamazepine
Valproate
Lamotrigine
Phenytoin
Valproate
Ethosuximide

Valproate
Lamotrigine
Clonazepam
Etbosuximide

Valproate
Phenytoin
Lamotrigine
Clonazepam
Ethosuximide

Carbamazepine
Valproate
Lamotrigine
Phenytoin

Topiramate
Tiagabinc
Gabapentin
Levtiracetam (Vigabatrin)
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general practices. The psychiatrist in LD with extensive experience
of epilepsy management often has a lead role in developing these.

The changing nature of psychiatry of LD
The era of large hospital facilities for people with LD is now
rapidly drawing to a close. This is to the benefit of our patients —
one bald fact may sum things up: in 1971, single wards in a
Scottish large hospital held up to 86 men. Today the maximum
ward size in die same service is eight (and this is probably at the
upper limit of what is reasonable). The current recommen¬
dation is four treatment and assessment beds for every 100 000
population — a huge difference from the thousands of beds that
p 'otisly existed. Of all the psychiatric disciplines, we have
tm.ied from being the most hospital based to the most
community based. This has seen a major shift in the psychiatrist's
role — no longer can we be the 'gcncralist' for all our patients,
controlling every part of their lives from near birth to death. The
place is now in the specialist management of psychiatric and
behavioural disorders associated with LD, There may even be a
need for subspceialisms — in forensic aspects of LD, in the prob¬
lems of ageing, the difficulties of autism and especially the
psychiatry of children with LD. There is probably tittle need for
involvement in the management of physical problems of people
with LD. Profound multiple disability (previously 'profound
special needs') with severe cortical sensory impairment,
quadriplcgia, feeding difficulties (through to parenteral gastric
feeding) and complex epilepsy may all Ik better managed by
professionals with training in physical and rehabilitation medicine.
In saying this, however, there are still too few interested or skilled
in working with such adults, whose numbers are rising with the
much reduced child mortality. LD psychiatrists may have an
educational function here and also to general hospital medicine,
which increasingly cares for adults with LD. Liaison psychiatric
s res for LD already exist in some areas, have been welcomed
and made an impact where they exist, and should develop further.

The changing locus of care

Smaller domestic-type environments arc beneficial to all people
with LD, no matter the severity; and, for people with mild
disabilities, proper social skills training and support systems can
allow many to live in unstaffed or minimally staffed
accommodation — in other words their own homes. In fact the
hospital population was always a small percentage of those with
LD, and most people have always lived in the community. What is
now apparent is a community movement of young adults away
from families to stay in their own homes or homes with staffed
support. Day care is also changing from the large adult training or
resource centre to individualised work and support projects. Social
work's function is altering; no longer arc they the main direct care
support service given that the voluntary and private sector is
increasing substantially. Community care is much more costly than
hospital care, and the current trend to smaller or single-person
units even more so. There is also a danger that the cost of care for
individuals with very severe behavioural difficulties may swamp
finite local resources. Placement breakdown in such cases is a

major factor in rcadmission to hospital and one source of bed
blocking as community services struggle to find an alternative.
With restricted LD capacity, general psychiatric services or
resources may by default become increasingly involved in the care
of people with mild LD. The psychiatrist is usually now part (not
necessarily the lead) in a community LD team. Other professions
— social work, clinical psychology, speech and language therapy,
physiotherapy, occupational therapy, and dietetics — arc all as
important as psychiatry and nursing, and more and more are
forming subspecialties within their own disciplines. The team is
more often based at a locality general practice than a hospital, and
interaction between primary care and LD psychiatry has markedly
increased.

The changing nature of LD
Perhaps the most important change with relevance to psychiatry is
our increasing understanding of the basic processes and conditions
t hat lead to LD. The very rapid pace of change should lead to
new prognostic and therapeutic understandings. In some ways
the psychiatrist in LD is still the true generalise; thousands of
conditions lead to the cognitive outcomes in his or her patients.
The delineation and study of the natural histories and individual
trajectories of these conditions is the next step for us.
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Researc 'i in the psychiatry
of learning disability
Walter Muir and Susie Gibbs

The UK is unusual in having learning disability as a fully recognised
psychiatric specialty. This is not generally the situation in other countries,
where the psychiatric problems that people with learning disability
experience are catered for by a variety of services or by generalists. Although
this may be appropriate for people with very mild or borderline learning
disability there are many special considerations for those with significant
cognitive impairment that can influence and alter psychiatric practice.
Research is vital if we are to understand and act on these, but compared
with other disciplines it is perhaps fair to say that the psychiatry of learning
disability has suffered markedly in the past from both an undervalued and
under-resourced research base.

Learning disability encompasses a huge domain and the potential for
useful research into its causes, its comorbidities and the amelioration of
associated problems is vast. This potential, for a variety of historical reasons,
has not yet been fully realised. Our hospitals were large and our specialty
small, and there were often grossly simplistic administrative divisions into
people who had 'challenging behaviours' and those with 'special needs'
that tended to impart false homogeneities. Learning disability (or more
commonly the former usage - mental handicap) was frequently regarded as
a disorder in itself, and that the term alone was all that was needed to define
a person. Hindsight always permits such 20/20 vision and in fact there were
very many important studies by specialty psychiatrists over the decades.
However, the closure of our institutions seems to have been accompanied
by a rapidly increasing interest in learning disability, offering great research
opportunities for the interested psychiatrist. The increased interest is also
reflected by the large recent jump in the impact factor of the leading specialty
British journal, the Journal of Intellectual Disability Research, from 0.8 in 1997
to 2.22 in 2002 (1SI Journal Citation Reports).

The sheer breadth of the field is exemplified by the coverage of the
latest edition of Seminars in the Psychiatry of Learning Disability (Fraser &
Kerr, 2003). Psychiatrists in the speciality are expected to be familiar
with the presentations of cognitive impairment in people of all ages from



infancy through to the very elderly. They shoulc ; conversant in the
assessment and management of psychiatric, psychological and, very often,
general medical associates (epilepsy included) of learning disability and
also how these interact with each other - disability most often exists in
multiple domains, physical and sensory as well as cognitive. Treatment
modalities from pharmacotherapy through behavioural therapies to the
various psychotherapies (including cognitive-behavioural therapy) all have
their place, and a thorough understanding of communication strategies
and impairments is needed to facilitate our interactions with the person,
Learning disability is possibly the area of psychiatry that requires the
greatest multidisciplinary approach - not only within the health professions
but also across the wider field of social services and education. All these
areas are covered in the Seminars volume, which should be considered
as a companion to this chapter. Other comprehensive summaries of the
psychiatry of learning disability are also available (Muir, 2004).

What then is useful for the trainee (or indeed trained) psychiatrist in
learning disability to know? This chapter is divided into three sections. First
is an overview of possible research areas. The range of the subject means
that these can only give brief and necessarily selective descriptions of the
possible areas for research in learning disability. The references throughout
have been chosen not necessarily for their research primacy but more often
for their useful summaries and pointers to the original literature. Second,
a description is given of various psychometric and diagnostic tools that the
researcher may find useful. Some might see in the opening pages a possible
bias towards biological research, and especially in those conditions known to
have genetic origins. A defence is that these are increasingly important areas
not only because of the knowledge they generate about tire causes of learning
disability but also in their rapidly increasing percentage contribution, in
developed countries at least, to the totality of conditions that have learning
disability as a component. The quantitative methods used particularly in
biological research in learning disability are, in many ways, intrinsically
similar to those in general psychiatry and are found elsewhere in this
volume. Qualitative methods are increasingly being recognised as valuable in
research with people with learning disability across a number of specialties.
Thus our final focus is on the special issues involved in applying these
methods to learning disability research. This section is more expansive than
the others but includes vital points in working with people with learning
disability that are applicable to all research areas. It uses as an example work
conducted by one of the authors (S.G.) while a trainee.

The concept of learning disability and its relation
to psychiatry

In the UK the term learning disability implies that a person has a group of
features - the childhood onset of a persistent and significantly lowered IQ



compared i the general population (usually less than 70) with associated
problems in social adaptation. Elsewhere (particularly in North America)
the equivalent term is often 'mental retardation'. Although 2-3% of any
population may be predicted to have an IQin the learning disability range,
practical prevalence figures for learning disability itself are less, owing to
the additional diagnostic requirement for adaptive problems. Psychiatrists
are involved with both children and adults with learning disability in
the assessment, treatment and management of additional psychiatric or
behavioural problems. Very often still there is no separation between
child and adult psychiatric services, with the same psychiatrist involved
with both - partly a consequence of our former hospitals for people with
learning disability at one time providing support for individuals of all ages.
The role of the psychiatrist has changed considerably from being a general
physician of the broadest sort to a much more focused role. However, there
are still considerable differences from the role of general adult psychiatrists
- notably an involvement in assessing and treating behavioural disorders
that are not a consequence of psychiatric illness, the direct management
of epilepsy (which occurs in over 20% of our patients) and in providing
and developing services for people with autistic-spectrum disorders.
Although these additional responsibilities may change in the future, for
many psychiatrists they are part of their current clinical remit and widen
the research scope considerably.

Research areas

Categorisation of research into specific areas is often artificial in practice
but does help understanding by systematising the coverage of the field. Four
divisions can roughly be made (Table 13.1). Selected aspects of each area
are discussed in greater detail below.

Biological research
Research into the origins of learning disability: a search for proximate
causes

Learning disability is not a disorder; it is a descriptor of sustained cognitive
and social adaptive outcomes arising in children and usually a result of
underlying developmental disturbance of the central nervous system. Some
of the cognitive features will be common to all people with a learning
disability and often studies have simply grouped people on the basis of the
intellectual impairment. On one level this can be readily justified since there
are so many conditions that are associated with cognitive impairment that
it would be impractical to subdivide them when examining very general
issues that affect people with learning disability, especially in education and
social research. After all we all share a common humanity and there is no
merit in further increasing the social segregation of people with learning



Table 13.1 Research areas of interest to the psychiaf'** in learning disability

Ressarch area Notes

Biological research
Proximate cause

Cognitive associates

Psychiatric associates

Medical associates

Both genetic and non-genetic causes and the
definition and study of developmental and behavioural
syndromes

Developmental psychology across the life span and
research into how to maximise cognitive potential
Abnormal psychology of learning disability -

psychiatric disorders and behavioural outcomes

Common medical associates, including physical and
sensory impairments, communication problems and
medical disorders such as epilepsy

Epidemiological, societal and
educational research

Prevalence and incidence of
associated conditions

Social and educational needs

Societal views and the place
of the person in society

Perceived needs and perceived
role in society of people with
learning disability themselves
The law in relation to learning
disability

Interventions

Educational

Pharmacotherapy

Behavioural theories

Psychotherapy

Services

Existing and future educational,
health and social care services

Longitudinal health and social
support

Cross-boundary research

Subsumes additional research into psychiatric and
medical outcomes as well as learning disability in
these conditions

Includes research into inclusion and integration
Ethical principles governing the place and status of the
person with learning disability in society, the changing
moral and humanistic frameworks

Issues around consent, capability and capacity;
how the legal framework, including criminal justice
and mental health legislation, is devised and affects
people with learning disability

Aimed at maximising the cognitive potential
Clinical trials of medications used in treating the
psychiatric and medical associates of learning
disability (e.g. drug treatments for psychoses; anti-
epileptic therapies!
Research into methods of reducing unwanted or
socially maladaptive behaviours and enhancing
behavioural strengths

Cognitive-behavioural therapy as well as
psychodynamic psychotherapies

Subsumes psychiatric services for people with
learning disability and the role of the psychiatrist

Transition issues such as starting school, adolescence,
moving to adult services, and ageing
Multidisciplinary approaches to the person's social
and health needs



disability by creating unneeded sub-specialties. However, when it comes
to our u. .erstanding of the origins, course and treatments for the innate
problems experienced by people with learning disability, then knowledge of
proximate causes is a necessary prerequisite. Causes of learning disability
need not be single or simple - environmental factors interact with genetic
and sociocultural inheritance in us all - but it is clear not only that learning
disability is the outcome of a huge range of circumstances, but also that
the specific cognitive profiles of deficits and strengths differ as well as the
temporal developmental series for the disability.

Thus 'learning disability' is akin to 'mental illness'. We can quite validly
examine the effects of using such social and administrative labels on people,
especially when looking at their place in society, the stigmas associated
with them and so on. For those working in medicine, an important example
would be the ways that people with learning disability experience, and are
treated within, general healthcare settings.

Such studies are not designed to address the intrinsic (biologically driven)
difficulties of the person themselves. Yet even when the feature to be studied
is largely biologically determined, inappropriate grouping still occurs and
may be a reason for the lack ofconsistently reproducible results in treatment
and intervention studies. 'Lumping together' has been especially true in
studies of interventions. It is true that most current studies will distinguish
between people with well-defined clinical syndromes (Down's syndrome for
example), but the remaining non-syndromic group is tacitly but probably
incorrectly assumed to be homogeneous. For example, most studies into
treatments for self-injurious behaviour have not stratified their groups
other than on degree of learning disability. Even here, however, there are
merits in addressing subgroups where self-injury is especially common. For
instance, small-scale studies have indicated significant differences not only
in the presentation but also in the time course of the self-injury associated
with the well known (if rare) Lesch-Nyhan syndrome compared with that
seen in other conditions associated with learning disability such as autism
(Hall etal, 2001).

Syndromes and learning disability
Although our knowledge is rapidly advancing, we still do not know the
underlying or proximate cause of the learning disability in most cases. Such
information is certainly not purely academic. Where the cause has been
found, the most common is trisomy of chromosome 21, which leads to
Down's syndrome, which still occurs in around 1 in 700 newborn babies.
(Although in some countries the numbers of newborn babies with Down's
syndrome are declining, in others, such as Switzerland, the rate is constant,
an association with the increasing average age at which mothers have their
first child (Mutter et al, 2002).) Identification of the trisomy has definite
prognostic implications for both the child and adult, with an increasingly
well-defined set of medical and cognitive associates. Thus we know that



very common medical outcomes include conge >1 abnormalities of the
cardiovascular and gastrointestinal systems, which are usually surgically
remediable, that stature will be small, that sensory impairments and
autoimmune disorders are frequent; the list is extensive, although no
feature is invariably associated.

In addition to predicting on average a moderate degree of learning
disability, we know that depression is more common in women with
Down's syndrome and for all the risk of early dementia of the Alzheimer's
type is greatly increased. Thus we can raise our threshold of awareness for
the detection of depression and dementia; the former is treatable, careful
forward planning can ameliorate the effects of the latter. Genetically the
number ofgenes in trisomy is large (over 200) and this has limited attempts
to link the outcomes to the genotype. However, advances in the mapping
of the human genome mean that the task no longer seems impossible and
partial duplications show that most of the key clinical features seem to be
associated with a smaller subset of genes (Epstein, 2002). Eliciting the
interplay between genetics and environment for the clinical associates of
Down's syndrome that suggest premature ageing (the early onset dementia)
and features that indicate failure of autoimmune surveillance (including the
endocrinopathies and the increased incidence ofhaematological malignancy)
will greatly increase our understanding of these in the general population.
There is already a large body of work on the various manifestations of
Down's syndrome, but there remain large gaps in our knowledge and a
focus (like much of previous learning disability research) on childhood
populations. The cognitive correlates of normal (and aberrant) ageing in
Down's syndrome, especially through the late teenage and early adult years,
are relatively understudied.

