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in standard case letters, their human gene and protein homologues being represented in
italic upper case and standard case letters respectively.

A Adenine (in nucleic acid seqeunces).
Alanine (in amino acid sequences).

ATP Adenosine triphosphate,
b Bases/nucleotides.

bp Base pairs.
BSA Bovine serum albumin.

BSE Bovine spongiform encephalopathy
C Cytosine (in nucleic acid sequences).

Cysteine (in amino acid sequences).
°C Degrees celcius.
C- Carboxyl terminus.
cDNA Complimentary deoxyribonucleic acid.
CIP Calf intestinal phosphatase.
CJD Creutzfeldt-Jakob disease,

cm Centimetres.

cM Centimorgans.
CNS Central Nervous System.
Ci Curie(s).
COX Cytochrome C oxidase.
D Aspartic acid (in amino acid sequences).
Da Daltons.

dATP 2 '-deoxyadenosine-5 'triphosphate.
dCTP 2 '-deoxycytidine-5' -triphosphate.
ddATP 2' ,3' -dideoxyadenosine-5' -triphosphate.
ddCTP 2 '3 '-dideoxycytidine-5 '-triphosphate.
ddGTP 2'3 '-dideoxyguanosine-5'triphosphate.

xxi
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DTP Dithiothreitol.
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F Phenylalanine (in amino acid sequences).
FAD Flavin adenine dinucleotide.
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FFI Fatal Familial Insomnia.

G Guanine (in nucleic acid sequences).
Glycine (in amino acid sequences).

GFAP Glial fibrillary acidic protein.
GSS Gerstmann-Straussler-Sheinker disease.

H Histidine (in amino acid sequences).
HPRT Hypoxanthine-guanine phosphoribosyl transferase.
I Isoleucine (in amino acid sequences).
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IFMB Institute for Molecular Biology Prn-pmice.
IPTG Isopropyl P D-thio-galactopyranoside.
IVT In Vitro Transcribed.

K Lysine (in amino acid sequences).
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m Milli.

M Molar.

Methionine (in amino acid sequences),
ml Millilitres.
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NBT Nitroblue tetrazolium.
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NEO Neomycin phosphotransferase.
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NTP Nucleoside tri-phosphate.
Null Homozygous for null mutation.
NUSM Nagasaki University School ofMedicine Prn-p'1' mice.
CD Optical density unit.
ORF Open reading frame.
OXPHOS Oxidative phosphorylation.
P Proline (in amino acid sequences).
PCR Polymerase chain reaction.
PGK Phosphoglycerate kinase.
PMSF Phenylmethylsulphonyl fluoride.
PrP Protease resistant protein or prion protein.
Prn-p Mouse prion protein gene.

PRNP Human prion protein gene.

PrPc Cellular or host form of the prion protein.
PrPSc Disease-specific form of the prion protein.
Q Glutamine (in amino acid sequences).
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® Registered trademark.
ROS Reactive oxygen species.
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T Thymidine (in nucleic acid sequences).
Threonine (in amino acid sequences).

TE Tris/EDTA.

TK Thymidine kinase.
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TSE Transmissible Spongiform Encephalopathy.
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U Unit.

Uracil (in nucleic acid sequences).
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V Valine (in amino acid sequences).
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Abstract

The disease-specific protein, PrPSc, is implicated in the pathogenesis of the TSE
diseases and is an abnormal isoform of a normal, host-encoded glycoprotein, PrPc. The
precise physiological function of PrPc has not yet been established. Since beginning this
study, accumulating evidence indicates that PrPc is a copper binding protein and that its
expression affects the activity of cellular antioxidant enzymes. PrPc has also been shown
to interact with proteins involved in normal mitochondrial function.

Two lines ofmice homozygous for a null mutation in Prn-p, generated with the aim of
elucidating the physiological function of PrPc, display no overt phenotypic effect of the
ablation of this protein. The primary purpose of this thesis was therefore to study gene

expression in Prn-p+,+ and Prn-p'1' mice, to gain clues to the physiological function ofPrPc.
Northern analysis of murine tissues revealed that PrP mRNA is expressed at highest

levels in the CNS, where it is upregulated approximately 8-fold during postnatal brain
development, and at lower levels in other, non-CNS, tissues. During this project the PrP
gene was shown to be transcriptionally activated in the embryonic brain betwen E8.5 and
E9 stages of embryogenesis, a period during which onset of aerobic metabolism, and
therefore cellular oxidative stress, has been proposed to begin.

To study the effect of the ablation of PrPc on gene expression in Prn-p'1' postnatal
developing brain, the DDRT-PCR technique was utilised. Following substantial
optimisation of the procedure, a comprehensive comparison ofgene expression in Prn-p+/+
and Prn-p~'~ postnatal developing brain was performed. From an estimated visualisation of
approximately 21 000 to 32 400 expressed transcripts, five candidate transcripts were

identified by DDRT-PCR as being differentially expressed in Prn-p1' brain, in addition to
PrP. Three of these (NADH B 14.5b, COXI and 16S rRNA) are subunit transcripts
involved in the synthesis of mitochondrial respiratory chain complexes, suggestive of a
relationship between PrPc and normal mitochondrial physiology.

Using Northern analysis, it was not possible to confirm the subtle differences in gene

expression identified by DDRT-PCR. However, NADH B14.5b mRNA was determined
to be downregulated in Prn-p'1' liver, and possibly heart, validating indications from DDRT-
PCR that expression of NADH B 14.5b mRNA is affected by the ablation of PrPc.
Northern analysis of two transcripts, selected for analysis on the basis of a candidate-gene
approach, Cu/Zn-SOD and Mn-SOD, revealed that they are downregulated in Prn-p'1' heart
and liver, and heart and lung respectively, substantiating findings in this thesis, and
indications by others, of a relationship between PrPc and cellular antioxidant expression.
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The potential relationship between PrPc and mitochondrial status was further
investigated. Western analysis of fractionated neuroblastoma cells indicated that PrPc is
detectable in enriched mitochondrial fractions. Electron microscopy analysis of Prn-p+/+
and Prn-p1' hippocampus (a collaborative effort) revealed that Prn-p1' hippocampus has
approximately 40% less mitochondria, and that approximately 28% of the mitochondria
present were abnormal in morphology, strongly suggestive of dysfunctional respiratory
chain function. The activity of copper-dependent cytochrome oxidase was investigated,
and preliminary results suggested that activity might be reduced in Prn-p' cerebellum, heart
and skeletal muscle.

Mitochondria are a source of generation of reactive oxygen species within the cell and
dysfunctional respiratory chain function may therefore result in elevated levels of oxidative
stress within the mitochondrion. Data presented in this thesis suggests that PrPc may affect
the redox state of the cell, through control of the biogenesis and/or activity ofmitochondria.

Further indications of the relationship between PrPc and cellular oxidative stress have
been strengthened by demonstrations by others that PrPc has antioxidant properties, both
directly and by affecting the activity of the cytosolic antioxidant Cu/Zn-SOD. Analysis of
cultured neuroblastoma and astrocytic cells demonstrated that PrP mRNA is upregulated in
response to treatment with a source of superoxide radicals, and data accumulated to date
suggests that PrPc may form part of a cellular mechanism for dealing with oxidative stress.
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Chapter 1

Introduction

1.1 Biology Of The TSE Diseases.

1.1.1 General Introduction.

The Transmissible Spongiform Encephalopathies (TSEs), or Prion diseases, are a

group of invariably fatal neurodegenerative diseases of the Central Nervous System.
These include Scrapie in sheep, Bovine Spongiform Encephalopathy (BSE) in cattle,
Creutzfeldt-Jakob Disease, Kuru and Gerstmann-Straussler-Sheinker disease in
humans. They are without precedence in the history of modern biology or medicine in
that they may present as a result of genetic, sporadic or infectious mechanisms. The
TSEs are also a group of diseases which can manifest in a broad range of species (See
Table 1.1).

Although the exact molecular nature of the causative agent remains a subject of
controversy and much scientific debate, it has been suggested that PrPSc, a partially
protease-resistant abnormal isoform of a normal host-encoded glycoprotein, PrPc
(Bolton et al., 1982; McKinley et al., 1983; Oesch et al., 1985) may constitute the
major, or even sole, component of the pathogen (Prusiner, 1982; Prusiner et al., 1982a),
"replicating" in the absence of nucleic acid (Griffith, 1967; Prusiner, 1982). Whether
or not PrPSc is itself the infectious pathogen remains to be formally proven. However, it
is clear that this abnormal protein potentially plays a key role in the neurodegenerative
process, and the term "Prion" (Proteinaceous infectious particle) was coined to

distinguish this potentially novel pathogen from viruses and viroids.
Progressive enrichment of TSE-infected hamster brain fractions for infectivity led to

the discovery in 1982 of PrPSc (Prusiner, 1982; Prusiner et al., 1982a), a protein
apparently disease-specific and which accumulates during disease pathogenesis
(McKinley et al., 1983; Hope et al., 1986; DeArmond et al., 1987). At the time of
purification, it was assumed that PrPSc was virally-encoded. However, partial N-terminal
sequencing of PrPSc allowed the design and use of oligonucleotides to screen a cDNA
library from scrapie-infected hamster brain, and it was subsequently determined that
PrPSc is in fact derived from a single-copy, host-encoded gene (Oesch et al., 1985).
Although PrPSc had been shown by SDS-PAGE to have an apparent molecular weight
of 27-30 KDa (PrPSc also being referred to as PrP27 30)(Bolton et al., 1982; Prusiner
1982a), the normal protease-sensitive isoform (PrPc) was determined to have a
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molecular weight of 33-35 KDa (PrPc also being referred to as PrP33 35)(Meyer et al.,
1986). It later became clear that the molecular weight of PrPSc was in fact 33-35 KDa
and that PrP27 30 isolated from scrapie-infected hamster brain was derived from it by
limited proteolysis during purification and enrichment procedures. It was subsequently
suggested that the differential properties of these isoforms could be perhaps explained
by variations in protein conformation (Basler et al., 1986).