For some disorders the severity of the cognitive impairment can be
reduced. The classic example is phenylketonuria, where dietary control of
phenylalanine intake can greatly reduce the amount of cognitive damage,
so that in most cases severe learning disability is now highly unusual
(Cederbaum, 2002). The importance of knowledge of underlying causes is
perhaps even more obvious in situations where environmental agents are
at work. Fetal alcohol syndrome is a relatively recent example which was
only recognised by a cluster of birth defects since 1973. It is estimated to
have been present in between 0.5 and 2 per 1000 births in tire US in the
past two decades (May & Gossage, 2001). Hence many individuals will
now be adults, providing an important opportunity to study both cross-
sectional and longitudinal effects on cognition and behaviour. The case of
fetal alcohol syndrome also points to another emergent phenomenon - many
specific conditions that underlie mild learning disability can be defined. The
older maxim that most cases were a result of multifactorial and polygenic
inheritance from parents (who themselves were more likely to have a mild
learning disability) has been shown to be more restricted than previously
thought.



Genetic synd les

The classical genetic condition associated with learning disability is,
of course, trisomy 21, which results in Down's syndrome. This is still
common in newborn babies and illustrates the usefulness ofdefining a given
aetiology for the learning disability in order to generate prognostic (and
ultimately therapeutic) considerations. There has probably been as much
research into the medical and psychiatric associates of Down's syndrome
as all the other aetiologies for learning disability put together, and yet there
is still a huge amount to be done. Over 1100 different syndromes with an
inherited basis and with learning disability as a component are listed in
the Online Mendelian Inheritance in Man (httpp://www.ncbi.nlm.nih.gov/
omim/) This is likely to be a significant underestimate and it is of interest
that some of the most recent discoveries have been of conditions that are

not extremely rare.
There are a very large number of other genetic syndromes associated

with learning disability. The sex chromosome aneuploidies, Klinefelter's
syndrome (XXY) and the triple X syndrome between them occur in around
1 in 500 births and are associated with a decrease in average IQand thus an
increase in the numbers ofpeople who will also have mild learning disability.
In spite of their frequency, their effects have been relatively understudied.

X-linked conditions
Those who work with people with learning disability are usually struck
by the preponderance of men. Most of this is the result of the inheritance
of X-linked conditions, a vast number of which remain to be discovered
and defined. The main division is into those that are associated with
other physical changes - syndromic X-linked mental retardation disorders
(MRXS); and those where the learning disability is the only clinically
apparent feature - non-syndromic X-linked mental retardation disorders
(MRX). 'Non-syndromic' is perhaps a rather unfortunate choice and readily
misinterpreted as suggesting that the basis of learning disability does not
lie in a physical process. The MRX disorders are heritable and the number
defined both on the basis of genetic linkage analysis and through direct
evidence for genetic mutations is now large (Chelly & Mandel, 2001).

The classical X-linked syndromic condition is the fragile X syndrome.
This is a relatively common condition (1 in 4000 men; 1 in 8000 women)
which has inconsistent physical features but mild-co-moderate cognitive
impairment in men. Although children with learning disability are now
screened routinely for this condition, it still remains undiagnosed in a large
percentage of adults. Again the natural history of the condition is open for
exploration, especially of cognitive and behavioural outcomes. There has
been a surge of recent research into the neurobiology of the condition in
model systems (Oostra & Willemsen, 2003). When this is paralleled by
careful clinical studies across the life span, then the two requisites (detailed
clinical and biological understanding) are in place that allow us to devise



rational therapeutic interventions. This dual ap iach is needed for all the
conditions that are associated with learning disaouity ifwe are to move away
from a situation of therapeutic nihilism.

The variacion in the clinical outcome can be studied over time in any one
individual but there is also variation within a family in genetic conditions
that are inherited. Staying with fragile X syndrome, it has been recently
shown that boys with premutations (that is a sub-threshold expansion of the
dynamic repeat) show subtle cognitive changes (Aziz etal, 2003). Women
with the premutation also show a specific cognitive profile, with impairments
in executive function which are now beginning to be related to regional
brain activity by functional imaging (Tainrn et al, 2002). Thus from learning
disability we cross the border into non-global cognitive dysfunctions. In
fact one key boundary condition that separates learning disability from
normality is a statistical one based on the population distribution of a
given set of psychological measures that comprise the IQ score. It is valid
in defining a group of people that are significantly different from normal
on these measures; it has utility at both conceptual and service definition
levels, but an IQ score of 70 or less does not define a dichotomy. Learning
disability shades into the contentious area of borderline learning disability
and specific cognitive impairments that are found in people without learning
disability. The cross-over zones have been very understudied, especially in
relation to the prevalence of psychiatric morbidity in the borderline group.
There is no reason to suppose that they may not also have syndromic and
genetic associates, and certainly they would inform our understanding of
cognitive processes in general.

Patterns of cognitive-behavioural disability within syndromes
Even where there is significant learning disability the profile of abilities is
not uniformly depressed. These cognitive-behavioural profiles suggest areas
of relative strengths as well as weaknesses, and an understanding of their
nature can be used to maximise the potential of an individual. Williams
syndrome is a case in point. This condition usually arises on the basis of a
microdeiedon of chromosomal material on the long arm of chromosome 7
that contains up to 16 genes. There is a characteristic facial pattern and often
infantile hypercalcaemia and heart valve anomalies. Williams syndrome is
not common (1 in 20000 to 1 in 50000 live births) but is of great interest
because of the pattern of cognitive changes. IQis highly variable (20-106)
and three-quarters of people have lQin the learning disability range (mean
IQis 58). The key cognitive features are a relative weakness in visuospatiai
constructive ability, with greater abilities in auditory rote memory and
language (Mervis & Klein-Tasman, 2000). Children with Williams syndrome
tend to focus on parts of objects rather than the whole, although visual
perception seems completely normal. Thus there seems to be a pattern of
deficits tending to the opposite of that seen in Down's syndrome, suggesting
that the cognitive systems involved or invoked to compensate for disruption



are differ t; without such detailed study such findings are hidden behind
the avera0~ moderate degree of learning disability in both conditions. For
most syndromes, however, we do not have such detailed knowledge either
in cross-section or for temporal changes in the profiles, and this is an area
of research that is likely to become increasingly important.

Changes over the life span
Behavioural changes in a syndrome over time are well illustrated by Rett's
syndrome. This is again due to mutations in a gene (MECP2) on the X
chromosome, and is almost exclusively expressed in females (males with
the mutation have no compensatory X chromosome; they are usually very
severely affected if they survive at all). After a period of apparently normal
development there is a halt in development at around 6-28 months of
life, followed by a rapid deterioration in motor and speech performance.
There are subsequent age-related changes with a secondary plateau that
lasts for many years followed by motor system deterioration in later life
(Hagberg, 2002). Such a temporal progression of features, although very
dramatic in Retc's syndrome, can be seen in many disorders, and is an
area for further investigation with a lifespan approach to phenomenology
and symptomatology. There does not need to be an assumption that the
disorder itself is causing progressive change (though of course this could
be the case). Some of the changes seen may reflect the body's attempt at
a normal sequence of brain maturation in the face of a major mutational
mechanism.

Behavioural phenotypes
This is usually now interpreted as meaning a consistent (across persons)
cluster of behavioural symptoms that arise in association with learning
disability and which is thought to be due to a common underlying
biological (often genetic) causation. Classical examples that have been
proposed include the association between severe self-mutilation seen
in the Lesch-Nyhan syndrome through to the dementia that affects so
many people with Down's syndrome at a relatively early age. However, it
is the classifying and predictive value that is perhaps the most important
- that is, when the symptom cluster is shown to predict the existence of
an underlying consistent biological disorder. For example, the overeating
behaviour (due to a lack of satiety mechanisms) that is the main presenting
feature of the Prader-Willi syndrome is now known consistently to be due
to inactivation of a set of genes on the long arm of chromosome 15. The
definition of the behavioural pattern as well as the mild learning disability
and minor dysmorphic features came first; the understanding of the
genetic underpinnings came later (Dimitropoulos et al, 2000; Nicholls &
Knepper, 2001). Other aspects of behaviour and cognition can be added. It
has been known for some time that affective disorder is common among
adults with Prader-Willi syndrome, but recently the psychotic form of



affective disorder has been shown to be possibly ' ■ociated with a specific
chromosome 15 genetic subtype (uniparental dison,/; Boer eta!, 2002). This
requires replication but illustrates the power of defining groups of clinically
consistent behavioural symptoms in association with learning disability
as a means of identifying valid clinical syndromes that can be studied at a
deeper biological level. Williams syndrome is another good example - there
is a characteristic social behavioural pattern (overfriendly in approaching
others, socially anxious, highly excitable and distractible) in association
with a mild or borderline learning disability and subtle dysmorphic features
(Mervis & Klein-Tasman, 2000). This syndrome has now been shown to be
due to microdeletions on Chromosome 7 (Tassabehji, 2003) and the social
features in particular have attracted psychological interpretations based on
'theory of mind' explanations. There is obviously considerable power in
the behavioural phenotype concept that can usefully be further explored
(O'Brien, 2002).

The cognitive and behavioural associates oflearning disability
This is a huge area, in which a great deal of work has been done but also
remains to be done. An alternative name for the discipline of psychiatry was
(is) abnormal psychology, and no more so is this appropriate than in the
cognitive and behavioural consequences associated with a learning disability.
Psychiatrists in learning disability not only have the role of diagnosing and
treating psychiatric disorders in people with learning disability but also
are in a special position to work with our clinical psychology colleagues
in the management of the various cognitive and behavioural changes that
may cause problems for the person and others. Understanding how such
changes arise is a necessary prerequisite of designing rational interventions
that limit their consequences. Cognition has many domains. Speech and
language development are often impaired in people with learning disability
and yet an ability to communicate (and hopefully to understand) is the
essence of psychiatry. There is much to be learned from the study of
language development and also language usage. There are distinctively
different developmental patterns in Williams syndrome as opposed to
Down's syndrome for instance; in the early years the vocabulary use is
similar in extent for both conditions, but later children with Williams
syndrome markedly outpace those with Down's syndrome, eventually
often developing an apparently vocabulary-rich speech (Tassabehji, 2003).
The 'cluttered" speech patterns associated with full fragile X syndrome
are different again, and there are indications that a milder but similar
clinical profile exists in boys that carry the premutation; this may provide
direct insights into how knowledge of aberrant cognitive events in people
with learning disability can help us understand similar outcomes in those
without learning disability (Aziz et al, 2003). In people who have limited,
or absent speech, oral language equivalents may come into play - signing
systems and body language. Where does this fit with psychiatry? Very often
it is with the misinterpretation of such altered communication strategies



as behav'">ral disturbances. Much more work is required to explore the
relationsi-p between communication and behaviours in learning disability.
A particularly distressing but useful example is the interpretation and
management of self-injury. Except in people with very mild learning
disability this is not usually a product of the same dynamic factors as in
the general population. A relatively recent review of published work in this
area from 1964 to 2000 revealed almost 400 research articles (Kahng et
al, 2002). Most of the participants were male and had severe or profound
learning disability. The tendency is towards reward-based interventions
based on behavioural psychology and learning theory, although there are
some punishment-based approaches that still persist. In spite of the volume
of research, the problem represents a continuing major challenge and both
behavioural and pharmacological investigations have a place in the future.

Psychiatric and medical associates of learning disability
Psychiatric disorders
The concept of behavioural phenotypes overlaps with comorbidities when
psychiatric disorders are considered. There are many - the dementia
associated with Down's syndrome has been mentioned above. Compared
with people without Down's syndrome (including those with learning
disability) it is common and of early onset. In fact it may be the most
common single associate of presenile dementia. Since Down's syndrome
is usually easily distinguished and is a relatively frequent cause of learning
disability, there probably have been as many studies of the associated
dementia as of all the other comorbidities combined. However, there
is still a tremendous amount that can be done. The diagnosis is still
difficult in many cases, especially when the degree of learning disability is
severe, or where there are confounding alternative diagnoses (depression,
bereavement reactions, endocrine disturbances, etc.). There has been
considerable difficulty in identifying dementia in its earliest stages, but
very early decline in memory can now be detected and followed to see if
it is a true predictor of clinical dementia (Krinsky-McHale et al, 2002). We
are at the beginning of treatment studies - there is no reason per se why a
person with Down's syndrome should not be given the possible benefits of
anticholinesterase drugs, and such studies need to be properly conducted
with detailed longitudinal psychometric testing and clinical monitoring if
we are to learn from them. The health and social implications of early-onset
dementia are important. There is a need to study the current models of care
delivery and how these can be improved. The rate of decline in the illness
can be dramatic and its specific association with myoclonic epilepsy remains
unexplained and a predictor of a more sinister course.

Schizophrenia
Another psychiatric disorder that is overrepresented in those with learning
disability is schizophrenia. Although psychosis associated with learning
disability has been long known (Kraepelin's 'propfschizophrenie'), it is



only relatively recently that interest has been ren ?d. This was in part
because of the idea that people with learning disability lacked the cognitive
structures that were considered essential to psychosis - schizophrenia in
particular was thought to require such complex psychological schemata for
its development that it could not exist in those with a learning disability.
It is now known, however, that the rate of schizophrenia in people with
learning disability is threefold that seen in the general population (Doody
et al, 1998) and there seems no reason to assume that people with more
severe learning disability are not also susceptible. There is still much to be
done in delineating the clinical features and associates of this condition.
The greatly increased prevalence of both schizophrenia and dual diagnosis
in families of affected individuals can be interpreted as implying a genetic
basis. Some of this may be due to known associates ofdual diagnosis such as
the velocardiofacial syndrome (Murphy & Owen, 2001), but the condition
is likely to be heterogeneous and other causative factors must exist.

Affective disorders
Women with Down's syndrome are at increased risk of major depression,
especially in their fourth and fifth decades (Cooper & Collacott, 1994). The
cause of this is not known, but the concept of depressive equivalents for
people with learning disability (although controversial), where symptoms
and signs other than those seen in the general population signify a
depressive illness, is worth exploring further. Underdiagnosis is a major
risk for people with learning disability, with psychiatric disorder often
being misinterpreted as a behavioural disturbance. The related concept of
'diagnostic overshadowing' refers to the adoption of one diagnosis as being
prevalent to the exclusion of other valid diagnoses in the person (Jopp &
Keys, 2001). It is less common today (but not absent), especially in the
community setting, to assume that all the person's problems arise out of
the learning disability per se.

Physical comorbidities
An understanding of non-psychiatric medical conditions is especially
important to the psychiatrist in learning disability. They can often influence
and mimic the presence of psychiatric illness, in addition to causing
considerable distress and difficulties for the person themselves. Endocrine
disorders arc common in association with Down's syndrome, but can mimic
both depressive illness and dementia. Congenital heart disease is also very
common, but outcomes in adults have been underinvestigated and there
are early reports that secondary vascular lesions (including arterio-venous
stenosis) may increase the risk of cerebrovascular cognitive changes. The
prevalence and study of such complications in adults with Down's syndrome
and how they affect cognitive performance is obviously an important area
for future work. Other syndromes also have longitudinal medical outcomes
- the premature ovarian failure that is common in women who are carriers



of fragile X uhesis is an example (Allingham-Hawkins ec al, 1999). The
premutation also seems to confer a specific set of cognitive anomalies.
However, perhaps the most common and well-described medical associate
of a very wide range of people with learning disability is epilepsy, the
frequency of which increases with the severity of the cognitive impairment
(as do speech disorders and cerebral palsy (Arvio & Sillanpaa, 2003)).
The psychiatric and behavioural presentations of epilepsy are especially
important sources of misdiagnosis in people with learning disability, in
whom complex multiform epilepsies are relatively frequent (e.g. complex
partial, simple partial and grand mal epilepsy can occur in the same
person). The newer anti-epileptic medications can have psychiatric effects
(in addition to their mood-stabilising properties) and an important area
for the future would be to systematically study the desired and unwanted
effects of mono- and polypharmacy with the newer agents in the control of
complex epilepsy in our patients. Among psychiatrists, those specialising
in learning disability are almost unique in that they are often still required
to be the main therapists dealing with the person's epilepsy. This offers the
opportunity to study the interaction of neurology and psychiatry directly.