Scientific, and public, interest in the TSE field has been renewed in recent years as a

result of the emergence of BSE and, more recently, a new variant of a human Prion
disease, CJD, which is atypical in that it presents in young adults (Will et al., 1996). It
has recently been formally proven that the agents causing nvCJD and BSE are one and
the same (Collinge et al., 1996; Hill et al., 1997; Bruce et al., 1997), and it is generally
considered that exposure is a direct result of the BSE epidemic in the UK, with BSE-
contaminated material entering the human food chain.

It is clear that, in terms of diagnosis and treatment of TSEs, we must first gain
insight into the molecular mechanisms which govern the characteristic
neurodegeneration. PrPSc is a common feature of the TSEs. However, the
demonstration that PrPSc is derived from host-encoded PrPc, and that the presence of
PrPc is an essential prerequisite for the development of disease, raises the question of
what the normal physiological function of PrPc is, and whether this function might be
affected in some way during disease pathogenesis.

PrPc is highly conserved at the amino acid level in all mammalian species analysed
to date (See section 1.2.2). It is predominantly and abundantly expressed in the CNS,
in both normal and infected animals, and is developmentally regulated during
embryogenesis (Oesch et al., 1985; Chesebro et al., 1985; Robakis et al., 1986;
McKinley et al., 1987; Lazarini et al., 1991; Manson et al., 1992, Manson et al., 1992a).
These observations would suggest that PrPc is a protein with crucial host cellular
function(s). Four independent lines of mice homozygous for a null mutation in Prn-p
have been created, with the aim of revealing a phenotype to provide clues to the normal
function of PrPc (discussed in greater detail in Section 1.3.3)(Beuler et al., 1992;
Manson et al., 1994; Sakaguchi et al., 1995; Moore et al, 1995). Surprisingly, the
resulting mice develop, behave and reproduce apparently normally, with the exception of
two lines ofmice which, at approximately 70 weeks of age, begin to display symptoms
of progressive cerebellar ataxia and atrophy (Sakaguchi et al., 1996; Moore, 1997).

At present, the precise physiological function of PrPc remains one of the key
unanswered questions of the TSE field, and this thesis describes attempts to further
elucidate this.
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Table
1.1:
The
host

spectrum
of

naturally
occurring
TSE

diseases.

Disease

Species

Comments

Reference

Scrapie.

Sheep.

Naturally
occuring
TSE.

Transmitted
experimentally
to
a

variety
of

species.

Pattison
&

Millson,
1960;

Chandler,
1961.

Scrapie.

Goat.

Sheep
scrapie
transmitted

experimentally
to

Goats.
Produces
'Drowsy'
or

'Scratching'

syndromes.
First

evidence
of

TSE
strain

variation.

Pattison
&

Millson,
1961.

TME.

Mink.

Disease
produced
in

farmed
Mink,

probably
as
a

result
of

scrapie-contaminated
offal.

Two

distinct
strains
(Hyper

and

Drowsy),
maintained
on

serial

propagation
in

hamsters.

Marsh
&

Kimberlin,
1975;

McKenzie
et

al.,

1996.

Chronic
Wasting

Disease.

Mule
Deer

and
elk.

Disease
produced
in

farmed
deer,

probably
as
a

result
of

scrapie-contaminated
offal..

Williams
&

Young,
1980;

Williams
etal.,
1982.

BSE

Cattle.

UK
BSE

epidemic
probably
resulting
from

srapie-contaminated
offal.

Wells
et

al.,

1987.

fCJD

Human.

Familial:
linked
to

mutations
in

PRN-P.

reviewed
by

Prusiner,
1993.

iCJD

Human.

Iatrogenic:
transmission
following

neurosurgery,
corneal
transplant,
and

human
pituitary

derived
growth
hormone

treatment.

reviewed
by

Prusiner,
1993.

sCJD

Human.

Sporadic:
not

associated
with

PRN-P
mutations.

Creutzfeldt,
1920;
Jakob,
1921.

nvCJD
(a)

Human

CJD

variant
in

UK
and

France
with
early
onset

(<49yrs).
PrP^c
from

nvCJD
cases

similar

SDS-PAGE
banding

pattern
to

BSE
PrP^c
from

infected
mice

(Collinge
et

al.,

1996).

Will
et

al.,

1996;
Chazot
et

al.,

1996.

GSS

Human

Familial
disease,
tightly
linked
to

PRN-P
mutations.

Sporadic
cases

resembling
GSS

also

reported.

Gerstmann
et

al..,
1936;

Kuzuhara
et

al.,

1983;

Prusiner,
1993.

FFI

Human

Familial
disorder
linked
to

PRN-P
mutation.

Gambetti
et

al.,

1992.

Reviewed
by

Gambetti
et

al.,

1993.

Kuru

Human

Sporadic
disease

maintained
by

ritualistic
cannabalism.

Endemic
to

remote
region
of

Papa

New

Guinea.

Gajdudesk
and

Zigas,
1957',

Gajdudesk,
1985

(a)

X

Infection
of

exotic
zoo

species.

Kirkwood
et

al.,

1990;
Jeffrey

and

Wells,
1998;

Wyatt
et

al.,

1990;
Bruce
et

al.,

1997.

(a),

infection
associated
with
UK
BSE

epidemic;
x,

Arabian
Oryx,
Nyala,
Greater
Kudu,
Domestic
cat,

Cheetah.

Figure
adapted
from

Wilesmith
&

Wells,
1991;
Moore,
1997.



This chapter will begin with a general overview of TSE biology. This will be
followed by focusing primarily on PrP itself, structural characteristics of the gene and
protein and expression pattern of PrP protein and mRNA, and discussion of the present

body of scientific evidence concerning the normal function of PrPc. Finally, some

potential techniques available by which the effect of the ablation of PrP can be studied in
detail will be discussed, one of these which constitutes the primary basis for this thesis.

1.1.2 The Broad Spectrum Of TSE Diseases.

Sheep scrapie is by far the best studied of all the TSE diseases of animals, first
being documented some 250 years ago (McGowan, 1914) and transmissibility
demonstrated in 1936 by the inoculation of healthy sheep and goats with material from
diseased animals (Cuille and Chelle, 1936). Epidemiological studies indicate that the
spread of natural scrapie is primarily a result of maternal transmission, although
horizontal mode of transmission is a possibility (Dickinson, 1976; Foster et al., 1992;
Foster et al., 1996).

Related TSE disorders have been described in a variety of other species, primarily
based on their transmission to experimental hosts and clinical and neuropathological
hallmarks similar in feature to scrapie (See Table 1.1). For example, Transmissible
Mink Encephalopathy (TME) was first documented in farmed mink in the mid-1960s
(Hartsough and Burger, 1965), with transmissibility being demonstrated in the 1970s
(Marsh and Kimberlin, 1975; Marsh and Hanson, 1979). Bovine Spongiform
Encephalopathy (BSE) was first documented in 1987 (Wells et al., 1987), and has been
the cause of the death of more than 160 000 cattle in the UK up to 1996, with the
epidemic reaching a maximum in 1992 (Anderson et al., 1996). It is a strong possibility
that changes in the meat and bone meal feed rendering process in the late 1970s resulted
in scrapie prions from sheep surviving the rendering process and being passed to cattle.
The transmissibility of BSE has been demonstrated by passage in several species
(Fraser et al., 1988; Dawson et al., 1990; Robinson et al., 1994; Bruce et al., 1994).
However, inoculation of cattle with scrapie infected sheep brain extracts results in
disease substantially different from BSE (Robinson et al., 1995). As such, it is formally
possible that the BSE agent was already present at a low level prior to the rendering
process changes and that this may have initiated the BSE epidemic when inoculated
back into cattle, via BSE-contaminated meat and bone meal feed. In addition to these,
evidence of related disorders have appeared in exotic zoo species such as Nyala, Arabian
Oryx and Greater Kudu (Jeffrey and Wells, 1988; Kirkwood et al., 1990) and in the
domestic cat (FSE; Wyatt et al., 1990). It is again thought the emergence of these TSEs
is related to the UK BSE epidemic.
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The human TSE diseases can present as a result of infectious, sporadic or genetic
mechanisms (See Table l.l)(Prusiner, 1993), and include Kuru (Gajdusek and Zigas,
1957), Gerstmann-Straussler-Sheinker disease (GSS; Gerstmann et al., 1936),
Creutzfeldt-Jakob Disease (CJD; Creutzfeldt, 1920; Jakob, 1921) and Fatal Familial
Insomnia (Lugaresi et al., 1986; Gambetti et al, 1992; Gambetti et al, 1993).

The incidence of CJD in the human population is in the region of 1 per million, with
an average age of onset of 65 years (Masters et al., 1979; Brown et al., 1987).
Approximately 15% of these CJD cases (and all known FFI cases and most GSS cases)
are autosomal dominant disorders, with tight linkage to the PRNP gene (See Figure 1.6;
Prusiner, 1994; Windl et al., 1996), and these are discussed in greater detail in Section
1.2.3.

Of the infectious human TSEs, over 150 cases of iatrogenic CJD have been
reported, in which patients have been infected following neurosurgery as a result of
treatment with contaminated surgical instruments or contaminated corneas, dura mater

grafts, human growth hormone or gonadotropin derived from pituitaries contaminated
with the CJD agent (Buchanan et al., 1991; Gajdusek, 1985; Lane et al., 1994; Prusiner,
1998). In addition, the recent emergence of nvCJD, with an earlier age of onset and a

novel pathological phenotype (Will et al., 1996; Chazot et al., 1996) is thought to have
arisen through exposure to the BSE agent (Collinge et al., 1996; Hill et al., 1997; Bruce
etal., 1997).

Kuru is an infectious TSE disease endemic to the Fore people of Papua New
Guinea (Gajdusek and Zigas, 1957). The disease is thought to be transmitted and
maintained by ritualistic cannibalism (Gajdusek, 1977) and the limited involvement of
males during this ritual might perhaps explain the predominantly female incidence of the
disease. The transmissibility of Kuru was first demonstrated in the late 1950s (Hadlow,
1959). With the intervention of missionaries, and the cessation of cannibalistic practices
among the Fore people, the incidence of this disease has declined dramatically since the
mid-1950s.

Since the initial demonstration of linkage between a mutation in the PRNP gene and
the occurrence of GSS, more than 20 different PRNP mutations have been discovered
that result in nonconservative substitutions and segregate with genetic, or inherited TSE
disease (Hsiao et al., 1989; Prusiner, 1998). These are discussed in more detail in
Section 1.2.3. Indeed, PrP protein coding region mutations have been found in all
reported kindred with familial human TSE disease (Prusiner, 1998).

The majority of CJD cases (and possibly a few GSS cases) appear to have no

infectious link to a pre-existing TSE disease in humans or animals (Prusiner, 1998) and
appear to be sporadic in nature (Masters et al., 1978; Hsiao et al., 1989). In these
patients, no germline mutations in the PRNP gene have been found to date, and the
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precise mechanism by which the disease arises remains unknown. However, two

possibilities are horizontal transmission of the infectious agent from humans or animals
or a somatic mutation in PRNP that initiates spontaneous conversion of PrPc to PrPSc
(Prusiner, 1998).

1.1.3 Neuropathological And Clinical Features Of TSE Diseases.

1.1.3.1 Neuropathological Features.

The pathological signs of TSE disease are generally confined to the CNS, and
clinical signs are almost entirely neurological. Although in some cases of human TSEs
gross pathology can include a reduced brain weight, cortical atrophy and enlargement of
the ventricles (Bell and Ironside, 1993), frequently, no abnormalities are observed on

gross examination. The apparent absence of an immune response in TSE affected
individuals is also an important hallmark of these diseases (Prusiner, 1993), although in
CJD and scrapie a CNS microglial response has been reported and this may represent a
modified form of inflammatory response (Ironside et al., 1993; Williams et al., 1994).
Widespread neuronal cell death (via apoptosis) has been reported in the brains of sheep,
mice and humans with TSEs (Fairburn et al., 1994; Lucassen et al., 1995; Giese et al.,

1995; Kretzschmar et al., 1996; Fraser et al., 1996), in accordance with the apparent
absence of a general or localised immune response. Indeed, apoptosis may be the major
mechanism of cell death in the TSEs.

Microscopically, neuropathological features of the TSEs in brain commonly include
spongiform degeneration of neurons, severe astrocytic gliosis with proliferation of
astrocytes throughout the gray matter, and amyloid plaque formation (Beck et al., 1964;
Gibbs etal., 1968; Bruce and Fraser, 1975; Chou et al., 1980; Wisniewski et al., 1981;
Tateishi et al., 1984). The degree of spongiform change is variable, whereas the extent
of gliosis has been suggested to correlate with the extent of neuronal cell loss (Master
and Richardson, 1978a). Ultrastructurally, this spongiform degeneration consists of
intracellular vacuoles, which results in a microvacuolated appearance of the gray matter

by light microscopy (Prusiner, 1993).
However, vacuolation is not an obligatory change in the naturally occurring TSEs

and indeed, in some cases of natural scrapie of sheep it is limited (Zlotnik, 1962).
Neither is spongiform degeneration a process strictly specific to the TSEs (Jeffrey and
Higgins, 1992). Generally, neuropathological examination of scrapie infected brain
reveals widespread presence and accumulation of PrPSc in the neuronal perikarya and
gray matter neuropil, vacuolar degeneration and a reactive glial response (Wood et al.,
1997), although the localisation, extent and severity of these features vary.
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Neuropathologically, features of BSE are similar to scrapie, with astrogliosis,
vacuolation, neuronal degeneration and occasionally amyloid plaques (Wells and
Wilesmith, 1995). Vacuolar neuropathology in the medulla oblongata forming the
diagnostic criteria for diagnosis of BSE in cattle (Wells et al., 1989). Similarly,
neuropathological hallmarks of Kuru include spongiform change, astrogliosis and
amyloid, or "Kuru" plaques (Prusiner, 1993). While not all cases of Kuru exhibit
plaques (Klatzo et al., 1959), in those that do, these plaques have been shown to contain
PrPSc (Roberts et al., 1986).

PrPSc is found in most cases of CJD, with amyloid plaques being observable in 5 -

10% of affected individuals (Prusiner, 1993). The recently classified nvCJD (Will et
al., 1996; Chazot et al., 1996) is unusual, not only in that it manifests in teenagers and
young adults, but also with regard to the presence of numerous PrP amyloid plaques
which are surrounded by a halo of intense spongiform degeneration, termed "florid
plaques" (Will et al., 1996; Ironside, 1997).

The presence of disease-specific PrPSc is a common feature of the TSE diseases
(Prusiner, 1993; Prusiner, 1998), and a pre-mortem test for scrapie in sheep has been
developed, based on the presence of PrPSc in biopsies such as tonsil (Ikegami et al.,
1991). However, post-mortem analysis of brain material is at present the only effective
way of supporting a diagnosis of TSE disease (with the exception of the familial forms
of human TSE disease linked to germline mutations in PRNP).

Pathologically, CJD brains frequently display no abnormalities on gross

examination although, in some cases, varying degrees of cerebral atrophy, resulting in
brains abnormally low in weight, can be seen (Prusiner, 1993). Microscopically, CJD is
also characterised by spongiform degeneration and gliosis, with spongiform change
predominantly occurring in the cerebral cortex, putamen, caudate nucleus, thalamus and
molecular layer of the cerebellum (Prusiner, 1993). This spongiform degeneration is
characterised by l-5|im vacuoles in the neuropils between nerve cell bodies (Masters
and Richardson, 1978a). However, many cases of CJD show very limited spongiform
change (Prusiner, 1993).

Most cases of GSS, and all known cases of EFT, are familial in origin, being
associated with nonconservative germline mutations in the PRNP gene (See Figure 1.8),
the demonstration of which secures a pre-mortem diagnosis. GSS has been estimated
to occur with an incidence of 1-2 per million (Masters et al., 1981; Prusiner, 1993), but
this may under-represent the disease somewhat as it frequently resembles other
neurodegenerative disorders, such as spino-cerebellar degeneration and multiple
sclerosis (Prusiner, 1993). The age of onset of GSS ranges from 24 - 66 years and has
an average duration of illness from onset of 5 years with patients presenting with
cerebellar ataxia and sensory disturbances (Prusiner, 1993). It is characterised by the
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presence of amyloid plaques, white matter tract degeneration and neuronal loss
throughout the brain, accompanied by spongiform changes and gliosis (Prusiner, 1993).
However, the extent and severity of these changes vary widely between patients, and
even within one pedigree (Prusiner, 1993). Frequently, plaques are widely distributed in
the cerebellum, predominantly in the molecular and granule layers, and in the cerebral
cortex, basal ganglia and thalamus (Masters et al., 1981).

FFI is characterised by severe selective degeneration of the thalamic nuclei,
presenting in patients between 40 and 60 years with insomnia, myoclonus and cerebellar
signs (Lugaresi et al., 1986; Reder et al., 1995), further widening the spectrum of
human TSE diseases.