Other important conditions
Although the diagnosed prevalence has recently increased markedly in
people without learning disability, this does not alter the fact that autism
remains a major associate of intellectual impairment (Fomborine, 1999).
There has been much research into the psychological correlates of autism
in children, but less in adults. However, the stability of the condition
cannot be assumed and longitudinal data are needed. The behavioural
correlates of autism in people with learning disability are many and include
the well-known difficulties with imaginative cognitions and abstractions,
communication and social difficulties, repetitive stereotypic behaviours
and apparent behavioural rigidity. There has been very little work on
defining how psychiatric illness affects people with autism and learning
disability in spite of there being no evidence that they are protected against
it. As with learning disability, autism is probably the name we give to the
cognitive and behavioural outcome of a variety of underlying conditions.
A currently interesting area for research is the delineation of syndromic
conditions that seem to be associated with autism to a greater degree than
expected by chance. The link between autism and fragile X syndrome is still
controversial, but there may be a specific subgroup of children with fragile
X syndrome that develop typical autism (Rogers et al, 2001).

Epidemiological, societal and educational research
At first glance these areas may seem remote from the activities of the
psychiatrist. However, with the increasing drive towards closer integration
of health, social and educational services, the boundaries have become
much less distinct and interdisciplinary research involving the psychiatrist



in learning disability is increasingly important. Tu imple examples might
make this clear. The impact is likely to be especially important in studies
that define the best possible services for people with learning disability.
The prevalence of certain psychiatric disorders (conduct disorder, anxiety
disorder, hyperkinesis and the various pervasive developmental disorders)
among children with learning disability seems extremely high compared
with children without learning disability (Emerson, 2003). The reasons for
this are not at all clear, but these psychiatric disorders certainly influence
the inclusion of a child in mainstream schooling, an educational objective
for many of their parents and increasingly also a service aim. Without
studies that jointly involve educational services it is unlikely that we will
make further progress in understanding or tackling these problems, or
even in consistently recognising their presence. Minimisation of their
impact on educational achievement will not be attained through psychiatric
intervention alone. At the other end of the age range a whole new area
is emerging as the life span for people with learning disability steadily
increases, for it is not only with Down's syndrome that differential ageing
can be seen. Older people with learning disability without Down's syndrome
are also at increased risk of both psychiatric illness (including dementia)
and physical morbidity (including a lifelong associate such as epilepsy and
the occurrence of denovo problems). There is still much to do to estimate
whether there are specifically increased risks above those seen in a general
ageing population, but it is clear that multiple and interacting pathologies
are common and can be difficult to treat.

For development and planning of effective support systems to meet such
needs a similarly complex integrated network of social and health research
is needed. Epidemiological considerations imply a continuing trend for the
numbers of older people with learning disability to increase, and also an
increase in the numbers within this cohort who have severe and profound
learning disability. The previously apparent 'healthy survivor' effect may be
time limited and it is to be expected that many more of the older population
with learning disability will have identifiable organic bases to their condition.
Syndromic ageing can throw up surprising findings. There has been relatively
little research into older people with fragile X syndrome, but a study of
certain male premutation carriers has shown there to be a sub-syndrome
of parkinsonism and generalised brain atrophy (Hagerman etal, 2001) that
is associated with specific neuroimaging findings (Jacquemont « al, 2003).
This may be due to elevated mRNA but normal protein levels of the fragile X
protein, and perhaps a different phenotype is to be expected in full mutation
carriers. Further study of the two groups will yield much information on
the long-term effects of altered brain function in fragile X syndrome and
might give insight into the pathogenesis of certain neurological movement
disorders and dementia. Thus again we see the cross-over effects into aspects
of cognition and ageing in the general population of studying conditions
associated with learning disability.



The place of; pie wich learning disability in society
How we perceive this affects the way we treat people with learning disability
within our society, and also directly and indirectly how we create a specific
legal framework that addresses their needs and problems. In the past
there has been an unnecessary marginalisation of the person with learning
disability - not least into our former huge institutions. Although most
people with learning disability did not live in these hospitals, the past
decade has seen a shift to general living for many thousands of people with
the most severe cognitive deficits and/or coexisting behavioural psychiatric
and psychiatric disorders. It is probably fair to say that there has been an
inordinate focus on the resettlement process itselfwithout a corresponding
large-scale effort to study the effects of this on the person with learning
disability and society. The tacit assumption that it must be an improvement
is largely based on empirical and observational evidence and has not been
tested as it should, so follow-on work can be done to build on the de-
institutionalisation process. The concept of'community' is one that is not
fulfilled for many with learning disability. There are continuing barriers to
integration and to the related concept of community acceptance. Some of
these seem to exist on a simple level - but are extremely important to people
with learning disability. Logistical problems are still in evidence - travel
(especially alone) and community access to facilities come high on the list.
Community acceptance of the person with learning disability has also not
been fully explored. Problems with this can manifest in many ways, from
direct measures such as antipathy or rejection of community placements or
through more passive resistance often related to poverty of social access or
communication. Employment opportunities are still very limited for many
people with learning disability, which can further increase social isolation
while they are apparently living within the community. Many people
with learning disability continue to have multiple health needs wherever
they live. Primary healthcare also presents new challenges for many with
learning disability. As the general practitioner is increasingly the primary
carer, studies on how to improve communication with people with learning
disability and how to increase the primary care professional's recognition
of the various presentations of physical and mental disorders in this group
are essential. The role of specialist learning disability screening services in
primary care settings has recently been evaluated (Marshall etal, 2003), but
there is a need for more work in this area and in secondary services.

Research: ethical issues, capability, consent and legislation for people
with learning disability

This is a difficult and often controversial area. As in general psychiatry,
concepts of learning disability during the first half of the past century
centred in large part on eugenic research theories which culminated in
widespread sterilisation policies and ultimately the genocidal activities
during the 1940s. There has been an understandable concern that research



should not take such directions again, but recer tpid advances, especially
in genetic technologies, have again emerged as a source of worry (Muir,
2003), However, it is important that the psychiatrist in learning disability
should advocate continued research into the problems experienced by
individuals with learning disability - their sources and solutions cannot be
simply extrapolated from the general population.

Legislation specific to people with learning disability differs not only
around the world but also within a given country. Thus legislation in
England and Wales differs from that in Scotland. From the researcher's
point of view the relevant area is that of obtaining valid consent and
estimating whether the person has the capacity to understand information
in sufficient detail to give valid consent. In Scotland, the Incapable Adults
(Scotland) Act 2000 deals with the issues regarding consent to research
similarly to issues concerning consent to treatment, and it has helpfully
clarified many formerly unclear issues that are still relegated to case law
in England and Wales, it is designed to protect the individual's rights but
also to prevent the disenfranchisement of many individuals with learning
disability from participating in research by recognising that capacity is not
an all or nothing concept. Furthermore, the inclusion of those who are
not fully capable of giving informed consent is not totally debarred, and
if the study is of great importance and is likely to benefit the individual
(or group in the longer term) and cannot be done on any other group
of individuals, then there is provision in the Act for the next of kin or
an appointed welfare attorney to give proxy consent after approval by
the appropriate research ethics committee. (In Scotland the Multicentre
Research Ethics Committee (MREC) as a body examines all (health)
research proposals concerning individuals with learning disability.) At
present there are no such directives in English law and the direction
these will take is unclear. Some European lawyers have emphasised that
they see full personal informed consent as crucial and that proxy consent
should not be permitted. This would mean that large numbers of people
with severe learning disability and their underlying disorders could not
be investigated, and it remains to be seen whether conflict will emerge
between European and local legislatures.

The practicalities of helping the person to understand the study and
give or refuse consent should be carefully considered. The involvement
of people with learning disability themselves in the process of research
(rather rhan just as participants) is often helpful, bur there is a need to
avoid tokenism. The authors have experience of the benefits of independent
advisory groups of people with learning disability who have formed part of
studies sponsored by the Joseph Rowntree Foundation (Stalker et al, 1999).
Such groups may be brought together by relevant independent voluntary
agencies (in the particular example this was Downs Syndrome Scotland).
There is often an inordinate focus on written material, which may not
be the best means for delivering information to this group. Audiotapes
and/or pictorial information sheets and pictorial consent forms have been



found r ful, and the assistance of a speech and language therapist in their
design 1- often helpful. In one study involving magnetic resonance imaging
a videotape of the process, made with help from people with learning
disability themselves, was found invaluable in allaying anxiety and helping
individuals to make informed choices about participation (Sanderson et
al, 1999). The person may use hand-signing (Makaton, Signalong, etc.) to
assist communication and this should be respected using a translator if
needed. The time taken for the person to understand the study should not
be underestimated. The person may need to go over the study with carers or
family as well as have several discussions with the investigators. However,
with such help the authors have found that most people with at least mild
learning disability are able to understand most research studies and give
their consent to them in a valid way. People with learning disability have
as much right to and concern about confidentiality as anyone else - they
need to be reassured on this issue and also that if publication is envisaged
then the information will not be presented in a way that can reveal their
identity. Where the person does not object, it can also be useful to have
their consent witnessed by an independent party, especially if they cannot
fully write their own name.

Research into interventions used with people with learning
disability

Although psychotropic medications of many forms are very widely
prescribed to people with learning disability, there have been very few
adequately controlled trials of their use in this group. The reasons for
this can be surmised but are not fully clear. In addition to the treatment
of specific co-existing psychiatric disorders, phenothiazines in particular
have been widely used for the control of behavioural disorders and also in
the treatment of disturbances of a psychotic nature in people with severe
learning disability when the usual diagnostic systems cannot be easily
applied. The different use of drugs compared with general psychiatry is
not limited to the major tranquillizers. At present lithium is licensed in
the UK for the treatment of aggression, and it is still occasionally used
to reduce the rate of aggressive outbursts in people with severe learning
disability. In many cases it is presumed (but often never fully clarified)
that when lithium has an effect that the person has an underlying bipolar
or recurrent unipolar affective disorder as the basis for the disturbances.
It is doubtful whether such wide prescribing is useful, but there have been
a dearth of adequate treatment studies in people with learning disability
that are well-controlled and very few that are double-blind and cross¬
over in design. A Cochrane review found only one tiny (four participants
with results on only two!) randomised controlled trial of antipsychotic
medication in people with learning disability and schizophrenia (Duggan
& Bryiewski, 2001). There have also been concerns about the numbers
of participants studied. The power of the study necessary to generate



significant results seems not to have been an ' nportant criterion in
conducting most research in this area - smau case series abound.
Significant problems arise when comparing one study with another, which
would allow meta-analyses to be performed to overcome some of the
problems arising from numerical inadequacy. The Diagnostic Criteria for
Learning Disability (DC-LD; Royal College of Psychiatrists, 2001) have
been produced to try and achieve some consistency in diagnostic ratings
in learning disability research.

Another important factor that has limited research (and will continue
to do so if not addressed) is the problem of obtaining valid consent from
the participants. Well-designed clinical trials are also expensive to carry out
properly and usually need to be multicentre in design - often funding for
such studies can only be provided by a large donor, the Medical Research
Council for example, or more commonly the pharmaceutical industry. The
consent and especially indemnity issues are not inconsiderable and may be
one reason for shying away from this area of research. However, it is vitally
important that we make efforts in this direction rather than continuing to
rely on extrapolations of treatment response from the general population to
those with learning disability.

One interesting recent study that has tried to circumvent some of the
methodological shortcomings looked at the use of risperidone in reducing
difficult behaviours (not psychiatric disorders but temper tantrums,
aggression and self-injury - all of which are common in people with severe
learning disability) in children from 5 to 17 years with autism (McCracken et
al, 2002). The study bears examination for its methodology in addition to its
findings because it is a multisite placebo-controlled double-blind study-all
features that are standard for clinical trials in most medical conditions but
are unfortunately rare for conditions associated with learning disability. The
limitation compared with standard clinical trials was in the relatively small
numbers (101 children) studied, but even this number is large compared
with most learning disability research. The instruments used to measure
change would be familiar to most working in the learning disability field
- the Aberrant Behaviour Checklist (Aman & Singh, 19S5) and the Clinical
Global Impressions Scale (Guy, 1976). Although there were concerns about
the long-term effects of atypical neuroleptic prescribing in children, the
findings with regards to reducing the behavioural disturbances were robust
and positive. Although there have been other sizeable trials employing
good trial design to investigate medication response in people with learning
disability, these have been largely restricted to the control of epilepsy
(e.g. Crawford etal, 2001). In addition to treatment studies of psychiatric,
behavioural and physical disorders, another emerging area for research is
the use of anticholinesterase in the maintenance of cognitive function in
dementia. It is well known that Down's syndrome confers a consistent and
high risk for presenile dementia in the population with learning disability
and there are several treatment studies underway at present to investigate
the response.



Research into 1 ilth services for people with learning disability
This is an important research area at this time of change for people with
Seaming disability. There are various topics - the conflict over generic versus
specialist services at all ages; the transitions of life: the move from children's
to adult services which involves the change from the paediatrician-
centred model to the multidisciplinary model coordinated by the general
practitioner; and the increasingly specific role of the psychiatrist in learning
disability. There is an increasing need for an integrated lifespan approach to
the development of health services to overcome the trauma engendered by
such transitions (Cuskelly et al, 2002). Traditionally the learning disability
psychiatrist has played the role of the learning disability hospital generalist
- looking after all the health (and often social) needs of the individual with
learning disability. Now there is a focus on the management of psychiatric
disorders within the setting of the multidisciplinary team.

There is a need for research into the effects on psychiatrists of this
change as well as the effects on the person with learning disability and
also other health professionals. The number of in-patient beds for learning
disability has fallen precipitously and we now tend to focus on those with
the most challenging needs, both psychiatrically and behaviourally. and
how to manage these with more limited access to in-patient treatment and
assessment facilities. There has been little work on how such changes have
affected the psychiatric profession. Much change is driven by government
policy decisions and working parties which are not always clearly backed
up by research evidence. There is a clear need for an evidence-based
approach to such initiatives. In England and Wales there exists the
Healthcare Commission (since 2004), National Service Frameworks and the
Commission for Social Care Inspection (since 2004); in Scotland there is the
Care Commission for Scotland (since 2002 for non-NHS agencies) and the
Mental Welfare Commission for Scotland (for NHS) which are all heavily
involved in regulating and overseeing the changes. There is a key role for
psychiatric learning disability service research within these frameworks. One
example where service development may benefit from a research base is in
the unique role (among psychiatrists) of the learning disability specialist in
the management of epilepsy (Bowley & Kerr, 2000). Up to two-fifths of our
patients may have epilepsy - often complex. The past few years have seen the
development of many specialist epilepsy services for people with learning
disability across the UK led by psychiatrists. Since learning disability is the
classical neurodevelopmental disorder, the interphase between neurology,
genetics and psychiatry is likely to increase markedly in the near future and
services will have to incorporate all these disciplines within their ambit.

Psychometric tools in learning disability research
Levels of cognition and communication vary among people with learning
disability and differ from the general population. Thus it is obvious that



psychometric instruments that rely on gatherir ^formation from the
person need either to be modified or to be created specifically for this
population. A multitude of scales, tests and interviews have been validated
in those with learning disability, but there is only space to consider broad
areas and some representative tests here. It is usually essential to obtain the
advice (and often the participation) of a clinical psychologist experienced
in working with people with learning disability when designing studies
that collect psychometric information about cognitive and behavioural
parameters. The number of tests available is legion - but not all have been
validated in those with learning disability, not all in adults, and not all
in severe rather than mild learning disability. The sensitivity, selectivity,
reliability and (often the most difficult to ascertain) validity of some tests
are found to be wanting. Many tests originate from the USA and unless
shown to be applicable their transfer to other cultures (and ethnic minorities
within cultures) may be a problem. It is proposed here to cover briefly some
selected areas and tests that the psychiatrist in learning disability may have
to understand or make use of.

Assessing the spectrum of intellectual abilities
A significant degree of intellectual impairment (IQ< 70) is a necessary (but
not sufficient) criterion for identifying learning disability in a person, and
a large number of tests that purport to give global indications of IQ tests
have been devised. Full testing is rightly the province of the educational and
clinical psychologist, but there are shorter versions of most tests that can be
useful rapid tools for use by the psychiatrist in learning disability.

Probably the most widely used set of full tests is that originating from
Wechsler. There are now three main groups of tests based on the age of
the person to whom they are applied. Their norms are regularly updated in
surveys of large numbers of people, but unless specifically stated these are
based in the USA. The Wechsler Preschool and Primary Scale Intelligence,
version III (WPPSI-III UK) applies to children of 2 years 6 months to 7
years 3 months with norms from 800 children in the UK (Wechsler, 2004).
There are two main test batteries - one for children up to 3 years 11 months
and one for children from 4 years to 7 years 3 months. They differ in the
subgroups of tests (the former has verbal, performance and full scale iQs, the
latter adds processing speed). The Wechsler Intelligence Scale for Children
- fourth edition (WISC-iV) applies from 6 to 16 years and has been recently
updated (Williams etal, 2003). The full-scale IQis derived from four main
subgroups of tests - verbal comprehension, perceptual reasoning, working
memory and processing speed. The scores on these can be used to give an
estimate of profiles of ability within the full-scale IQ. This will supersede
the 10-year-old W1SC-I1I UK and it is expected that a UK version will be
produced. The Wechsier Adult Intelligence Scale - third edition (WA1S-III
UK; Wechsler, 1999a) is for people aged 16-89 years and is useful as it has
been normalised in the UK population and has been recently revised. It



also allow; b-test grouping based on the traditional verbal, performance
and full-scale IQ scores or into the same four blocks as for the WISC-IV.
The WAIS in its various versions has been in use for a long period and is
reliable (0.98 for full-scale score), repeatable (0.96) and has very good
interrater reliability. These large instruments take around 60-75 min to
complete by an experienced psychologist. However, shortened versions of
the WAJS are available which can give relatively rapid and reliable estimates
of the full-scale IQ (e.g. Wechsler Abbreviated Scale of Intelligence (WASI;
Wechsler, 19995); the two sub-test forms of this can be administered in
about 15 min). It should be noted that even the abbreviated form of the
Wechsler test is recommended only to be used by clinical psychologists.
However, there are other useful short IQtests, such as the Quick Test which
is based on receptive vocabulary (Mortimer & Bowen, 1999), that can be
used by psychiatrists. The Wechsler is not the only large IQ battery. The
Raven's Standard Progressive Matrices (Raven, 1998) are based on non¬
verbal material and are not related to culture as much as other tests. The
Stanford-Binet Intelligence Scales are now in their fifth revision (SB-V; Roid,
2003) and are said to be useful from age 2 to over 90 years.

Instruments used to assess dementia
The Mini-Mental State Examination (MMSE; Folstein eta/, 1975) remains
the clinical touchstone for studies of dementia in the general population.
However, its use in people with learning disability is limited and other
rating scales have been devised. Both the Dementia Questionnaire for
People with Mental Retardation (DMR) and the Dementia Scale for Down
Syndrome (DSDS) have specificity and sensitivity. (Deb & Braganza, 1999).
Although they are observer-rated scales, they have not as yet been shown
to be less useful than neuropsychological test batteries. For more direct
assessment some use the Severe Impairment Battery (Saxton etal, 1993),
which is more useful in those with pre-existing very severe and profound
learning disability. Adaptations of subsets of the Rivermead Behavioural
Memory Tests which are used extensively in general populations are also
used by some psychologists (Wilson et at, 2003). The latter two tests
are also useful for measuring temporal changes as well as assisting in
diagnosis.

Assessing behaviours
The second requirement for defining the presence of learning disability is
that the person has some degree of socio-adaptive dysfunction. In addition
to problems with such adaptive behaviours (including those of daily living)
that are an intrinsic part of the person's learning disability and intellectual
impairment (Schalock & Braddock, 1999), there may be a series of aberrant
behaviours that do not occur in most people with an equivalent level of
intellectual disability, constitute serious difficulties in socialisation and



may be intense enough to be considered a behav r disorder. There are a
multitude of tests and scales for both these types of behaviours.

There are currently at least 15 separate scales for measuring adaptive
behaviour. A typical scale for those aged 15-21 years is the Adaptive
Behavior Assessment System (ABAS; Harrison & Oakland, 2000), which
covers the AAMR and DSM-IV areas of adaptive skills. Many other
systems are in common use; some like the ABAS only apply to children
and adolescents (e.g. Adaptive Behavior Inventory - ABI) others such as
the AAMR Adaptive Behavior Scales Residential/Community apply over
18 years. Also in current wide use are the full and subset versions of the
Vineiand Adaptive Behavior Scales - applicable to children and also to
adults with learning disability. These are currently undergoing revision
(Sparrow et al, 1984).

There are also numerous scales to assess current and temporal changes
in specific aberrant behavioural domains. Perhaps the most commonly
used in the UK is the Aberrant Behavior Checklist (ABC; Aman & Singh,
1985). The most recent version of this is the Aberrant Behavior Checklist
Residential (ABC-1R). It is useful in both children and adults but is
based on a factor analysis of persons in adolescent years or younger. There
are five sub-scales covering irritability and agitation, lethargy and social
withdrawal, stereotypic behaviour, hyperactivity and non-adherence, and
inappropriate speech. The community version is the same except that the
settings are simply listed as home, workplace, etc. It is simple to use and
has formed the behavioural assessment tool for many studies of learning
disability as well as being of practical clinical utility (Aman etal, 1995). The
AAMR Aberrant Behavior Scales for those aged 18-80 years (ABS, Revised
Residential and Community edition) take around 15-30 min to complete
(Nihara et al, 1993) and there is a version especially for children.

Structured arid semi-structured diagnostic instruments
for learning disability research

Most of the older studies investigating psychiatric disorders in people with
learning disability lacked good diagnostic interview tools with sufficient
validity, sensitivity and stability to ensure that findings from different
groups were directly comparable. However, there are now a series of
instruments that can be used to obviate such difficulties. Fiist there are

those schedules that gather the information needed to make a reliable
psychiatric diagnosis according to a structured diagnostic schema. In
the case of learning disability these usually rely on interviews with key
informants such as family members and carers as well as the person with
learning disability themselves, and may also allow the review of case notes
and other written material regarding the participant.

For those with mild learning disability the schedule for affective
disorders and schizophrenia (Endicott & Spitzer, 1978) (especially its
newer 'lifetime' variant) or other similar general psychiatry instruments



are probal valid and have been used successfully to diagnose serious
psychiatric disorders (Doody et al, 1998). Several schedules have been
created that are for use specifically in people with learning disability.
The Psychopathology Inventory for Mentally Retarded Adults (PIMRA)
is useful for those over the age of 16 years with an IQ of 60-80 and is
available in both self-report and informant versions (Senatoreetal, 1985).
In addition to a screening instrument for maladaptive behaviours, Steven
Reiss in Ohio has also produced screening instruments for dual diagnosis
in both adults (Reiss Screen) and children (Reiss Screen for Children's
Dual Diagnosis). The latter can be helpful in diagnosing affective and
anxiety disorders in this group (Reiss & Valenti-Hein, 1994). The
Diagnostic Assessment for the Severely Handicapped (DASH-II: Matson,
1995) covers 13 psychiatric disorders with items partly based on the
requirements of DSM-I1I-R; it may be especially useful in the diagnosis
of schizophrenia in those with severe learning disability. (Unfortunately
there is another rest with the same acronym - DASH-II - which is also
for the developmental assessment of students with severe disabilities.
This is a useful initial assessment instrument for children with learning
disability up to the age of 6 years (Dykes & Erin, 1999)). The Psychiatric
Assessment Schedule for Adults with Developmental Disabilities (PAS-
ADD) was the outcome of many years of work by members of the former
Hester Adrian Research Centre led by Professor Steve Moss. Its revision
included questions based on the Schedules for Clinical Assessment in
Neuropsychiatry (SCAN) and it comes with a computer program to assist
in creating diagnoses from the information (Costello er al, 1997). The
most recent version, the mini PAS-ADD, is a shortened version that also
has been shown to have reasonable validity (Prosser etal, 1998; Edwards,
2003).

The above are tools to collect information that is then used to make
a diagnosis according to one or other schema. The PAS-ADD generates
diagnoses according to the current iCD-10 system. The diagnostic criteria
specified in the major classification systems (DSM-1V-R and ICD-10) are
not without problems when applied to people with learning disability,
especially those with severe disability. The Royal College of Psychiatrists
has issued the Diagnostic Criteria for Learning Disability (DC-LD; Royal
College of Psychiatrists, 2001), which especially takes into account
diagnostic difficulties in moderate-to-severe learning disability, and should
go some way to improving consistency and reliability. The DC-LD uses a
hierarchical approach with a series of axes.

The DC-LD allows the incorporation of such previously hard-to-
systematise disorders in people with learning disability as attention-deficit
hyperactivity disorder, personality disorders and behavioural problems. The
lack of a useful classification of behavioural problems in those with learning
disabili ty has been an especially obvious weakness of the current diagnostic
systems. The DC-LD has the great merit of allowing such diagnoses to be
made in adults with learning disability as well as children.



Qualitative and participatory researc with people
with learning disability

Qualitative methodologies explore the understanding, and describe the
personal and social experiences of participants. They try to capture the
meanings particular phenomena hold for participants. They usually (but
not exclusively) involve attempts at comprehending the views or frames of
reference of a small number ofparticipants, rather than testing a preconceived
hypothesis on a large sample. Removing the restriction ofhypothesis testing
creates the potential to uncover new and sometimes surprising information.
Qualitative researchers recognise that there are many different ways of
making sense of the world. Qualitative methodologies offer particularly
useful approaches to complex or novel (and thus under-researched) areas
(Jones, 1995; Smith, 1996). They often ask the question 'why?' Exploring
context is all important, whereas quantitative approaches often study only
one aspect in isolation. Although the roots of qualitative methods lie in
social science, health researchers increasingly use these methods and publish
the results in peer-reviewed journals. The methodologies are discussed in
more detail in Chapter 6. This section will focus on their application to the
psychiatry of learning disability. As a practical example, a qualitative study
conducted by one of the authors (S.G.) during her psychiatric training
illustrates why a particuku' methodology may be chosen and how it may be
applied in research with people with learning disability.

Why should psychiatrists of learning disability consider
qualitative methods?
The complex nature of the specialty

Learning disability psychiatry is full of complex issues - ethical dilemmas,
attitudes, interactions between biological, psychological and social factors,
and service provision in a multidisciplinary environment. Qualitative
methods are ideally suited for the exploration of such issues, which often
interest psychiatrists and can be of vital importance to their patients.

The relative lack of research in many areas

Learning disability psychiatry is understudied. Qualitative studies can
provide a starting point for research, also permitting those with learning
disability, their carers or professionals ro describe their own experiences, set
priorities and evolve ideas. The results can generate hypotheses for further
qualitative or quantitative research.

The opportunity to give people with learning disability a voice
Involving lay people in research is a key goal for major funding and UK
governmental organisations. They have insights and expertise unavailable to
health professionals that can assist in setting research priorities (Entwistle



eta/, 1998).' ay people with learning disability are increasingly considered
reliable informants with valid opinions and a right to express them (Stalker,
1998). However, studies incorporating the views of people with learning
disability remain relatively rare.

The insights gained from working closely with participants
Psychiatrists usually have little contact with people with learning disability
outside the clinical sphere. Qualitative methods that involve working closely
with participants result in insights into their lives and abilities that inform
clinical practice. The qualitative researcher has to explicitly explore and
acknowledge their influence on the research outcome. This adds a richness
to the interpretation of the results and can be an illuminating experience
for the researcher.

The limitations of quantitative methods
One limitation (of which learning disability psychiatrists are well aware) is
the difficulty faced in applying the results of randomised controlled trials
to clinical situations. Trials are often, of necessity, conducted under rather
rigid constraints. This affects their applicability to people with learning
disability, given the complex nature of their lives and multidisciplinary
service provision. Qualitative research can help address the practical clinical
realities for both clinicians and their patients and help apply quantitative
research results to real-life situations. Qualitative research is also now

becoming an established part of systematic reviews (Dixon-Woods &
Fitzpatrick, 2001).

The use ofqualitative methodologies in research relating to people
with learning disability

The increased use of qualitative methods (also see Chapter 6) over the
past decade is clear from Tables 13.2-13.4. A literature review of this
period showed individual interviews, focus groups and observation to
be the most common methodologies, either singly or in combination.
Qualitative, 'open-ended' questions were also used in some questionnaires.
Using different qualitative methodologies to address a question can yield
different results (Carnaby, 1997). Therefore combining methodologies may
add extra insights. The work of Espie and his colleagues (Espie et al, 1998,
2001) provides an interesting example of how qualitative and quantitative
methods can complement each other. The Epilepsy Outcome Scale was
developed using focus groups, followed by psychometric procedures to
generate data on reliability, validity and component structure. Research akin
to qualitative methodologies has also been used to explore historical facets
of the life of people with learning disability (Atkinson et al, 1997).

Particular methodological and ethical issues relating to qualitative
research with people with learning disability are summarised in Box 13.1.
Communication with participants is at the heart of qualitative research, but



Table 13.2 Examples of qualitative research inv ;,ng people with learning
disability

Study Qualitative methodology Topic

Eraser & Eraser (2001) Focus groups Contribution of people with
learning disability to focus
groups on health promotion

Hart (1998, 1999) Interviews Experiences of people with
learning disabilities in general
hospitals and with consent to
treatment

March (1991) Interviews using
questionnaires; quantitative
and qualitative analysis

Conceptualisation of physical
illness and its cause by people
with learning disability

Kjellberg (2002) Interviews Participation and independence
in everyday life

Richardson (2000) Group discussion and
observation

Participatory research into 'How
we live'

March et a! (1997) Interviews Participatory research into self-
advocacy and families

Carnaby (1997) Interviews/observation Social service planning and
evaluation

Cambridge & McCarthy
(2001)

Focus groups Social service planning and
evaluation

Llewellyn (1995) Observation and interviews Views of parents with learning
disability

Table 13.3 Qualitative studies with parents and family members of people with
learning disability

Studies Methodology Topic

Shearn & Todd 11997) Interviews

Kearney & Griffin (2001) Interviews

Freedman & Boyar (2000) Focus groups Parental work, experiences, needs
Llewellyn et at (1999) Postal questionnaire and support in caring for people

and interviews with learning disability
(qualitative/quantitative
methods)

Lehmann & Roberto (1996) Interviews Mothers' perceptions of the futures
of their adolescents

Craig et a/ (2003) Interviews Parental views on gastrostomy



Table 13.4 laiitative studies with health professionals

Studies Methodology Topic

Dovey & Webb
(2000)

Thornton (1996)

Espie et al
(1998, 2001)

Scale developed using focus
groups and quantitative
methods

Qualitative and quantitative
questionnaire
Semi-structured focus groups

Perception of primary
healthcare professionals of
the provision of healthcare for
people with learning disability

Development of the Epilepsy
Outcome Scale

Lindop & Read
(2000)

Focus groups led to formulation District nurses' and palliative
of questionnaire, which was care for people with learning
used for quantitative analysis disability

can be problematic with people with learning disability. This may be owing
to the severity of the learning disability or specifically altered communication
patterns, for example when autism coexists with learning disability. There
is a need for creativity in designing methodologies that allow people's true
opinions to be heard. Traditional interview and focus group approaches may
need substantial adaptation or new ones should be designed from scratch.
Several ways to improve communication with participants with learning
disability are listed in Box 13.2. Information can also be sought from third
parties. However, one must be careful not to discount a person with learning
disability's account if it is thought not to be the objective 'truth'. It is often
their personal perception of an experience that is important.