1.3.3.2 Clinical Signs.

Generally, the onset of natural scrapie in sheep is marked by changes in behaviour,
for example, twitching, nervosity, apprehension and pruritis (which leads to the affected
animal rubbing itself against fixed inanimate objects, resulting in wool loss and skin
inflammation). These signs are followed by motor abnormalities, and include head
tremors and abnormal posture, which occurs 2-3 months before death, progressing to
severe ataxia and eventually paralysis and death (Pattison and Millson, 1960; Brugere-
Picoux et al., 1996). In addition, weight loss can be detected in some animals (Brugere-
Picoux et al., 1996).

The clinical signs of BSE in affected cattle are somewhat similar to those observed
in scrapie cases. Behavioural abnormalities include apprehension, agitation, anxiety and
pelvic gait ataxia which becomes more pronounced as the disease progresses (Wells et

al., 1987; Cranwell et al., 1988; Gilmour etal., 1988).

Although clinical signs of the TSE diseases in humans varies greatly, these include
progressive dementia, ataxia and behavioural abnormalities. Individuals with Kuru,
which predominates among children and adult females, generally present with ataxia and
a shivering-like tremor (Gajdusek and Zigas, 1957). Although progressive cerebellar
dysfunction and ataxia is the predominant sign in Kuru, higher cortical functions are

often spared. However, memory loss and disorientation have been reported, thus
indicating dementia at an advanced stage of the disease in some cases (Prusiner et al.,
1982b). Kuru, as with all TSE diseases, is invariably fatal, and the clinical duration is 3
to 16 months from onset (Gajdusek and Zigas, 1957; Gajdusek, 1985; Prusiner et al.,
1982b). CJD predominantly presents with progressive dementia, with cerebellar and
visual deficits. Although the age of onset of CJD is 50 - 60 years, a few cases have
been reported in teenagers with sCJD (Brown et al., 1985; Berman et al., 1988; Britton
etal., 1995).
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1.1.4 Transmissibility Of The TSE diseases.
In the late 1950s, the neuropathological similarities shared by Kuru and scrapie were

noted by light microscopy (Hadlow, 1959), and between CJD and scrapie (Klatzo et al.,
1959). Following this, and based on the earlier demonstration of transmissibility of
scrapie to healthy sheep and goats (Cuille and Chelle, 1936), studies of Kuru and CJD
intensified, with renewed efforts made to transmit these diseases to laboratory animals.
In 1966, chimpanzees which had been inoculated intracerebrally with homogenates of
brain tissue from Kuru affected individuals developed a disease (Gajdusek et al., 1966).
This disease was found to have the same neuropathological features as the human Kuru
victims (Beck et al., 1966). It was subsequently found that the disease could be serially
transmitted from chimpanzee to chimpanzee using homogenates from brain, or visceral
tissues, by either intracerebral or peripheral routes of inoculation (Gadjusek et al.,
1967). The incubation period was found to range from 14 to 39 months following
primary transmission, but fell to 10 to 12 months on subsequent passage, where the
incubation period stabilised (Gajdusek and Gibbs, 1973). The transmissibility of CJD
to chimpanzees after intracerebral inoculation was also established in 1968 (Gibbs et al.,
1968), and, primarily as a result of these early experiments, the term "transmissible" is
now used to describe this broad group of spongiform encephalopathies.

To date, the experimental transmissibility of all TSE diseases has been demonstrated
in a wide variety of host species. However, the common observation of prolonged
incubation periods on primary transmission to a different species (shortening and
stabilising on subsequent serial passages) has been documented for some time (Pattison
and Jones, 1968). This species-barrier effect is discussed in greater detail in Section
1.1.8.

This experimental transmission to laboratory animals, particularly rodents, has
enabled a detailed analysis ofmany features of the TSE diseases, such as pathogenesis.
Typically, experimental inoculation results in a long asymptomatic pre-clinical phase in
rodents of up to one year or more (Scott, 1993), followed by a relatively short period of
illness and finally death.

One of the most intriguing features of experimentally induced TSE diseases in
rodents is the precise timing of disease onset under strictly controlled conditions. For
example, inbred mice inoculated with the same dose and strain of TSE agent develop
clinical signs of disease within days of each other. The pathogenesis of disease in these
animals, including incubation period, is predictable over the long periods involved if
various factors are controlled (Dickinson, 1975). These include the genotype, age and
sex of the host, the genotype of the donor source, the route of inoculation and the strain
and titre of the inoculated agent (Dickinson, 1975).
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Indeed, estimates of agent titre has been made possible by the reproducibility and
small standard error of incubation periods in mice and hamsters, and is typically
achieved by use of endpoint titration (Chandler, 1961; Dougherty, 1964) and/or
incubation time interval (Prusiner, 1982c) assays. Endpoint titration assay is determined
by the highest serial dilution of crude brain homogenate which results in 50% of
inoculated mice developing signs of disease. The incubation time interval assay is based
on early observations that incubation periods are related to the dose of agent (Dickinson
et al., 1969) and the assay is based on incubation periods alone. The two methods
produce similar results (Prusiner et al., 1982c).

There is also some evidence to suggest that this precise control and timing of
incubation period observed in experimental disease also occurs in the human TSE
diseases. Cases of Kuru, which have been traced back to individuals sharing in the
same cannibalistic meal, have resulted in the disease developing in individuals within
months of each other, even after prolonged incubation periods of up to 30 years

(Klitzman et al., 1984).

1.1.5 The Nature Of The Infectious Agent.

1.1.5.1 Disease-Specific PrPSc.
During studies of TSE infected brain tissue, abnormal scrapie-associated fibrils

(SAF), composed of paired helical filaments 100-1000 nm in length, were described in
scrapie and CJD infected brain (Merz et al., 1991). It was subsequently determined that
the primary component of these structures was a glycosylated protein of 27-30 KDa (if
proteinase K was included in the purification procedure), and 33-35 KDa in its native
form (Prusiner, 1982a). In detergent-treated preparations, 100-200 nm long rods (prion
rods) have been described (Bolton et al., 1982), but probably form artefactually as a

result of the purification procedure used. However, these purified samples of SAF, or
rods, were found to be highly infectious, and resistant to Proteinase K treatment.

Indeed, during the enrichment of fractions from scrapie infected hamster brain for
infectivity, it was discovered that this protein co-purifies with infectivity (Bolton et al.,
1982, Prusiner, 1982a). Additionally, procedures which modify nucleic acids had no

effect on agent titre (Prusiner, 1982), consistent with early observations that UV and
ionising radiation had no effect on infectivity (Alper et al., 1967), while prolonged
protease-treatment was found to reduce agent titre (Bolton et al., 1982; McKinley et al.,
1983). These findings strongly support suggestions that this protein was the primary,
or even sole, component of the infectious agent. This TSE-specific, protease-resistant
protein is referred to as PrPSc, prp27"30 or PrPres.
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Following the discovery of PrPSc and the production of antisera (Bendheim et al.,
1984), it was subsequently demonstrated that this protein is present, and accumulates, in
brains from CJD (Bockman et al., 1985), GSS and Kuru (Brown et al., 1986) affected
humans, natural and experimental scrapie (Rubenstein et al., 1987), BSE (Hope et al.,
1988b), and experimentally infected mice (DeArmond et al., 1985; Kascsak et al., 1985;
Kascsak et al., 1986; Hope et al., 1988a). These results demonstrate the in vivo
relevance and specificity of this protein to the TSE diseases, although, as discussed in
the previous section, the extent and severity of PrPSc accumulation in the brain of TSE-
infected individuals varies extensively.

The successful purification of PrPSc enabled the N-terminus to be sequenced
(Prusiner et al., 1984), allowing the isolation of cDNA clones from libraries derived
from scrapie-infected hamsters and mice (Oesch et al., 1985; Chesebro et al., 1985;
Basler et al., 1986; Locht et al., 1986). Surprisingly, it was discovered that PrPSc was

not the product of a virally-encoded gene, but instead that it was host-encoded (Oesch et

al., 1985; Basler et al., 1986). PrPSc (PrP27*30) was determined to be a protease-resistant
isoform of normal, host encoded, PrP33"35 (or PrPc) and was derived from it by limited
proteolysis during purification procedures (Oesch et al., 1985). It therefore became
clear that both TSE infected and uninfected animals express prp33 35 but, whilst the
disease form was insoluble in non-denaturing detergents and partially protease-resistant,
the normal host isoform was soluble and completely degraded by mild protease
treatment.