Inclusion ofpeople with learning disability in the research process
-participatory research

Medical researchers increasingly recognise the importance of using the
knowledge, expertise and resources of the researched community, and in
this they draw on developments in social science. Primary features of such
'participatory research' include collaboration, mutual education, and acting
on results emerging from research questions relevant to the community
(Macaulay et al, 1999). The value of narratives (patients' stories) and
how these enrich evidence-based medicine has recently been highlighted
(Greenhalgh & Hurwitz, 1999). The DIPEx database ofpatient experiences,
for example, has been created as a research/teaching resource, and a route of
dissemination for qualitative research (Herxheirner etal, 2000). This could
be developed to include the experiences of people with learning disability.

Direct inclusion ofpeople with learning disability in the research process
has also increased, but is still largely in the social science and nursing fields.
The related 'participatory', 'action' and 'emancipatory' research methods



Box 13.1 Some methodological and ethical issues in qualitative
research with people with learning disability

• 'Gatekeepers' - researchers tend to rely on carers or staff to choose potential
participants, which may resulr in bias

• Communication-particularly the difficulty in eliciting the feelings or perceptions
of people with multiple or profound impairments

• Gaining informed consent - particularly from people with profound
impairment

• Acquiescence - this is a tendency of some people with learning disability,
perhaps because others control many aspects of their lives; this may hamper
obtaining truly informed consent, or influence opinions expressed

• Intrusion into privacy - particularly when conducting research in people's
homes

• Raising difficult emotional issues for participants - research is not therapy and
participants may not have the opportunity to deal with emotions raised

• Raising expectations of continuing friendships - participants may
misunderstand the role of the researcher and those with few opportunities
for social interaction may be disappointed when they withdraw once the
project is complete

• Time - extra time is needed to facilitate the inclusion of people with
communication difficulties in research.

Based on authors' experience; see also Stalker (1998); Swain etal (1998); Kitzinger
& Barbour (1999).

Box 13.2 Aids to communication with participants with learning
disability

« Take time to get to know individuals before collecting the data
• Use photographs and drawings to supplement speech in interviews
• Use the person's preferred method of communication (e.g. symbols or

signing) if there are speech and language difficulties
• Obtain advice from experienced speech and communication therapists when

designing a project
• Use 'interpreters' or 'co-facilitators' who understand the person's

communication
• Supplement interview data with observational/descriptive techniques.
Adapted in part from Stalker (1998) and Fraser & Fraser (2001).

have developed our of a number of qualitative methodologies and are now
being used in research with people with learning disability. Walmsley &
Johnson (2003) summarised these methods as 'research in which people
with Learning disability are active participants, not only as subjects but also



as initiatoi oers, writers and disseminators of research'. Some have found
Zarb's (Zarb, 1992) criteria helpful in considering issues of participation
(Box 13.3; Rodgers, 1999).

Some studies listed in Tables 13.2-13.4 explicitly used participatory
methods. An early study (March, 1991) involved people with learning
disability as co-researchers and included them as co-authors. Evaluations of
services by people with learning disability have been described (Whittaker,
1997). Dissemination of research to people with learning disability is also
important. The Norah Fry Research Centre makes research results available
in a form accessible to people with learning disability through 'plain facts'
sheets (http://www.bris.ac.uk/Depts/NorahFry/PlainFacts/index.html).
Participatory research can pose considerable challenges to researchers,
especially when pressurised to obtain funding, respond to research briefs
and produce academic publications within limited time scales (Stalker,
1998). Involvement ofpeople with learning disability in medical research is
still usually restricted to those with good verbal communication skills and
limited to answering the (non-disabled) professional's questions, rather
than shaping the research and research agenda.

Example of participatory qualitative research
As an illustrative example of the qualitative research process, we use a
study (by S.G.) of the experiences of adults with learning disability in
local general medical hospitals (Gibbs, 2001). The idea originated from
negative experiences reported by some patients with learning disability (or
their carers) and the creation of a local general hospital liaison learning
disability service (Brown & MacArthur, 1999). An initial literature search
revealed that virtually no relevant research work had been published, other
than some written from clinicians' personal experiences. This is probably
not an uncommon situation in learning disability research. Thus there
was no research base to assist in the design of a quantitative or structured
qualitative study, even at the questionnaire level. The research question
was therefore addressing the experiences of people in an area that was both
under-researched and complex. A qualitative methodology seemed entirely

Box 13.3 Zarb's criteria for consideration of issues of participation
(Zarb, 1992)

• Who controls what research will be carried out, and how it will be done?
• How far are disabled people involved in the research process?
• What opportunities are there for disabled people to criticise the research and

influence future directions?



appropriate. Here we focus on the methodologic ' "ssues relating to the
participants with learning disability rather than their carers.

A focus group may be defined as a 'carefully planned discussion
designed to obtain perceptions on a defined area of interest in a permissive
and non-threatening environment' (Kreuger, 1994). Focus groups were
chosen for this study for a number of reasons (Box 13.4). Four focus groups
were formed with a total of 11 adults with mild-to-moderate learning
disability who had experience of general hospitals in the previous year.
Each group met twice in familiar surroundings. The researcher acted as
group facilitator, aided by a 'co-facilitator' well known to the participants.
As there was a lack of previous evidence, we wished results to reflect
the priorities of participants, rather than imposing the issues that the
researchers themselves felt to be important. We therefore deliberately
chose an unstructured interview format for the groups, asking people to
describe their experiences and comment on or discuss issues that arose
Subsequent groups were also asked for their views on issues raised in
earlier groups. The discussions of the focus groups were recorded onto
audiotapes.

It was important to be aware of the potential problems with focus
groups, including silencing of those who disagree with the majority views
and issues of confidentiality (Kirzinger, 1995). Two main disadvantages
emerged from the use of focus groups in this study. Some participants
appeared excessively suggestible and repeated stories told by others. This
suggestibility is an intrinsic facet of many people with learning disability.
Corroboration by a third party would be needed to distinguish repetition
of the views of others from actual personal experiences. Second, it was
impossible to ensure that very talkative members of groups with more

Box 13.4 Reasons for use of focus groups in study of experiences of
adults with learning disability in general hospitals

• Especially suited to the study of attitudes and experiences
• Group discussions were felt to be less intimidating than individual interviews

for people with learning disability who were used to such group settings in the
care homes or day centres in which the focus groups took place

« The use of 'naturally occurring groups' can make the participants more relaxed
and able to support each other, and prompt others to comment on experiences
or views that they had already shared

• Group dynamics can encourage participation from people who initially may
indicate they have nothing to say; focus groups can empower people who are
reluctant to give negative feedback, or who feel that all problems result from
their own inadequacies

• Focus groups do not discriminate against people who cannot read or write.



dominant' ;.al/relationship skills did not inhibit the expression of others
in the group. The variability and impairment ofsocial skills is a key feature in
learning disability. There were noticeable differences in the communication
patterns observed. The 'gatekeeper' effect (Box 13.1) may have affected the
present study. We used carers or day-centre staff to identify participants for
the project. They may have (deliberately or unconsciously) chosen people
known to have had particularly positive or negative experiences. Also, it is
a common and understandable practice in the UK for primary physicians,
carers or family members to give sole or additional proxy permission for
people with learning disability to take part in research. Ethics committees
often require this. However, this is another potential source of bias - in
the study in question two potential participants were excluded by this
mechanism. It is now becoming accepted that most adults with mild
learning disability, given adequate information in the correct form, can give
valid consent by themselves for most studies. For those with moderate or
severe learning disability there is a need for inclusion rather than exclusion
in research. In Scotland the recent Incapable Adults (Scotland) Act 2000
recognises that (in)capacity is a graded and not absolute concept and there
are clear mechanisms to both protect and involve people with all degrees of
learning disability in research. Currently this is not the situation elsewhere
in the UK.

A number of strategies were found useful to facilitate the use of
focus groups of people with learning disability. The 'co-facilitator' aided
communication (particularly when participants had speech or language
problems), helped to create a relaxed atmosphere and noticed and encouraged
the less vocal. They gave confidence to participants when dealing with
difficult issues and were available to follow these up where necessary. Each
group was small (2-4 participants) and met twice - allowing extra time
for discussion of complex issues and giving those with communication
difficulties an extended period to express their views. To stimulate ideas and
memories, the co-facilitator helped participants to discuss issues between
groups and one group visited a general hospital. The unstructured nature
of the groups was in part justified by the results, which showed important
differences between the priorities of adults with learning disability, their
families and professional carers. Furthermore, some issues raised had not
been anticipated by the researchers and may not have emerged using a
predetermined agenda.

In qualitative research, acknowledging the role and influence of the
researcher is crucial. The researcher is rarely (if ever) neutral in their
influence on the group, and this influence should be explored. In this
study, the researcher aimed to get people to recall their experiences in a
non-directive way, responding to and probing further into issues brought
up by participants. Non-directivity by the researcher was far less easy when
working with groups of people with learning disability than with other
groups. Participants with learning disability had a marked tendency to give



short answers to questions and required increased prompting. Indeed,
directive questioning could not always be completely avoided in order to
let people describe their experiences. It is thought unlikely that this is
significantly different from an individual interview situation. However,
there is a need for comparative research between different experiential
data gathering methods for people with learning disability. The current
researcher's experience was that several participants with learning disability
clearly set their own agenda when describing their experiences and opinions,
requiring minimal external clarification. The cognitive difficulty of subject
areas is also important to consider because this is linked to the tendency
for concrete rather than abstract conceptualisation in people with learning
disability. Factual issues (such as who spoke to them) rather than opinions
about the care they received were more easily related. On reviewing the
audiotapes, it became apparent that the researcher also tended to ask
participants with learning disability more direct factual questions on the
process of general hospital care than experiential questions, such as issues
about discrimination. The latter may have been avoided because of a concern
not to bring up potentially distressing issues. However, feelings/emotions
were frequently discussed. Participants were also made aware that the
researcher in this case was a doctor (a trainee in the psychiatry of learning
disability), which may have influenced their willingness to discuss issues
concerning medical staff.

The audiotapes were transcribed onto a computer word-processing
package to which the 'QSR NUD*1ST' (Non-Numerical Data Indexing,
Searching and Theorising) software package (1997) was applied to facilitate
data interpretation. This allows transcripts to be viewed and semi-
organised, making manipulation of large amounts ofdata more manageable
and enabling thematic areas to be identified and explored. 'Grounded
theory' (Glaser & Strauss, 1967) was then used to underpin the subsequent
analysis. The results of the study will be published elsewhere - we have
concentrated on the methodology here. Despite the challenges posed by
using focus group methodology with people with learning disability, we
found it to be a very good way of addressing this research question. Much
useful data was gathered on their experiences and views, including from
some participants with moderate learning disability and communication
problems.

Points to consider when beginning qualitative research with people with
learning disability are listed in Box 13.5. Qualitative research with people
with learning disability can be interesting and rewarding for both researchers
and participants but careful planning is needed to facilitate communication
and avoid disappointing, confusing or upsetting participants with learning
disability. Qualitative methods provide a framework for exploring complex,
novel and previously unresearched topics. The views and experiences of
people with learning disability can be investigated, disseminated and used
to lead to action and change.



Literature searches for learning disability research
The wider issue of literature searches, web-based search engines and how
best to use the available online databases are discussed elsewhere in this
volume. These techniques and resources are as important in learning
disability research as in any other specialty. However, for many interesting
journals the social science and psychology sites may have to be searched as
some are not listed by Medline and thus may not be scanned by widely used
engines such as Pubmed. Many reference management software packages
(two commercial examples of which are Reference Manager and Endnote)
now permit direct connection and searching of a wide variety of social,
educational and psychological (as well as medical) literature databases from
within the packages themselves. An important point is the use of MENTAL
RETARDATION as a search term. This is the standard term outside the UK
for learning disability. Furthermore, one should be careful in interpreting
references which have been identified using LEARNING DISABILITY as a
search term, as this refers to specific learning disorders in countries (USA
included) using DSM-IV as the principal diagnostic schema.

Conclusion

The opportunities for research within the psychiatry of learning disability
are many, and the range of subjects covered probably has no equal within
psychiatry as a whole. Psychiatric, behavioural, genetic and neurological

Box 13.5 Points to consider when beginning qualitative research with
people with learning disability

• Read an introductory textbook on qualitative methods (e.g. Bannister et al,
1994; Richardson, 1996). The BMJ has published several useful series on
qualitative research (e.g. Pope & Mays, 1995)

• Study the literature that has used qualitative methods in research with or

relating to people with learning disability
• Appropriate supervision from the early stage of project design, through data

gathering to analysis is essential. Help may be sought in particular from
colleagues in psychology or social sciences

• Consider how people with learning disability may participate in various
aspects of the project

• Be realistic as to the time needed to complete a qualitative research project.
Just as the questions posed in qualitative research are often complex, so is
the process of exploring them and analysing the results. Computer packages
are available that facilitate data analysis but time is needed to learn and use
them.



disorders are all associated with learning ability and their origins,
natural histories and treatments can be investigated by quantitative and/or
qualitative methods. There are also important social and ethical areas that
have engendered much debate in which the psychiatric researcher can play a
major role. Finally, health service provision is undergoing rapid change from
hospital to community to generic services and the role of the psychiatrist in
learning disability is sure to be questioned on many fronts in the future, it
is only by the establishment of a good research base, in which psychiatrists
must play a leading role, that rational and worthwhile improvement in the
psychological and medical health of and minimisation of the effects of the
cognitive deficits inherent in people with learning disability can be made.
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INTRODUCTION TO COMPLEX NEUROPSYCHIATRY DISORDERS

In comparison to the carls and caput successes with single-gene, Mendel tan
disorders, research into complex geneiic disorders has seemed interminably slow,
etmnadictory, and intractable (1). NeuropsycMalits disorders have demonstrated
this recalcitrant behavtm wetland, indeed, to teseardiens in the field it sometime.;
feels like they arc even more "complex" titan other "complex genetic disorders"
such as diabetes, cancers, asthma, coronary attciy disease, and autoimmune con¬
ditions. The aspects of disorders, which snake them genetically "complex" can. be
thought of in two ways. First, the underlying genetic risk factors are numerous
and often without a direct genu typeao-pheno lype correlation. Second, the com¬
plex disorder phenotypc may be hrcwler and more diffuse—certainly at a clinical
level where it is often a clinical diagnostic end point (e.g., obesity, blood pressure,
stroke, behavior, and oammnnicatcd cognitions) rather than a unifying.* patho¬
physiology (e.g., cystic fibrosis lung, pathology).
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Tlicss issues have led some to base their research into complex disorders on
x "worst-case scenario" ofquantitative trail genetics. Here, complex disorders are

hypothesized to result from the combined actions ot' many genes of small effect,
itus "death by a ihcaisaitd cuts" approach lends itself to araiheniaiiea] modeling
oi prevalence, risk, and transmission at the epidemiological level and may be
valid for some traits* but tan overlook the fact that relative genetic simplicity may
underlie some apparently complex conditions.

For the analysis of complex disorders, t has been necessary to scale
up approaches traditionally applied to simpler generic conditions by recruiting
larger sample sets for association and linkage studies, gMiocyping with dense,
carefully selected markers, and applying, statistical methodologies that take into
account the qualitative nature of diagnostic criteria and the increasing variety

•I-Mvncrlun as ••■•ell Mondrhar modes lit ,nhr'Italic.' ICC : or r,. .i' <jw.'-
chiatric disorders, the goal is to sepaiatc tlic faint signals of genuine causative
factors from a genome's woith of noise produced by locus ami allelic heterogene¬
ity coupled with differences in ethnic origin, papulation riistnry, and sampling
strategics. It is perhaps not surprising then that such apjiroaehas are truly
beginning to yield results that stand tte test of independent replication.

This chapter will present a research strategy that permits a ftrsr-ltiu. direct
detection of potential genetic risk factors. 1 his approach takes advantage of the
"mutation screen" offered by naturally arising, mtcrcscopically visible chromo¬
somal abnormalities. Where there arc associated with a disease, they provide ait
observable physical indicator nf a putentia cathiidaie gene locus to guide the
researcher. Although cases where a chromosomal abnormality is responsible for
the genetic risk may only form a tiny subset of the total number of people with
a particular disorder, is is important to realize that they appear to differ only in
the underlying genetic mechanism; at a clinical level their illness can be tmltstui-
guiifoable from karyrilypij.rlly normal patients

Historical'-y. lie idea that genes could be disrupted by chromosomal abnor¬
malities was initially applied to somatic chmmwrtnaJ rearangements in cancers
(3i or apparently Kferxfeiian disorders sndi as nwirofibrornatosis type 1 f - 9)
retiivcbliLstiiiiu {10,11), Wilms tumor, Duchenne muscular dystrophy (12) and
uber.mx scfcrosU i l.iy With recent studies of chromosomal abnonnAliiiex tr, coot

piex neuropsychiatry disorder, however, we have an oppcrtoirity to identity key
central nervous system genetic pathways that may cwnfer nvk to these conditions.
This duplet wiil describe what chromosomal abnormal tie* reveal about the
Litdcib, in.' genetic arel i centre of wuUbpuv.'hiatric <ttsi-tilers and will a*ain;i«a tire
biok.'ciL ji relevance of several recent candidate genet idea'Hie;; through this route,

CHROMOSOMAL ABSIORMALUTES: tt.Al.ANCfD
AND UNBALANCED FORMS

Study ine lututally .recant i/ , "mmi-Mura1 ohm u ma lilies in pat; cats minors iti
inatiy ways. I j: gc- ■>'- nit: cnuUtgcnksis screens icspcciitljv r,h.i;ii L': r.11L.: '.rap
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approaches) in laboratory fly and mouse population* that atirinpl to I hi: 4
scOTiiblc phcnctypc to a discrete mutation: a process made c»»ier by the fact that
the. physical cause of each pbenotype >> u«ed as Uk means to expose tire causative
gene, Obvious!)', ft* human disorders we Av,c to rely on naturalistic events rather
than direct mutagenesis to provide those rare. i.*tf wuvivubJc, instances of'errors
in the usually tightly conti oiled chiomusutnal events tittl underlie inetosis or
mitosis (.14,15). As an aside, it should ho noted that such events ire not nlwavs
deleterious and may have an cvoluikiuaty tntparUtnee us a medianls-in to nuiiit-
tatn genomic variation and bene.: adaptability,

As a very rough guide, diiojuoisOttial i.hnofitialities (also known as
aberrations or rcanaugctinaiEsl can be classed as "balanced" or "'unbalanced." In
balanced re-arraitgeux'tits, marcrit I is switched belweeo (reciprocal transloca¬
tions) ur williiti ehton*ssw>Tnes (peri and paracentric inversions.! 1 lb;. I'nbalanoed
rearrangements show a net loss (deletion) or gain (duplication) of genetic materi¬
al such that regions of the genome may deviate from the normal disomic state (two
copies of ecK.it gene, excepting the sex chromosomes m mules'). The extreme is
sera tn polyploidy tmultiple copies uf tlvc entire, chromosome set) but more com-
mon ate partial or full monosomies ur trisomies (one or three copies or" -a given
chromosomal region resulting from pinti-al or full chromosomal loss or gain 1.

Ii it becoming increasingly apparent that even apparently simple ha'anccd
rearrangements c.m have art underlying complexity with sometimes multiple
breakpoints and Small dc.eijons i 17} However, overall, it tan he appreciated thai
the consequences of balanced anil unbalanced abnormalities associated with dis¬
ease are going to lv very different with clear implications for Uieir study by (and
value lot the human geneticist. Chromosomal dosage imbalances cutt be patho-
logical because lie genome has evolved to prov ide die cell, organ and body with
a functional protein for in some cases a functional RNA) encoded by tlte tightly
scm 11t.1l expressko of two copies of cadi geae ibiallclic expression). Ail tule*
have t xceptRins as shown in mammals by the dimorphism of the sex chrtinin-
smnes XX and XY with random reactivation (save for a few psoudnauiosoiiial
regions) of one complete .X chromosome in females balancing the state in male*
where the Y chrortoic-itic has little coding material. A second exception is ia the
(increasing) number of genes that have beet shown only to be expressed from one
chronuxtoirie uf rite pair (monoallelic expression) often on the basis of a parent
of-e«i.ui:i imprint. Fur autosomes, however, monosomy will result on average in
50% of 1 lie 11*itnl "dose" of ti gene and resulting protein, and trisomy. 150%.
These gene expression alterations may have 110 dismttabic phenotypie on iconic,
but in other eaves there are cJcar pathologies. Broadly, the more genes involved
in the particular dosage unbalance. the more likely tt pathology will develop. The
classical example is trisomy 21 where around 250 genes arc ovcrcsprcssed result¬
ing in the clinical plwnutype of Down syndrome In addition to the common full
trisomy chromosome 21, the study of partial trisomies associated with a full at
partial Down syndrome pbenotypc have kd to the concept of .1 chromosome 21
minimum "window" [Down syndrome critical region (DSCR)J that in trisomy
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■wilt replicate the phenotypc. ft is ixistuUtcd ilia: the DSCR contains a subset of
genes that arc the major risk effectors for all, or important parts, of the clinical
phenotypc. and sixth information lias been used in association v.iih animal
syntonic trisomies to study possible phenotype-genotype cottcUiions (tfti.
1 fcwever, such animal models of tire DSCR liave yet to t&Sd much ttiechai Uric
substance to our understanding of tlx.- precise gcnc-plscnotyiv cmicLilians in
Down syndrome (19-21). A critical region approach using information from
chfomosomai ahnonnalirics has also bcei applied to the study of niuuosotdies-
for instance, in the mapping of the Wolf-Hit schhyru syndrome CO lite short titttn
of chromosome I (22). A critical window approach on the basts of cytogenetic
,1: • i .rlitic.- I .islv.-i.dii.i • tii-. i • i. ,■■■„. i ■In- a: i-i

of chromosome 17 ahrionnaljties that result n Hie Stttitb-Mageius syndrome
with its clear but complex behavioral and cognitive prienolyiv (23) Genomic
disorders (or contiguous gene syndromes' can also erienmpavv. deletions or

duplications intermediate in sj/.c between classical nearrangetueuts and disorders
of single gjetics (24).

A genomic disorder with ncuropsychiatrn: correlates is the 22q 11 deletion
syndrome 122q 11 DSi associated with the clinical vetocurdiothri.il i VCFS) and
diGcorge syndromes (25). VCl-'S is associated with a reported 25-fold relative
risk of developing schizophrenia . ltd lias also been asscciated with oilier psychi¬
atric and childhood behavioral condition* (26) [is generic definition Has been
completed wjrl) at least 20 genes thought tn comprise rbc minimal window.
Among these. COW ami PfitifHf i?ve emerged as potential candidates for
influencing the psychiatric outcomes although ibcir-ole in nonsyndroouc forms
of psychiatric illness is still far from clear cut (27).

CftronKisocnii] abjutrntatities ihat give rise to clinical disorders arc often at
the iruts of detection by light microscopy. A new generation of array-based
genomic screening methodologies is already uncovering a wide variety of
smaller wale copy number chances within the genome, and although some of
these are clearly common variations in the population, others will likely lie
pathological tn nature (2-S-31). Their smaller size may be especially useful in
highlighting causative genes ?n these instances.

Balanced translocations share aspects of dosage changes nicntiuncd curlier
but so i much more restricted sense. Generally, inversions and translocations
result ui two breakpoints. In the simplest esse, il a breakpoint falls within a gene
locus, defined ja the region between the star? of the first exoti and the end of the
last axon, then a full transcript will not he generated from the allele of the gene
on this particular chromosome. A cellular mechanism, "nonsense-mediated
decay," evicts u> detect and degrade such prematurely truncated transcripts as a
way of preventing pathogenic pii«em product formation (32), Normally, this
mechanism acts on the products of stochastic failures in the transcription of nor
mat genes, but in the case of chromosomal abnormalities it is likely to act and
degrade hraakpoiri induced truncated transcription products Thus the breakpoint
hits (.mated a dosage clicit with respect to the normnl protein and the overall
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result will be a hapbinsiiffrcieru-y of gene, expression and redaction in protein
level to around *0'-v of normal,

By definition, balanced rearrangements do tux result in a net loss or gain of
genetic material; so techniques described earlier lor unbalanced rearrangements,
including l oneivt CCH melhodutojues., will not deled tliem. In their place. we
can employ fluorescent in situ hybndhiation (FISH") with tluorophor-cunjujMlt.Nj
pi tibes wttose physical localization on the chromosome and genomic sequence s
WiMwi. Taking as an example a reciprocal translocation, successive rounds of
FISH citable the user to "home in" on the breakpoints because the fluorescent
probe signals will initially be located on the normal chromnsonic and just one or
olivet of the two derived chromosomes. This gives a direction for the selection of
fuithet iiSII probes until the situation is reached where there is a three-way
"splli signal" between the normal and two derived chromosomes—an indication
that the probe consists of genomic DNA sequence containing the site of the
breakpoint. Now that the Hititian Genome Project has resulted ia the anno¬
tation of the entire genomic sequence, the user knows precisely where the break¬
point lies with res|xvt to the genes—and litre.! likely the gene's individual
exuns—at that region.

It can be inimediarely seen that tlv study of breakpoints can he an incisive
tool for the gene hunter, especially where disruption* nceui without chromosomal
imbalance. It is much caster to form a hypothesis regarding the cause of a
condition—and go on to lest it—when only a single gene is involved. For this
reason, researchers studying a number of tieurnpgydhiairic conditions have
exploited instances of balanced translocations .n order tu pinpoint potential
candidate genes. Examples :.4 lite results ol this approach are bsi.'d in Table ' ■

PHENOTYPE5 ASSOCIATED WITH TRANSLOCATION EVEMs

A simple breakpoint-mediated .li.rup.iiun ro' a single wi- may r- tusiiII in a ineUoy
p|, \. .11.: cca is a hid !•• eon mo i. Reported • an. rbid t nit luce physical
dysmorpluirm {facial, darinmoglyphs etc.), mental rettwdrtjon tin E'.K., tltst is ecyuiv-
alent to learning disability), and epilepsy. The association ol scbifflptiremii with
mental retardation wx-, Him described by Knciurbu when he discerned the diagmwis
"dementia praecox," and there is a well reported three fold increase in the r.iie ol
sclii^ifhhrenia in people with mild menial rxLiidation (34). Moreover, tlx: tunnci aion
seem* strongly gwniliai with a high fate of chromosomal rearninseioeoix f35).

Two possible explanations ex in for the observed currurbidities. Firstly, a
candidate gene may have two entirely different functions in the body/cell, a plte
nometnan known as pteicrtvopy. For instance, individual mm urn alleles nf CJiil.
a member of the conncxin gene family of gap junction suimnits. em give rise m
either neurosensory deafness or a skin condition (hyperkeratosis), or a syn
drome, which include.* aspects of both disorders (Vuhwinkel syndrome) (36).
This phenomenon is not restricted to simple Mendel ian genetics. A missense
polymorphism ir. tlx PTPNS/PTPN22 gene is pie&cm at twice the frequency in
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Caucasian cases with rheumatoid arthritis than Caucasian controls (37,38)- Tlic
voy same polymorphism has also been associated with an increased risk nf type
J diabetes 139). The underlying biology of the polymorphism a change in
amino acid sequence which prevents PTP.NB from associating with the CSK
protein in lite negative regulation of T eel! activation— points to inodulation of
the immune system as aui explanation for the pleiotropic actions, In the nine
fashion, it tan be appreciated that deficits in, for example, synaptic function
could impact on both cognitive and behavioral/psychiatric aspects in an individ¬
ual with a comorbid diagnosis cf schizophrenia with mental retardation

Secondly, disrupted genes may have roles not only in axJult bruin function
but also in the processes involved in development. One interpretation for comor¬
bidity con id be that dysfunction during development could lead to intellectual
impairment, but the same gene may have t different role in the adult brain, lead¬
ing to a psychiatric illness This two-stage deficiency has been welt documented
in mouse gent knockout experiments where earlier developmental events can
cloud tae interpretation of the adult phototypes. The adoption of inducible and
tissue-specific knockouts using Cre-LOX technology has permitted the formal
separation of such compound phototypes Many psychiatric illnesses, even if late
onset, are now ihought to have developmental origin and there arc well-known
examples nf genes whose function alters at different stages nf brain development.
One example is SHH. the human form of the S.mic Hedgehog gene, whose
disruptum leads to hole wosericvplialy. in early neuial tube development the SHH
protein is involved in the induction of proneuroo proliferation and interacts with
various Hox and othei factors to control venule differentiation. Latet in develop-
titent, it is involveil wish the control oi ;iw*v cell formation in specific areas of
the cerebellcm (4111.

CAVEATS FOR OTOC,f\FTIC.S RESEARCH

It may s«nil from the pnecodti p description thai lire analysis of breakpoints is a
perfect panacea for the c ear definition oi disease nrs. I nfur innately, theie are
.i number nf issue-, licit l umper tlse siinih.'icalion and interpiutatiiMi of disrupted
genes: some of these arc technical and others biological.

Many instances ev-t where translocatiot:- have not been as^x-iarcd with any
obvious clinical phenoiype, even though a gcae has been disrupted. Thus eel! phys¬
iology may bo icfcust enough to withstand lxaploinsaifficiency of paitkulai proteins.
Because clinically well individuals are not routinely screened fur ehromosonsal
abnormalities. this number Ls likely so be- underestimated. So it is quite possible that
a cinv: nosouial abnormality in .in individual with Bchixophwaia is nor. the cause of
the condition, even if gene disruption is shown to occur. desegregation cf the
abnormality with illness in an extended family I sec disrupted in schizophrenia

. (DISCt) in the following section) can provide tlx: statistical cord i malic-1 for a
genuinely 'causative ink-, as can multiple independent tnuashxations affecting the
same gens. Many of the individuals we have studied have either do novo mutations
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or lack family information. Without further lines afevidence, there must always H;
a level of caution in linking breakpoint genes to illness.

Breakpoints thai do not directly disrupt genes can also have a clinical nwangy
it' gene regulaiuiy meeliauians. are disiupted (41.42k Enhancers ore regulatory
elemeob that interact with gene pmmueera to determine tine level, Location, and
timing nt' gene uaracopiion. Maty instances have been described where enhance^
are located at considerable distances up or dew nsttcam of the mam protein-todina
regions of the eerie. The presence of a breakpoint outside the main transcription unit
ofa candidate gene (or even a break in a neighboring but uninwived genej hues becti
observed in several instances in assentation with a definite clinicaleffect-—the raiccP-
cjusra here scents to be a spatial separation of important enhancer elements from the
gene itself, leading to regulatory alterations, lis an analogous process, aunskveatkuts
can occasionally result in the chance appositionofheterodhnonude (gene-silencing?
end cudtrcHtialic (gene -mnscripriofl-pctrmiMti'.ei blocks of chromosomal material. its
such wdl-desKribsd instances, where a translocation marries pan of an inactive i.hct-
erachromati7a.1t X chrotrin-wnne it: an nut.womc td.Vi, there can lie a spreading of
hcrerochroautin into euchromafin such rltat fecal gene expression is silenced.