Whilst it was clear that PrPSc was specific to the TSE diseases, the demonstration of
a normal host-encoded isoform clearly required explanation. In order to accommodate
this observation, a variety of experiments ensued in an attempt to explain the differences
in chemical properties of PrPc and PrPSc in terms of post-translational modifications. It
was found that both isoforms exhibit the same mobility by SDS-PAGE and the same

antigenicity (Oesch et al., 1985; Barry and Prusiner, 1986). Both isoforms also
undergo N-terminal signal peptide cleavage (Basler et al., 1986; Hope et al., 1986),
glycosylation (Caughey et al., 1988) and addition of a glycosylphosphatidylinositol
(GPI) anchor at the C-terminus (Stahl et al., 1990). However, it was determined that
PrPc has a half-life of 3-6 hours, whereas PrPSc is synthesised more slowly
(approximately 15 hour turnover), prompting the suggestion that PrPSc is post-

translationally derived from PrPc (Borchelt et al., 1990).
The lack of supporting evidence to suggest post-translational modifications between

PrPc and PrPSc prompted a search for potential conformational differences. Indeed,

spectroscopic studies successfully determined that PrPc has an a-helical content of
42% and a (3-sheet content of 3%, whereas PrPSc contains 30% a-helix and 43% 13-
sheet (Pan et al., 1993).
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Although it is likely that the conversion of PrPc to the disease-specific PrPSc
isoform is a key process in the pathogenesis of the TSE diseases, the precise nature of
the agent causing the TSE diseases remains unknown. Consequently, for the latter half
of this century researchers have been actively discussing, and attempting to elucidate, the
nature of the infectious agent, giving rise to a variety of hypotheses, none of which has
been convincingly proven.

Since the mid-1960s it has been clear that treatments which would potentially
destroy any nucleic acid present, such as UV or ionising irradiation (Alper et al., 1967)
have very little effect on infectivity, whilst manipulations that modify proteins do reduce
agent titre. Despite this, the existence of multiple distinct strains of scrapie (See Section
1.1.6), with characteristic patterns of pathogenesis and neuropathology (Fraser, 1976;
Bruce and Fraser, 1991), argues for the existence of an infectious agent with an

independent genome.
These early observations have led to two distinct hypotheses regarding the nature of

the infectious agent and its mode of replication, namely that, (a) the agent is completely
devoid of nucleic acid and is composed solely of PrPSc (the protein-only, or prion,
hypothesis; Prusiner, 1982), or (b) the agent is an as yet unidentified, conventional virus.

1.1.5.2 The Prion Hypothesis.
The prion hypothesis (See Figure 1.1) postulates that the infectious agent (termed

prions) consist solely of PrPSc, a protein which is capable of self-replication, a

phenomenon first described in 1967 (Griffith, 1967) and subsequently refined in 1982
(Prusiner, 1982). It is suggested that the infectious agent, PrPSc, initiates conversion of
PrPc to the abnormal isoform by a process that remains to be understood. The initial
event of inoculation with PrPSc, or spontaneous de novo conversion of PrPc to PrPSc,
would provide the basis for an autocatalytic reaction which results in the characteristic
accumulation of PrPSc. The presence of PrPc is a prerequisite for infection according to
this model (and alternative models) and indeed, mice which do not express PrPc are

resistant to experimental scrapie infection (Beuler et al., 1993; Manson et al., 1994a;
Sakaguchi et al., 1995).

The Prion hypothesis, however, requires adequate explanation of the process by
which PrPSc would be capable of self-replication, and two mechanisms have been
postulated to account for this.
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The first of these is the "conformational model", or "template hypothesis", which
proposes that PrPc and PrPSc are stable conformational isomers and that onset of
disease is controlled by a conformational change from PrPc to PrPSc (Prusiner, 1991).
Upon initial formation of PrPSc, it would associate with a PrPc molecule to produce a

heterodimer, which then transforms into two molecules of PrPSc. According to this
model, the formation of PrPSc would be autocatalytic, with exponential propagation.

The second is the "nucleation dependent polymerisation model", which states that
the formation of PrPSc acts as a seed, or nucleus, which, when a 'critical concentration'
is reached, results in nucleation and is followed by rapid propagation of PrPSc (Jarrett
and Lansbury, 1993).

In vitro conversion of radiolabeled recombinant PrPc to PrPSc has been

demonstrated in a cell-free system (Kocisko et al., 1994; Caughey et al., 1995), thus
lending weight to the prion hypothesis. However, definitive proof of the prion model
would be the synthesis in vitro of PrPSc and the subsequent demonstration of infectivity,
which to date has not been achieved.

It has been documented that the construction of mice expressing a transgene

containing a P101L mutation (homologous to codon 102 in PRNP linked to GSS; See
Section 1.2.3) spontaneously develop neurodegeneration similar in pathology to GSS
(Hsiao et al., 1990), and that the disease was transmissible (Hsiao et al., 1994), again
lending considerable weight to the prion hypothesis in that de novo synthesis of
infectious prions was achieved in the absence of inoculation.

1.1.5.3 The Virus And Virino Hypotheses.
The existence of multiple strains of scrapie (See Section 1.1.6) is considered to

provide evidence to suggest that the TSE agent carries genetic information, encoded by
an independent nucleic acid genome (Bruce & Dickinson, 1987; Rohwer, 1991), and

coding at the very least for proteins required for pathogenesis and replication.
Proponents of the viral hypothesis suggest that the ineffectiveness of nucleic acid-
modifying procedures to affect agent titre can be explained by the protective viral coat,
being susceptible to proteases but protecting the nucleic acid genome. Based on

radiosensitivity of various viruses, the size of the postulated TSE agent genome has been
estimated to be 1.5 x 106 Da or 0.9 x 106 Da, depending on whether it is double-
stranded or single-stranded (Rohwer, 1991). It is interesting to note that porcine
circovirus, an autonomously replicating vims, has a single-stranded nucleic acid genome

of 0.58 x 106 Da (approximately 2000 nucleotides; Tischer et al., 1982).
It has also been postulated that the TSE agent informational molecule consists of a

complex of an independent nucleic acid genome, and host derived protein (PrP) which is
recruited as a protective coat (Dickinson and Outram, 1988). In addition to accounting
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for TSE strain diversity and susceptibility to protein, but not nucleic acid, modifying
treatments, this "Virino" hypothesis (See Figure 1.1) also accomodates the apparent
lack of a host immune response in the TSE diseases.

Intensive efforts to isolate TSE-specific nucleic acids have been largely
unsuccessful, although, as a result of these studies, many genes have been identified as

being differentially expressed in TSE-infected brain, such as glial fibrillary
acidicprotein, metallothionein n, a-crystallin, and transferrin (Duguid et al., 1988;
Duguid et al., 1989). However, none of these nucleic acids are TSE specific. The lack
of success in the isolation of TSE-specific nucleic acids, which might validate the virus
or virino hypotheses, is often regarded as yet more compelling evidence for the prion
model. It is frequently stated that, except for PrPSc, no other macromolecule has been
isolated in TSE-infected brains that is specific for these diseases (eg. Prusiner, 1998),
and such is the widely-held belief in the prion model that evidence which contradicts, or
questions it, are considered with skepticism. For example, it has been shown that
nucleic acids isolated from CJD brain sucrose gradient fractions, highly enriched for
infectivity (and which contained reduced levels of PrP), were neither present in
uninfected brain fractions, nor indeed in the hamster genome (Dron and Manueldis,
1996). This clearly demonstrates the presence of potentially foreign macromolecules,
perhaps representing part of the TSE agent genome, which are specific to the TSE
infected brain.

It is clear therefore that the precise nature of the infectious agent causing the TSE
diseases, whether it be a prion, virus or virino, is an issue that remains to be conclusively
resolved.

1.1.6 Scrapie Strains.
In the early 1960s, when sheep scrapie was experimentally transmitted to, and

serially passaged in goats from the same herd, two strikingly different clinical
syndromes, termed "scratching" or "drowsy" resulted (Pattison and Millson, 1961).
The clinical and neuropathological differences noted between these two syndromes were

maintained upon goat to goat serial passage and these early results gave rise to the
notion that multiple biological strains of scrapie exist. Following on from these
experiments, experimental transmission and serial passage of scrapie from a wide
variety of natural and experimental sources to mice has provided overwhelming evidence
for the existence of scrapie strains. More than 20 different scrapie strains have been
isolated by serial passage in different lines of inbred mice. Each strain has its own

distinct disease characteristics in addition to defined incubation periods, such as the
targeting and severity of neuropathological changes in the brain (Fraser, 1976; Bruce
andFraser, 1991).
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1.1.6.1 Incubation Periods And Lesion Profiling.

Incubation periods in experimental serial passages are highly reproducible, varying
according to the strain of scrapie and the particular inbred mouse host used (See Figure
1.2). These strains also differ markedly in the neuropathological changes that they
produce (Fraser, 1976), exhibiting a characteristic distribution and pattern of vacuolation
in the brain. This has allowed the development of a quantitative assay to discriminate, or
'type' scrapie strains passaged in inbred mouse lines (lesion profiling; Fraser and
Dickinson, 1968; Fraser and Dickinson, 1973), in addition to the use of incubation
periods. Lesion profiling has the added advantage over the use of incubation periods to
discriminate scrapie strains in that it is not dose-dependent (Bruce and Fraser, 1991).

Striking differences in incubation periods are evident for any particular scrapie
isolate serially passaged in different inbred mice (Fraser and Dickinson, 1968; Bruce
and Fraser, 1991). This indicates that, in addition to factors such as the route of
inoculation and titre and strain of agent, host genotype is a major determinant of
incubation period.

Figure 1.2: Incubation periods of various scrapie strains in inbred mouse
lines. Illustrates that (i) distinct scrapie strains are characterised by different
incubation periods in the same line of inbred mouse, and (ii) the incubation period
of a particular scrapie strain passaged in different lines of inbred mice varies
(adapted from Bruce and Fraser, 1991).
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1.1.6.2 Strain Variation And PrPSc.

The pattern and distribution of PrPSc accumulation in different brain areas also
varies according to individual scrapie strains (Bruce et al., 1989), and strain variation in
other TSE diseases transmitted to mice has also been demonstrated (Marsh and
Kimberlin, 1975; Mohri et al., 1989; Kitamoto et al., 1990). In addition, there is
evidence that distinct scrapie strains differ in their resistance to thermal inactivation
(Dickinson and Taylor, 1978), and biochemical analysis of two strains of TME
("hyper" and "drowsy") has revealed that they differ in susceptibility to proteolytic
degradation (Bessen and Marsh, 1994). It has also been shown that distinct scrapie
strains differ markedly in their migration patterns through SDS-PAGE gels, providing
another possible mechanism of discrimination of strains, and suggesting that strain
characteristics might possibly be encoded by a combination of PrPSc conformation and
differential glycosylation (Collinge et al., 1996).

The precise targeting, distribution and severity of pathological changes associated
with distinct scrapie strains is one of the most intriguing features of TSE disease
pathogenesis. However, the biological mechanisms which govern this are not presently
understood.

1.1.7 Genetic Control Of Incubation Periods.

1.1.7.1 Sine, Sip And Prn-i.

In the mid-1960s, an inbred strain of mouse (VM/Dk) was identified which had an

incubation period almost twice as long as other strains of mice, when inoculated with a

particular scrapie isolate (Dickinson and MacKay, 1964). The major gene controlling
incubation period was designated Sine, and encodes two alleles, s7 and p7, which
specify short and long incubation periods respectively (Dickinson et al., 1968).
Similarly, large differences were noted in incubation period between the inbred NZW
and I/LnJ mouse strains when inoculated with the Chandler scrapie isolate. The major
gene controlling incubation period was designated Prn-i and encoded two alleles,
specifying short and long incubation periods (Carlson et al., 1986).

Subsequent Restriction Fragment-Length Polymorphism (RFLP) analysis of a

murine Prn-p restriction fragment demonstrated a segregation of Prn-p with incubation
time, and thus indicated linkage between Prn-p and Prn-i (Carlson et al., 1986; Hunter
et al., 1987). The two alleles were termed Prn-pa (specifying short incubation period
and producing the PrP-A allotype) and Prn-pb (specifying long incubation period and
producing the PrP-B allotype). The same principle has been used to indicate linkage
between the PrP gene and Sip, the ovine homologue of Sine/Prn-i (Hunter et al., 1989).
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It has long been considered that Sine, Prn-i (and indeed Sip) and Prn-p are one and
the same (Westaway etal., 1987; Hunter et al., 1992), and to investigate this possibility,
Westaway and colleagues cloned Prn-p from NZW (Prn-p*) and I/LnJ (Prn-ph) mice
(Westaway et al., 1987). Sequence analysis of these clones suggested a molecular basis
for Prn-i, or Sine. Prn-pa (and Sincsl) NZW mice and Prn-ph (and Sincpl) I/LnJ mice
were shown to differ with respect to amino acids encoded at positions 108 and 189 of
the PrP protein, Prn-pa encoding 108L/189T and Prn-ph encoding 108F/189V
(Westaway et al., 1987).

1.1.7.2 The Effects Of Prn-p codons 108 And 189 Polymorphisms.
To determine whether these codon polymorphisms encoded Prn-i, or Sine, a cosmid

clone of Prn-p° (and Sincpl) was introduced onto a Prn-pd (and Sincsl) background
(Westaway et al., 1991). However, instead of a prolonged incubation period, as

observed in (Prn-pd x Prn-pb)F1 mice (Carlson et al., 1988; Wesatway et al., 1991),
when challenged with scrapie isolates, transgenic lines with varying transgene copy

numbers revealed a surprising shortening of incubation periods by 126 to 148 days
(Westaway et al., 1991). Analysis of PrP mRNA and PrPc determined that levels
increased with transgene copy number (Westaway et al., 1991) and suggested that
Prn-p gene dosage can dramatically alter scrapie incubation periods (this is discussed
further in Section 1.2.4.).

The experiments by Westaway et al. (1991) were unsuccessful in elucidating
whether or not these amino acid polymorphisms encode Prn-i, or Sine. Definitive proof
that these codon polymorphisms encode Sinc/Prn-i was provided recently, when Moore
and colleagues utilised a double-replacement gene targeting strategy to produce mice in
which the Prn-pd allele was altered to express PrP-B rather than the PrP-A allotype
(Moore et al., 1998). Codon 108L to 108F and 189T to 189V substitutions were the

only alteration produced in these mice, and it was determined that expression of the PrP-
B allotype was sufficient to confer the short incubation period observed in control PrP-
B mice when challenged with a mouse-adapted BSE isolate. They also found that
vacuolar changes, neuronal loss and deposition of PrPsc were influenced by these
modifications, consistent with previous observations on the effect of host genotype on

neuropathological changes in experimentally transmitted scrapie (Fraser, 1976; Bmce
andFraser, 1991).

While these results finally prove that Sine, Prn-i and Prn-p are congruent, it still
remains to be determined whether one, or both, of these amino acid polymorphisms
contribute to control of incubation period. As such, it will be interesting to further
dissect the mechanism of host Prn-p gene control of incubation period by determining
the effect of these codon polymorphisms individually on disease pathogenesis.
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1.1.7.3 Other Polymorphisms.

Mutations linked to experimental TSE incubation periods have also been
demonstrated in three different species of hamsters. In these, sequence analysis of the
PrP gene revealed substitutions at eleven positions between amino acid codons 102 and
112, some of which might account for the different incubation periods observed
following inoculation with a hamster-adapted TSE strain (Lowenstein et al., 1990).

Codon polymorphisms in PRNP may also influence disease pathogenesis in
humans. In this context it is interesting to note that 95% of Europeans with sCJD are

homozygous for Methionine (M) or Valine (V) at codon 129 (Carlson, 1998) and also
that all reported nvCJD cases have occurred in individuals homozygous for Methionine
(Collinge et al., 1996a) In contrast, the population frequency at codon 129, is 12% V/V,
33% M/M and 51% M/V (Palmer et al., 1991). The effect of known PrP gene

mutations on the development of disease is discussed in greater detail in Section 1.2.3.

1.1.8 The Species Barrier.
It has been documented for some time that on primary transmission of a TSE agent

to a new host species, passage is often characterised by prolonged incubation periods
(which subsequently shorten on serial passages to that of all further passages), a

phenomenon referred to as the "species barrier" effect (Pattison and Jones, 1968;
Dickinson, 1976; Kimberlin, 1979).

The replication of PrPSc in the new host reflects the sequence of host PrPc and not
that of the donor-derived PrPSc in the inoculum (Bockman et al., 1987), suggesting that
the species barrier phenomenon can be explained by the PrPSc component of the agent

being less efficient in contributing to infection in the new host species than the one from
which it was derived. As a consequence, the interaction of host PrPc with PrPSc in the
inoculum is thought to be a key step in the initiation of disease pathogenesis. Indeed,
the protein-only hypothesis suggests that this species barrier effect is a result of PrPc
amino acid differences between donor and host, thus affecting conversion efficiency.
This might suggest that, the more closely related the donor and host PrPc, the less the
species barrier effect.

1.1.8.1 Transgenic Analysis Of The Species Barrier.
The species barrier that exists on experimental transmission of the hamster agent to

mice has been found to be abrogated when transgenic (Tg) mice, expressing Syrian
Hamster (SHa) PrP transgenes, have been challenged with the hamster-adapted agent.
These Tg(SHa) mice were found to be susceptible to the hamster agent, and exhibited
neuropathology closely resembling that of control hamsters inoculated with the hamster
agent (Scott et al., 1989; Prusiner et al., 1990).
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Serial transmission of brain homogenates from these diseased transgenic animals
determined that, when inoculated with hamster TSE agent, animals only replicated the
hamster agent (ie. produce hamster PrPSc), and conversely, Tg(SHa) mice inoculated
with mouse TSE agent only replicated the mouse agent, or mouse PrPSc (Scott et al.,
1989; Prusiner et al., 1990).

These initial results suggested that de novo replication of the TSE agent requires an

interaction between host PrPc and donor-derived PrPSc, and that differences in the

primary sequence of host PrPc may provide an explanation of the species barrier effect
at the molecular level (Scott et al., 1989; Prusiner et al., 1990). Indeed, amino acid

sequences of PrPc from a variety of species show that they differ at a number of
residues (See section 1.2.2)

Primary transmission of human TSE agents to rodents often results in only
approximately 10% of inoculated rodents developing disease (Telling et al., 1995). In
attempts to overcome this species barrier effect, transgenic mice expressing high copy

numbers of a human PRN-P transgene were constructed. However, even although they
expressed human (Hu) PrPc at levels 4- to 8-fold higher than the endogenous mouse

(Mo) PrPc, they were relatively resistant to challenge with the human TSE agent (Telling
et al., 1994). This effect is abrogated on ablation of the endogenous mouse PrP, which
suggests that the presence of mouse PrPc inhibits propagation of the human agent in
Tg(HuPrP) mice (Telling et al., 1995). However, this is in contrast to results obtained
in another transgenic line harbouring multiple copies of the same human transgene,
where challenge with human CJD isolate successfully resulted in susceptibility to, and
propagation of, the human agent (Collinge et al., 1995).