Finally, we have encountered a nunslwi of situations where bmakpotnts are
located within highly repetitive or treierocluAmatic genomic regions. These are
interesting genomic t nviu.-uunei.i s where she similarity and rcpctitivcncs* of the
underlying UNA may increase the likelihood of rean an cements. In the special
case of acrocentric diWHKWOtne.-t. the slum amis are full of repetitive domains
without much coding material arid this likely to s« a res-on for die relacAk-.y
high frequency of Kuheri-.oiii.tn I rati* local Rail txsiw ecu acrocentrics. These usu¬
ally haw 1st cli r. ' . - u 11.1 - i - .a iron:-or I;' I 41. h.il »obr . m. .... .

tu iin.-re.-ist!.I risks TisOmies in lb:,* oflspriflg- I Iwvrv.-r. llv-.c <.!releiies cl D\A
van in.it:..- precise definition of breakpoint positions. very difficult mostly due to
repeat-mediated feise-positive triple prohe signals in t IS11 otpei lltietMS. As these
regions are generally within or proximal to hererochroinaiic regions, the geite
density •« usually very low and, as a consequence, the other breakpoint of tire pan
is en ire likely to b? the location of the disrupted gene

COMPLEX PHENOTYPES RESULTING FROM TRANSLOCATIONS: A
PARADOX OR AN INSIGHT?

There remain.* a puratlu v resulting front the ule-ihFeaii-.Mi of a candid/tic complex
disease gene through cytogenetics: bow a single u mi num. can produce a condi
lis a that is ly j:iv ai l v I In night to rectsiw mtuluph iviiclic interactions. At otic level
this is fairly easily resolved. We would subscribe in ifw Gnnrodinn view i'44) ihat
a clinical disorder related to a particular gene mutation r however caused and how¬
ever extensive) will only develop when ihi effects of die mutation exceed the
buffering capacities of the person's interna] (genetic and memlsolic'i and external
(social and cultural) environment:!. i:> adapt t;> ibe adverse consequences,
Although allelic variation in oilier genes (buffering potential) may account for a
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large port of clinical variance, it can probably be aswuned that the greater the
functional consequence of a mutation, the mure likely the deficit will exceed the
buffering capacity of the person arnl the more pronounced and predictable iper¬
haps, more "'Mends liaa") the pbetiotypie outcome will be, Gene disruptions lor
nonsense mu'.atiotis, which are equivalent at a protein level) are likely to have
greater functional uirvtcquemccs tliau other classes of mutations { Fig 1). lit short,
the model pro|V»c<s that pie itiure deleterious the mutation, the greater the chance
of destahilixaikm (as utuKttied to perturbation) of the biological pathways ar.d
prucesses uikIl-;lying the clinical condition.
Denientia nt the Alelietuter's type is tot example (and is described in much greater
detail elsewhere in this book) of a disorder, in this case with ckar pathophysiology
(Alzheimer's disease«. demonstrating independent modes of inheritance. Families
with an eaiiy-oiv-et presentation were tractable to the approach of linkage mapping,
which resulted in the idonhfieafcun of the gamma-secretase activity gene Presenilin
1 (P$£\'0 oa chrooKwoiiic 14 tntd. by homology. PSEJS'2. Amyloid! precursor
protein (encoded by the AFP gene) was identified because it aggregates in the

Mendet an disctier genes Corni 'Jiso, asr gerves

Consistency of pbenotype

figure 1 The parados »i tingle genes «t naqjur effect in compica disorders Hypothesis:
the nature ol the oiuiaiii.n event affect? the seoQiype-pbcruMype correlation (shewn
dcctetkjing hi strength lions let! to ii«lu laijje amW:. This i, particularly the c ue far
complex gtrvue diftxUrrs where brrakpninix may highlight jjotenii.il candidate genes by
ampldvitig their litri. with a disuosu iihciusjypc.
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pathological lotions found, in AMicimcc's but also through the extremely common
comorbidity of early onset dementia (and Alzheimer's pathology) with trisomy 21.
I tawever, from a numerical point of v icw. very few tatg/funalic* 1258) Stave been
described with PSENi ruitlalians and 39 and 15. respectively, wiiliAPPcr PSEN2
uuiunion* i.45). I^alc onset dementia of the Alzhcnrjcr's type has been much more
refractory in analysis. Molecular variation lit tlx; APO'E gene or. chromosome 19 is
common in ihe general population and has been very extensively iriveHiexited. It is
die key example where a common variant of a gene significantly aliens tide to a iku-
rop&ychiasric disorder, perhaps, -r least partly in this ease, by altering the age at
onset for the condition (46). The AFOE4 variant lias been shown to be a clear risk
factor in many populations, including people with Down g) rdrume. Through niod-
ulation of lipid transport activity, rive APOB4 protein isofbrm predisposes towards
dementia in a dose-depcndeni fashion (1 fold risk whe n heterozygous, 15-fold
wiser, homozygous >.

Thus, ihe dementias of the Alzheimer type provide a variety of important
models—a common awirYiinaisi and weakly jierteteani variant nf one gene
predisposes liie eairiei to dementia, arid nor, familial, deleterious mutation* :it
three other y.ones guarantee the earners a ehniently sunilar condition.

A number of other recently diwajvered • I teenier yrnes can also support
and extend ttluc r I, Iile I wherehy mutation Iv p." determine* the classiticatmn Ol lite
disease .1* eifiner Meis.U-liar or complex We present lour nl I hoe in lire lolkiv.-mi;
tevr n.nl in Figure 2

The nuclear receptor peroxisome prolifemtnr-aBttvaied receptor gamma
eene. I'I'AHG, is strongly implicated in type U diabetosfhstilin resistance/hyper*
ten vi'.ui through ibe study of a nunibrr of rare families, some with nutations that
lead io * dominant negative notion of tlx resulting protein nnd another with a
Irnrievhilt mutation resulting in n premature stop eodon (comparable with break¬
point disruptions) (47-49), In the latter family, not all carriers were affected, hut
all. affected individuals were carriers—sui example of n dominant pattern of inher¬
itance with reduced penetrance, which is mirrored in the studies of live DISCI
translocation family (see following text). It rs now also reported that a relatively
toiu iri'.m nussense polymorphism in PPARG is responsible for a modest protec¬
tive; ell ect in the Finnish popu retion decreased PPARG receptor activity, lower
hotly mass index, and improved insulin sensitivity,

Mi-sense tnuuiions in itie niKikotkfc-tending domain of the GARD1S/N0D2
$tm have been identified in families with the autosomal dominant arthritic condi¬
tion, RUu syitdrofoe (SO), However, a reiutwcJy common (end, presuinnMy, less
deleterious) finnushifr/prenwaire stop cotton polymorphism in the leucine-repent
reeiiin nftlie same ee nc predisposes individual* to Crohn's disease especially when
inherited in the honwygous form (51-52). This represents iki instance where die
funeit-i •ixjiI outcome of i be uiutiitron is the key ficior dictating not only the pre¬
dict ability (mi ■ Iso the precise nature of the pheautype. Tine apparent discrepancy
between the clinical phcnosypcsof the two turns of mutation in this single gen;: has
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been partially result est through the arpreautioti time both eoncliiksns display an
inflammatory response and involve epsilwhotd cell lineages-

The eatliei-tneatiniKul C-WJ/5 example is entirely Kiiakigrw* lo finding*
in anndier gene involved in immune response- One missense- mutntioii nut) one
framcshifl/pteiriafcirc slop mutation in tlx' complement factor 11 gene. CFI1,
have been reported in patknts with hemolytic uremic syndrome (UUS) (53) In
addition. CfH has particular functional polymorphisms, which scran to increase
risk to the eye condition, age-related macular degeneration (ARMD) (54). in this
case, ilte common btnlogKol link—or presence of true pleiatropy—has yet to be
diseovural Interestingly, a similar finding has been reported fot the gene.
AHCA i in which some mutant alkies, lead to the severe eye disease, Stargurdt
syndrome, whereas other variants contribute to the risk for ARMD.

Dominant mutations within lhe/i£7"gerts receptor tyrosine kinase have been
devubed in Hirschsprung disease tHSCR; ugangliunk; megacolon). Recently,
however, a scx-depcodent susceptibility effect of an inoxtnie enhancer element
pulyiJKxrpliisni has been reported (55). These findings also closely tit a tucdcl
whereby the severity of the effects of a mutation correlate with its power to prc-
dtcl tin*, plsenutvpc. Hirschsprung disease is also a well-described feature in a
percentage of children with Down syndrome suggesting that increased dosage, or
particular patient, of alleles of a chromosome 21 gene may also predispose to this
condition.

To summarize these examples, it appears that there is a link between the
properties of the phenotype (strongly versus weakly jvoetranr. MendeUait versus
complex i and the ooitsequenoes of the underlying gene mutation on the func-rion-
allty of its encoded protein. As a enrollaiy, it can he appreciated rhat mechanisms
such as direct disruptions by chromosomal breakp,tints are more likely to lead to
more severe consequences ft* pi ore in I .t notion than mkeflte po^notpUiffit
and these consequences, exceeding the cell's buffering capacity, may result us
more consistent pbenoryiies In terms of the paradox t>l the disrupted genes,
perhaps the particular examples highlighted here may hn.ig about a blunting of
the distinction between simple versus complex disorders from at appreciation
that such extremes exist, in part, because: of the effects and jwevalenires of iltc
underlying gene mutations.

TESTING CANDIDATE GENE ALLELES IN THE POPULATION: AN
UNHELPFUL L>OGM.A(

We have addressed the issue of whether single, ehjorrtsonrally disrupted genes
can contribute significantly to a complex disorder. The next iso-oe is whether or
not these genes increase risk of neuropsychlatric disorders in tire lauryotypkaJIy
normal population. To answer this invariably requires, that the gene's candidacy
be tested in an association study where marker alleles and tacit associated
haplntypcs are examined in case and control groups to search for biases in
frequency, A statistically positive association implies die existence of a nearby
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t ,!u-..i*i ve itnutasson in linkage disequilibrium with lite selected market's—a trigger
fog racqucnemg studies of that region tu identify and characterise the re- • m
hk mut"iU<m(sl.

However, this approach lias a .vxinewhat arbitrary air to it—rite set of
contributory gene alleles giving rise to "noneylogriKtlc"' complex neurcpsycio
attic conditions existing solely because of random ancestral mutations and theii
hbturical passage through diverging populations. I hi* set is merely a subset of all
the jdciws that could potentially give rise to tlx' COBCUlk'tiS TIh-s, tin- set of luurtuii
disease genes is an accident of chance disrilted by history ''especially relatively
recent genetic history \ and long-term .selecftGis litis has practical implications for
these investigating disrupted genes in associanioi studies and tbetreiiottl implica¬
tions for the model we proposed earlier.

l! the candidate gene Show:i III mi with tlw .-iirublkwi If .1 se-i-m-ilml
study, then that represents, an instance not dixs-hrnlnr from |tw Rt't' and PPARi«
exampict described earlier—different mi.i.tiuwis with it'tiwrnt functional conse¬
quences give rise to the same disorder hut with differing certainty It" the associa¬
tion proves negative (in the face of exhaustive and careful experimental design
and implementation), mis doss net indicate that the gene is irrelevant to the
disease. Although it does exclude art epidemiological ly important rote- for the can¬
didate gene, it does not exclude in involvement tn the biology of the condition
<e g. APR in Alzheimer*■« disease:• Suprvrting evidence for the latter role could
come from three paternal direcisons, l-'irstly. tfe existence of statistically signifi¬
cant coscgrcguiion between the presence of a translocation (or rare deleterious
mutation) and disease status in a large pedigree as has been observed for the gene
DISCI (in tlte following text). Secondly multiple cytogenetic ' hits'" on the same
gene or locus in the same condition: foe example, cleft palate and the SATB2 gene
56), the PAXtiMTi region in aniridiafWAGR syndrome till), and Bcckwith-
'.Viedeir-anri syndrome and the "imprinting centre" on the snort arm of chromo¬
some 11 (57.50). I hirrlly, it may be possible to relate the function of the disrupt¬
ed gene directly into pathways and processes known to be centra! to lite disease
etiology 1 see GRIK4 ia the following text). This is in keeping with a model that
disruption of many different individual genes may have the potential to give rise
to the same clinical condition (en a manner nkm to a set of genes encoding mul¬
tiple enzyme-: present m a linear metabolic pathway) but only one or a few have
actually picked up pathological polymorphisms in human genetic history, at
conversely only a few he we survived selection through recent history to permit
t icir current detection,

hi the context of the search for novel therapeutic strategies for ncuropsychi-
atrte disorder:., there nvjv presently exist an unhelpful bias of attention toward
culprit genes father than culprit pathways and a reluctance to pursue rare cytoge¬
netic candidates th.u do not obviously contribute to population risk. In other
words, are we so convinced, as a body of researchers, that the next generation of
therapeutic targets for nine] antipsychotic drugs, for example, will only be found
using methods with an cpidemjohigical bins''
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toward a mechanistic understanding or
ncijropsychiatric disorders?

VVIvit have the genes identified through cytogenetics tokl us to dale about Ihc
underlying bblxygieal pudiv.ays uf neuuipsvchhitrk' disorders? Table 1 lists the
genes identified us the common iieurupxycfiiairk disorders and it cart be seen that
studies on autism and schizophrenia predominate. Although there may be a bins
toward karyotyping patients with autism due to the clear association with mental
retarded ion. the situation tor schizophrenia and bipolar disorder is less clear ami
many of the described genes are in individuals v, ho do no: have mental retarda¬
tion (although an increased interest in karyotyping people with schizophrenia
occurred during the 1970s when an association with sex chromosome ancup-loi-
dses was postulated). At present, progress on the characrcrij.nLjan of cytogenetic
origin autism genes is limited, hath at the level of association studies and also in
the functional analysis of the encoded proteins. For this reason, the remainder of
this section will detail findings from schizophrenia and bipolar disorder

As tneixtinncd previously, DISCI is the most studied example of a gene can¬
didate identified through cytogenetics in rhc ncuixftsyehiatric disorders. lis dis¬
covery owes a great deal to the large-scale cytogenetic screens earned out by tire
Medical Research Council in Edinburgh in tire istite. Tire presence of a ct I;! 1 >
chromosome transkcation was observed in a (verson in a young offenders,
institution and in the proband's extended family (59). I.aer clinical diagnosis,
blind to karyotype status, revealed significant linkage between the i runs local ion
and major mental illness (I.OD score "! . i :A0i After o-itsuHuTiibte effort in 11u
ptcgenome eia, a gene, Lh'SCK located on ibe king arm of chromosome I
(lq42J.) was shown to he disrupted by mis of the translocation breakpoints
154d'» I). Allhough exprcvsiNt in regions of the btiun implicated in seithsophrrma
Ki2-(i5), this gete displayed bo sigi.tv.mt k.-niolo;;:;-' to Other genes in tbe data¬
base and required a muludiscipliiuiry approach ic place it in within a clear bio¬
logical and pathological cunicxt In jusi live years however, the results of these
studies have placed DfSCt at the forefront of the various candkiate genes ft*
psyehiau ic e.n : III n.:n s

The Primary Disrupted in Schizophrenia iVluf.ilion anrl Assnt i.iliori vvitli
Disease in the Population
A irumhet of gioups have carried iiut cava contru a -sociali >n sludu-y cut !>!$('I
both it) s-ih'-Ay-.ucilia and bipolar d.snnlirr cKipulalu.'rts (6b 74) As ha- been \au-n
with oilier noaeyiogenetie derived candidate genes fur schizophrenia inch as
ncuicgulin and dysfeariditl, u.-.Mtciatiiins have been delcelcti in many of these
studies, but there is no clear consensus positional evidence from hiiplwtypc analy¬
ses where the causative msW on i . - •xiihin the gene. TW example, results from
cur laboratory suggest thai a region of the DISC! gene eunfere mymin.il r«.k to
hodi sexes for acfuzophrcnia but ,«troitg ii.sk to ivmales for bipolar disorder p.'.?;
Results front die Finnish population showassociation with a different luiph-iype
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iHEPj) with a protective effect agaiitM -uhDophicnia; again a sex-spec!fie obser¬
vation <75). Clearly, reasons must be identified for these study differences. At
present, explanations range from ilie practical i differences in SNP lInure
between stuiicsi to epkkniiological < population differences highlighting bseus
and allelic heterogeneity ). Anotlrce Icaim; of these studies is ;l>.: broad astute of