It has been documented that it is possible to transmit either hamster or mouse-

adapted agents to transgenic mice expressing a chimeric SHa/Mo PrP transgene (Scott
et al., 1992, Scott et al., 1993). Similarly, the human TSE agent can be transmitted to
mice expressing a chimeric Hu/Mo PrP transgene, designated MHu2M, (Telling et al.,
1994, Telling et al., 1995). The susceptibility of Tg(MHu2M) mice to the human TSE
agent indicates that the species barrier effect observed in Tg(HuPrP) mice challenged
with human TSE agent resulted from a difference of nine, or less, amino acids which
reside outwith the region between codons 96 and 167 and which were not included in
the Mo/Hu chimeric transgene (Telling et al., 1994).

It is therefore possible that the species barrier phenomenon can be explained, at least
in part, by the efficiency of interaction between PrPSc in the inoculum and host PrPc.
The amino acid sequence of host PrPc may be both the primary determinant, and a key
factor in the initiation and progression of disease pathogenesis.
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1.2 The Prion Protein.

1.2.1 The Prion Protein Gene.

1.2.1.1 Chromosomal Location.

Mouse and human PrP genes have been mapped to syntenic regions on mouse

chromosome 2 (Sparkes et al., 1986; See Figure 1.3) and human chromosome 20
(Sparkes et al., 1986; Liao et al., 1986) respectively. This gene has also recently been
mapped, by Fluorescent In Situ Hybridisation (FISH), in cattle, buffalo, sheep and goat

(Iannuzi et al., 1988).

Pax8( 10.5) —

Abl (20.8) —

Acra (43.5)

Wtl (58.0)

B2m (68.8)

Paxl (82.0)

Src (91.0)

Pcna

Prn-p
Chcb

Bmp2

114.0

Figure 1.3: Physical location of the Prn-p locus. Mapping data adapted from
Peters et al. (1998), illustrating the physical location of the Prn-p locus on murine
chromosome 2. Mapping distances are shown in centimorgans (cM).
Gene abbreviations are as followed: Pcna, Proliferating cell nuclear antigen; Prn-p,
Prion protein gene complex; Chcb, Chromogranin B; Bmp2, Bone morphgenetic
protein 2; Pclb, Phospholipase C Beta-1; Pclb4, Phospholipase C Beta-4; Pax8,
Paired box gene-8; Abl, Ableson leukemia oncogene; Acra, Acetylcholine receptor
alpha subunit; Wtl, Wilms tumour homologue; B2m, Beta-2 microglobulin; Paxl,
Paired box gene-1; Src, Rous sarcoma oncogene.
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1.2.1.2 Structure of the PrP gene.

The genomic organisation of the PrP gene varies both within and between species
(See Figures 1.4 and 1.5). The isolation and comparison of cDNA and genomic DNA
clones has shown that mouse, sheep and cattle PrP genes consist of three exons (eg.
Westaway et al., 1987; Westaway et al., 1994a; Horiuchi et al., 1998; Lee et al., 1998).
Whilst it has been thought for some time that hamster PrP lacked the second small non-
coding exon (Basler et al., 1986; Westatway et al., 1994a), this exon has recently been
identified, and shows 83% identity to mouse exon 2 (Li and Bolton, 1997). Expression
analysis has revealed that hamster mRNA transcripts containing alternatively spliced
exon 2 are in fact a lower abundance species compared to those containing exons 1 and
3 (approximately 30 - 50%). The human PrP gene was also thought to lack this second
non-coding exon (Westaway et al., 1994a; Puckett et al., 1991), but recently a potential
small non-coding exon has been discovered in intron 2 by sequence analysis, although
the in vivo relevance of it is as yet unknown (Lee et al., 1998).

The transcriptional start site of PrP is variable in mice, and has been shown to be
between 30 and 60bp upstream of the exon 1/intron 1 boundary (Westaway et al.,
1987). Similarly, it has been shown that exon 2 is between 56 and 82 nucleotides in
hamsters (Basler et al., 1986), 134 nucleotides in humans and 52 nucleotides in sheep
(Lee et al., 1998). It has also recently been demonstrated that cattle transcribe two
forms of exon 1 (53 and 168 nucleotides in length), being transcribed from the same

start site but differing in usage of splice site for exon 1/intron 1 (Horiuchi et al., 1997).
The second small non-coding exon is 98 - 99 nucleotides in size, and the size of

exon 3 varies across species, ranging from between 2 to 2.4 Kb in mice, humans and
hamsters and to approximately 4 Kb in cattle and sheep. The longer exon 3 of cattle
and sheep appears to result from the insertion of transposable elements into the 3' UTR
(Lee et al., 1998).

1.2.1.3 Exon 3.

Although the protein coding region is of similar size (approximately 760
nucleotides) across species (Goldmann et al., 1990), the number and size of exons
varies. In all species analysed to date, the PrP gene consists of at least a small non-
coding 5' exon and a larger 3' exon which contains the entire ORF. The third exon

includes a region of lObp which contributes to the mRNA 5' UTR (between the 3'
splice site of intron 2 and the ATG start codon) and which is well conserved in hamster
(Basler et al., 1986), mouse (Westaway et al., 1987), sheep (Goldmann et al., 1990) and
cattle (Inoue et al., 1997). Approximately the first 170 bp of the ORF is very GC-rich
and encodes glycine-rich octa/nonapeptide repeats which are characteristic of the
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N-terminus of all PrPc proteins (See Figure 1.7). The protein coding region is followed
by the 3' UTR, which is of variable length in different species.

A curious feature of the PrP gene is the existence of a large continuous ORF on the
antisense strand of the PrP ORF, reading in the opposite direction of PrP (Goldgaber,
1991). Indeed, phylogenetic analysis of PrP from 45 different species reveals
significant conservation of this anti-PrP ORF. This also appears to be a phenomenon
found in a number of Hsp70 genes from bacteria to mammals (Rother et 1997).
Using radiolabeled sense and antisense riboprobes, Hewinson et al (1991) noted the
detection of both sense and antisense mRNA transcripts in the brain, liver, lung, lymph
node, heart and spleen. However, all other expression data to date does not support
evidence for the presence of an anti-PrP mRNA transcript, at least in rodents (Manson
and Hope, 1991; Moser etal., 1991; Manson etal., 1992,1992a). The presence of such
a transcript in Prn-p'1' brain, using a PrP probe lying entirely within the deleted region
(Moser etal., 1991) argues that the transcript detected by Hewinson et al. (1991) might
represent a highly homologous transcript. However, the potential existence of an anti-
PrP protein still remains to be resolved.
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1.2.1.4 PrP Gene Introns.

The size of intron 1 is similar in all species analysed to date (See Figure 1.4 and
1.5), and ranges from approximately 2 to 2.4 Kb, with the exception of humans, where
intron 1 is approximately 12.7 Kb (assuming the absence of a homologous exon 2).
Intron 2 varies in size between and within species. For example, it has been recognised
for some time that two variants of intron 2 exist in mice, Prn-pa and Prn-pb intron 2
being reported as approximately 18 Kb and 11 Kb in length respectively (Westaway et

al., 1994a). Although this variation in size was initially interpreted as being a 6 Kb
deletion in Prn-ph intron 2, it has recently been reported that it results from the
integration of a retroviral genome into the Prn-pa allele, and which contains a typical
LTR-gag-pol-env-LTR retroviral structure (Lee et al., 1998).

Deletion analysis of mouse introns 1 and 2 has recently defined putative promoter

regions which are required for efficient PrP transcription in vitro (See Figure 1.4), and
this is discussed in greater detail in Section 1.2.5.2.

1.2.2 The Prion Protein, PrPc.
The primary sequence of the PrPc protein is highly conserved across all species

analysed to date (See Figure 1.6) and is approximately 254 amino acid residues in
length.