.'a >-■ :• 111... i > i. a.. •! .-ir.1 ami i '■ a: ilisnulci appeal In
he associated with DISC! variation in a ituuihei of stadiev, hut so too i. visual
"Oti.i.tJ ineiinxiIS itcoulc with sitii/nplitdiia, ,»i .1 ■ i>:UHjcugnttiVC futlCUOB (ver¬
bal work.tag memory) atu. cognitive aging jfi tile non-ill population (7b~fi0>.
The.-c i.-pui ,s coo plcmc.it cat tier studios on -.I'ticls ' iii 11 .• trans ucalioii farn
tl_y ;.self, which ik-rniinsltartc an as«v;n on between the DISCI disr»|'lti n arid
decreased amplitude of the P«0 event-related potential (of complex cognitive
origin. hut may dep..' id on short-term memory efficiency) (SO), impurmuly.
amplitude reductions went observed m muntfocatioo carters even il ilvey did not
have psyefwet? symptoms. This suggests that the psvchiauic illness might be the
secondary f if highly probable) cottsequettce of primary DISC! disruption effects
on a number of cognitive and/or cvvdupmentai domains. A second rare form of
DISCS miit.itton has recently been described in members of a small family with
scMzopfwerua and schizoaffective disorder {although cosegregatioD between
mutation and illness is nut entirely dear in this instance). 'Use irarocshitl muta¬
tion causes an altered readittg frame tor nine amino acids followed by a prema¬
ture stop GOdon. resulting in the loss of the extreme THSCI C-terminus <Ri). In
parallel, mcent publication* i H2.S3 i have describee the idcrti-lMtion of. deletion
within all "I nJ' -derived strains o-f laboratory mouse. This h,w implications not
only for transgenic work into behavior (as embryonic stem cells are frequently
derived from this strain) but also for the testing of DISCI'i biological properties
n vivo. Ihesc discoveries, together with the original translocation and the asso¬
ciation findings, suggests thai DISC! fits the RET gene paradigm of complex dis¬
ease—it can act either as a "qu.isi-dumirtar.it" factor (subject to the vagaries of
penetrance) or as a general risk/protcctivc factor in the population.

Protein Interaction Studies Suggest Disrupted in Schizophrenia Functions
,is ,i Huh fur the Assembly of Distinct Protein Complexes
The study of lower organisms such as Drosophila and yeast has repeatedly shown
thai luncuonolity can be frequently ascribed to novel gene products by defining
she set of proteins with which their own product interacts This has been the goal
of several DISCI yeast two-hybrid studies since 2000. In fact, the studies all point
to DISCI us an "organizing hub" for a number of cellular processes taking place
in a ninety of subcellular locations (mitochondrion, centrosome. nucleus, cell
roi'iri-iriine civ ). A unifying feature of these complexes seems to be the involve¬
ment of the microtubule cytoskeleton implying that DISCI may be involved n
uijfsVri.iri;.- and/or assembly of functional multicoinpotient complexes at struc¬
turally defined regions of lite cell as well ns ncsuronul migration (S4-.H6), '["he
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proteins that hate been identified »» interaetore with DISCI include DtSC I itself
(hamodimerizatiam. NUDR3., NCJDb'. MAP1A. MIPI3. ATF4/5, FEZI,
KENDRIN. a-TUBULIN, -yTUBULIN, dynactin, dviiein intermediate chain.
LIS]. ARHC5EF11, AKAP9, GRlPAJPJ, ciF3<p4Cl), and PDE4B (57,85,87-94).

Emerging Pathways ami Biology
Ttoo recent publications Itave further clarified the rules of DISC I in two biologi¬
cal systems. Wlitr i a t(l;l6> tnntilocattoti earned by an individual with chronic
stliiiujphtcnia w.is studied, the breakpoint on she short arm of chromosome I was
found :v. directly disrupt a gene coding one transcript form of PDE4B.
SuhaequcRtly, PDB4B was identified as a DISCI intcraclor ihmugh a yeast iwo-
hybrid screen (57) Pl)l:415 encodes a member of the phosp.iodie.viet ace enzyme
family responsible for the breakdown of the secondary messenger, cAMP, In
essence. PDF enzymes act as an "off switch" for neuronal signaling through < i
prnreiit-conplttt rocctxcrs. Historically. PDE4 proteins have been studied at the
targets of lite antidepressant Rolipram and as the molecular basis ftw the Dtui-oe"
learning and memory mutant in Dmsnphiia. Thus, there is sm estaohshed biolog¬
ical functionality that out be rend ly integrated into rise DJ.Vt I system via its
interaction with PDE4B. The DDI I-PDF IH interaction appears tn he dyttarni-
calfy correlated til PDE4B activity and modulaled by priosphorylaiirtu events
(57), I fence, this is an example where independent cytogenetic findings haw
demonstrated cc*iv«geDce at the level of protein biochemistry. 1*. is to be hoped
that other disrupted genes will show similar shared fuiteimnal connectivity n the
(mure Questions still rcmun as to the physiological local km of DISC I—PDF4B
interactions and the manner in which this influences the cogniti ve underpinnings
oS psychiatric disorders.

Another recently explored aspect of DISCI function has centered on
WSC'l-NUDEL interactions at tlx- ceniireonw fob). An experimentally produced
truncated form of DISCI appears to act in a dominant negative fashion through
dirnerizntion with wild-type DISC 1 and acts to destabilize He dytwin-microtubulc
cumplex at the eentrosoroc. la vivo, the developmental consequence in mouse of
Iransfeaion of die mutant form, of DISCI- and, jfoni,lovely, RNAi species direct¬
ed against mouse DISCS transcripts—is sbnanruil runrenal OEdgraifon from the
ventricular zone to the cerebral cortex dining enibryugenesii- Similar patterns of
disnrpiKZBtkwi have been seen ia milder foims. in piMtmrrtem brains of indivfdw-
•vl.« with schizophrenia and in a much mare severe form in tins Ibsettcephafe (neo
rs-ii.il migration disorders resulting in almomial cortical Imninsttion that involve
iuMher DISCI interactar, L.IS3. suggesting ilicit DISC I irmy piny nr. important role
:ii developmental aspects of schizophrenia and bipolar disorder.

Vre have also studied two other uansfocauon-disivipied genes and juvesd-
gaied their roles in the emerging biology ol'scluzuphreiiia a id hi polar disorder,

the chromosome 14 breakpoint of a balanced translucaiiou bcwecJ* ctawno-
scwies 9 and 14 jn a mother with schizophrenia and daugfoor with psychosis and
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mental retardation disrupts a neuronal inmscnpt.m factor, JVPAS3 (31 33). This
gcnr is expressed in inhibitory intcmcurons and has been knocked oti- in u transgenic
mouse strain, animals from which show ccticils in behavioral less including pie-

pulse inhibition as well .as alterations in social recognition and locomotor activity
i95.96). Furthermore, Npas3 deficiency appears to attenuate Fgf'rccqxorettprevsion
in the hippocampal dentate gyros and increase expression of the Sprooty 4 inhibitor
of the Fed signaling pathway 197). Deficits in this pathway might explain the
observed decreased neurogenesis £-.nci smaller hippocampal volume in these ituvr.
Interestingly, these same uwrphokigical changes Lace direct counterparts in tlx
bidins ol*individuals with selazaptaciiia, suggesting passibleNPAS3 involvement in
die abet resit jtciasxievckipineiiial pathways thai lead to the psychiatric disorder,

We have also identified a:i iuootrupir glutaruatc receptor, GRIK4 (KAI),
disrupted in asi individual with schimphrenia and mild menial retardation
156). Another gluconate receptor. GRtAJ, has also been described by others as
disrupted hy a transLxiation in a family segregating bipolar disorder (59).
Giutatmie receptors are prime candidates in contributing to the etiology of psy¬
chiatric illness, in pan, from the clear psychotomimetic effects of phrncyclidsne
and tetainifie—gl ataman: receptor antagonists f.98). Our case-control association
study on GffiK-f in .saryotypieally normal populations revealed two distinct
regions, of association w ithin the gene, one w itli schizophrenia ir.d another with
hipolBf disorder—a finding which, ju<t lite the ilt.SCi findings already
de.sef ihed, sntpiKnts the belief thai these two conditions may in some cases share
coi imoi geneiic origins (94, shi:

SUMMARY

I he Human Genome Project with m- newcm uted technologies such it-. SNf' genotyp-
tng has brought withm grasp the prospect of high density, genome-wide linkage
and ansocinben -studies, Although this strategy may bring u» closer U> the holy yiu.il
ol disease genetics » definitive set of risk causing ciltclc-s in biologically relevant
gcmis it is not without diffx'u'tics and will require an immense effort in (cam of
clinical resources and marker grnotyptng. In tins review, we have shown a very
power111 oompleme mary strategy iilefin lying and characterizing candidate genes
disrupted by cytogenetic rearrangements. This approach W yielded DiSCl,
ari'.L.bb. lire txisl .;r neSiea I Iv replicated and hi.ikigrc.illy cuntiriiicci vjiiLid.-.ie cone
for sevnx. psychiatric illww and. in additkn. identified PPB4B, NPAS3, GRIK4
and tftm, each Of which integrate* mli> anil uul.es setiSe vviihii. llic t"i.is • 4. • •'
our current kr imlcshre .ird iiinlersiaiidirio of siitkopiircriki ir.c each v<l nhich pro-
vt.tes a .an cu lt Mai .'i:i* pi'tin ''.irther genetic and bnilflgiud validation.
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Synonyms
Chromosome 18 long arm deletion- De Grouchy syn¬
drome/1 8q- syndrome/18q-; Chromosome 18 short arm
deletion- 18p- syndrome/short arm deletion of 18/18p-;
Ring chromosome 18 or r(l 8)

Definition and Characteristics
Partial deletions of chromosome 18, especially the short
arm, are relatively common [1], They may arise as
a result ofunequal crossing-over (interstitial deletions),
a terminal deletion, or a parental translocation (often
with an acrocentric chromosome). A ring chromosome
arises from breaks in both arms of a chromosome: tire
terminal ends (telomere) are lost and the two proximal
sticky ends unite to form a ting, in most cases
with some euchromatin loss. The phototype is deter¬
mined by deletion locus and size. Other chromosomal
abnormalities are often combined with 18p- and 18q-
deletions. Clinical manifestations overlap between 18p-,
18q- syndromes and r( 18) although the features and
prevalence ofassociated abnormalities may vary.

Prevalence

Although rare chromosome 18 deletions rank after 5p-
and 4p- as the most frequently reported autosomal
deletions. The true incidence is uncertain and awaits

large scale studies of copy number variation. Literature
reports exist for well over 150 cases each for both

18q- and 18p-. For these the male to female ratio is
around 0.7. The mean parental ages lie between 30 and
34 years. Over 70 cases of r(18) have been reported
again with a female excess (0.75) and mean parental age
27-30 [1],

Genes
About 66% of 18p- and 75% of 18q- cases arise de
novo (50:50 maternal:patemal origin). Others result
from familial and complex translocations, inversions
or direct transmission. Vertical (maternal) transmission
of 18q-, 18p- mid r(19) have all been reported [1],
Breakpoint clusters have been suggested at 18pl 1.1,
and 18q21.1 to q22.2. A study relating deletion size
to phenotype suggested that 18q22.3-qtel was critical to
the development ofcommon 18q deletion features (foot
anomalies, aural atresia, palatal changes, dysmyelina-
tion, nystagmus) [2]. Microcephaly and genitourinary
anomalies may map proximal to this interval. Genie
haploinsufficiency is usually proposed to underly 18
deletion phenotypes, variability by dosage compensa¬
tion from other chromosomal loci and allelic variability
on the homologue. At least one gene (TCEB3C, 18q21)
has been reported as imprinted in. human cells. Several
candidates exist for phenotype components, e.g., 1IPE4
(lSpll.3) and holoprosencephaly, GALNR1 (18q23)
with growth hormone deficiency, MBP (18q23) with
dysmyelination, and DCC (lSq21.2) suggested to
relate to neurological impairment-severity for the 18q-
phenotype in individuals with large deletions [3], How¬
ever, dosage compensation mechanisms may have an
important role in determining the absence or presence of
certain characteristics in these deletions - MBP was

deleted in all seven non-mosaic r(18) cases in one

study but abnormal myelination in only three [3],

Molecular and Systemic Pathophysiology
ISp deletions'. No clinical features are universal. The
pattern of dysmorphisms becomes clearer after around
3 years of age. Ptosis, strabismus and mild/'modcrate
short stature are common, but outer ear anomalies,
broad nose, hypertelorism, short/webbed neck, micro¬
gnathia and clinodactyly of fifth finger may also occur.
MR is common and its severity (or absence) may relate
to the exact 18p locus [4]. Verbal performance is
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reportedly worse than non-verbal. In some holopro-
sencephaly has been suggested by midline incisors and
panhypopituitarism. Heart anomalies (mainly Fallot's
tetralogy, septal defects) occur in 10%. Autoimmune
disorders (thyroid, alopecia) and infections ate increased
in frequency. Neurological outcomes other than MR
include speech delay and slowness in movements and
actions. Autism is often diagnosed in childhood.

lSq deletions: The highly variable phenotype [2] can
include MR, microcephaly, postnatal growth impair¬
ment (growth hormone deficiency in up to 70%), stra¬
bismus, midface hypoplasia, hypotonia, atresia/stenosis
of the external auditory canals (up to 50%), hearing
impairment, foot anomalies (esp. proximally insetted
halluces) and abnormalities of the genitourinary tract
(in both sexes). A triangular or "carp"-shaped mouth
is sometimes reported. Congenital heart, anomalies
are more frequent at around 25% titan in 18p-. As
in 18p- autoimmune disorders have been described
(hypothyroidism, coeliac disease, vitiligo, juvenile RA,
early-onset fDDM). Specific deficiency of IgA occurs
in about 25% of cases, but has also been reported
for 18p-. Neurological outcomes in addition to MR
include poor co-ordination, tremor, chorea in some
cases, nystagmus and seizure (20%). MRI findings
include white matter signal intensity changes, and
may relate t o the exact locus of the deletion [2],

r(18): Most cases show features of 18q deletion
but a minority 18p deletion or combination of both;
again there is much clinical variability. Severe holo-
prosencephaly (10%) and complex cardiac anomalies
(20%) have been reported, but some cases have an
almost normal phenotype. Those with mainly 18q
features show a reduced symptom cluster compared
to those with full (non-ring) 18q deletions. There
may be two groups of r(18), one with a centromeric
break leading to deletion of all 18p and another type
with deletion of distal 18q only [3],

Fertility: Although gonadal dysgenesis can occur
in all three deletion syndromes and oligospermia in

r(l 8), puberty and fertility can occur in both sexes.
Vertical (all maternal) transmission of 18p deletion has
been observed in six families [5].

Diagnostic Principles
Cytogenetic investigations should follow in anyone
with a suspected phenotype. Combining routine chro¬
mosomal analysis with fluorescence in situ hybridiza¬
tion (FISH) techniques using specific DNA probes
allows accurate detection of breakpoints/deletions.

Therapeutic Principles
Management is aimed at ameliorating the effects of
associated abnormalities such as congenital malfo¬
rmations and autoimmune disorders, where possible.
The prognosis is largely determined by the severity
of physical and mental impairments. Genetic counsel¬
ing is advised due to transmission of the deleted
chromosomal segment from mother to child in a small
but significant percentage.
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