As illustrated in Figure 1.7, the nascent polypeptide has a predicted N-terminal
signal peptide of 22 amino acids, two glycosylation sites at asparagine residues 181 and
197 in human and hamster PrPc and residues 180 and 196 in mouse (Endo et al., 1989;
Lehmann and Harris, 1997), and an intrachain disulphide bond between cysteine-179
and cysteine-214 (Turk et al., 1988). The C-terminal residues 232-254 are removed
from the nascent polypeptide and a phosphatidylinositol-linked glycolipid (GPI)
covalently attached to the newly exposed C-terminal residue (determined to be serine-
215 in hamster)(Stahl et al., 1987; Stahl et al., 1990a). The N-terminus is characterised

by the occurrence of two repeats with the hexapeptide sequence GG(S/N)RYP and five
repeats with the octa/nona-peptide sequence P(H/Q)GGG(-/T)WGQ. The number of
these octa/nona-repeats varies between species, most having five, but cow having five or

six (Goldmann et al., 1991) and two CJD pedigrees having six or nine copies (Owen et

al., 1990).
The mature PrPc polypeptide is therefore 208 residues in length, glycosylated at two

potential sites and GPI-anchored to the cell-surface via serine-215. Intriguingly,
mutagenesis of the glycosylation sites has recently been shown to result in PrPc
acquiring various properties of PrPSc, such as detergent-insolubility and the formation of
a protease-resistant core (Lehmann and Harris, 1997).

25 Chapter 1: Introduction.



1.2.2.1 Topology Of PrPc.
Although PrPc is generally regarded as a protein anchored to the cell surface via a

GPI moiety, it is interesting to note that residues 115-134 of the N-terminal region have
been predicted to be hydrophobic, and as such could potentially span the lipid bilayer
(Bazan et al., 1987). Indeed, early in vitro translation studies revealed the presence of a
transmembrane form of PrPc in addition to the GPI-form (represented in cell-free
studies as being fully translocated; Hay et al., 1987). The sequence between residues
97 and 114 (designated Stop Transfer Effector, or STE) was subsequently shown to

govern the alternative fates of PrPc (Lopez et al., 1990). In addition, it was shown that
two transmembrane forms existed, one with the C-terminus in the lumen and the N-
terminus accessible to proteases (C-terminal transmembrane form), and the other with
the N-terminus in the lumen and the C-terminus accessible to proteases (Hay et al.,
1987; Lopez et al., 1990). The potential for these different topological forms of PrPc is
intriguing. The in vivo significance of the former potential transmembrane form has
recently been demonstrated in Prn-p~'~ mice expressing transgenes with various
mutations in the STE. These mice, which produce approximately 50% more of the C-
terminal transmembrane form, develop spontaneous neurodegeneration with vacuolar
change in the absence of detectable PrPSc (Hegde et al., 1998). On studying a particular
kindred of GSS, with a mutation in this region (A117V), Hegde and colleagues also
determined that there were high levels of this C-terminal transmembrane form relative to

normal controls (Hegde et al., 1998). This therefore raises the possibility that abnormal
metabolism of PrPc, with respect to glycosylation and/or membrane topology, might
contribute to TSE disease pathogenesis.
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Figure 1.6: Multiple sequence alignment ofPrP amino acid sequences from various
mammalian species. The consensus sequence is indicated in bold upper case. Variant
residues are indicated in lower case and gaps introduced to optimise the alignment are
indicated by Mouse codons 108L/F and 189T/V linked to experimental prion disease
incubation control (Westaway et al., 1987; Moore et al., 1998) are indicated in red.
Swissprot accession numbers of PrPc sequences are U08300 (Gorilla), M13899 (Human
129Mel allele), P40247 (Marmoset), P51446 (Spider monkey), M18070 (PrP4 NZW mouse),
M18071 (PrP® ILn/J mouse), K02234 (Syrian hamster), M33959 (Armenian hamster),
M202313 (Rat), X74758 (Goat), M31313 (Suffolk sheep),
P79142 (Red deer), D10613 (Cow), S46825 (Mink), L07623 (Pig) and Q95211 (Rabbit).

.
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1.2.2,2 Structural Features Of The PrPc Protein.

Following the initial demonstration that PrPc and PrPSc differed in conformation,
with PrPc having a high a-helix content (43%) and low (3-sheet (3%) and PrPSc having
a-helix content of 30% and a P-sheet content of 43% (Pan et aU 1993), much scientific
interest and effort has focused on elucidation of the secondary structure of PrPc. As a

result, recent NMR structure predictions of full-length mouse and hamster PrP have
indicated that the N-terminal region, up to position 128 and containing the repeat

sequences, is flexible and lacks identifiable structure (Riek et al., 1997; Donne et al.,
1997).

1 30 70
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Figure 1.7: PrP0 structural features and post-translational modifications.
Cleaved N-terminal and C-terminal peptides are indicated in red and blue
respectively. Using recombinant PrP°, a variety of NMR studies have indicated the
presence of three regions of a-helix (A, B & C in hamster; 1, 2 & 3 in mouse) and
two short p-strands (A & B in hamster; 1 & 2 in mouse).
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NMR studies on both a full-length (21-231) and C-terminal fragment (121-231) are

in agreement that PrPc is characterised by three regions of a-helical stmcture and two
short (3-strands. PrPc forms a two-stranded antiparallel (3-sheet (Riek et al., 1996; Riek
et al., 1997), with a-helices spanning residues 144-154, 179-193 and 200-217 and (3-
strands spanning residues 128-131 and 161-164. As indicated on Figure 1.7, structural
studies of recombinant hamster PrPc have revealed helical structures similar to those

found in mouse PrPc, with the exception that they appear to span more residues, and the
possible existence of two (3-strands, between 160-163 and possibly between 137-140
(James et al., 1997; Donne et al., 1997). NMR structural determinations of PrPc are in

good agreement with the original observations of 43% a-helix and 3% P-sheet (Pan et

al., 1993).
It has been documented that human PrP mutations occur either within or adjacent to

regions of secondary structure (Prusiner et al., 1998). However, in contrast, it has also
been stated that there is no clustering of mutations that would indicate disease-specific
subdomains of PrPc (Riek et al., 1998).

1.2.3 Mutations And The Development Of TSE Disease.
To date, approximately twenty different mutations in PRNP, all of which result in

non-conservative amino acid substitutions, have been demonstrated to segregate with
inherited TSE diseases (Prusiner, 1998). Some of these mutations are illustrated in

Figure 1.8.
The first of these to be discovered, the P102L mutation (Hsiao et al., 1989), has

since been demonstrated in several GSS families (Dohura et al., 1989; Goldgaber et al.,
1989; Kretzschmar et al, 1991). Indeed, in all familial cases of inherited TSE disease, a

mutation, in the form of a base-pair substitution or an insertion, can be demonstrated
(Prusiner, 1998).

As can be seen from Figure 1.8, the majority of these mutations occur within the 90-
231 coding region, which corresponds to PrP27"30, or PrPSc, in hamsters and mice. The
region from amino acid 128, has been proposed to form extensive secondary structure

(Riek et al., 1996; Riek et al., 1997; Donne et al., 1997; James et al., 1997). Although
there does not appear to be any clustering of mutations in any one particular region
(Riek et al., 1998), it is interesting to note that, in general, non-conservative substitutions
at the C-terminus of PrPc usually show synaptic deposition of PrPSc in CJD, whereas
those near the N-terminus show plaque-like deposits (Tateishi, 1995).
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Figure 1.8. Schematic illustration of the positions of some human PrP
coding region mutations associated with the development of TSE disease.
Regions that potentially form a-helices, as indicated by NMR (Helix 1-3/A-C) and
STE region are shown. Adapted from Tateishi (1995).

1.2.3.1 The P102L Mutation.

The human P102L mutation linked to GSS has been created in transgenic mice
overexpressing a chimeric mouse/hamster Prn-p transgene with a homologous mouse

P101L mutation (Hsiao etal., 1990). These mice were shown to spontaneously develop
a neurological disease at a mean age of onset of 166 days. They presented with
neuropathological changes such as vacuolar degeneration and astrogliosis, although no

PrP amyloid plaques were present (Hsiao et al., 1990). Subsequent studies indicated
that this disease was in some cases transmissible to rodents (Hsiao et al., 1994), and
thus apparently substantiating the prion hypothesis on the basis that spontaneous de
novo synthesis of infectious prions had been demonstrated. However, although these
experiments are significant in that they demonstrate that TSE disease can be of genetic
origin and also infectious, it is noteworthy to mention that transmission was only
successful to hamsters or other P101L transgenic mice.

In view of the development of spontaneous neurological disease in mice
overexpressing wild-type PrP transgenes (See Section 1.2.4; Westaway et al., 1994),
these experiments with transgenic mice expressing P101L PrP transgenes were later
repeated (Telling et al., 1996). Again, mice developed spontaneous neurological disease
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which was transmissible, whereas mice expressing wild-type PrP transgenes at the
equivalent levels did not.

1.2.3.2 Other PrP Mutations Linked To TSE Disease.

Other PRNP mutations linked to the development of GSS in humans include
A117V, F198S and Q217R substitutions (Dloughy et al., 1982; Dohura et al., 1989;
Hsiao., 1989). In the case of CJD, several mutations have been linked to the

development of disease, such as a E200K (Goldfarb et al., 1990). A non-conservative
N178D substitution has also been demonstrated in patients clinically diagnosed with
GSS and also FFI (Brown et al., 1992; Medori et al., 1992).

In addition to human PRNP mutations, some polymorphic variants of the PrP gene

have also been associated with natural scrapie in sheep (Goldmann et al., 1990; Hunter,
1998). Codons 136, 154 and 171 are related to the incidence of disease, and particularly
those homozygous for V, R and Q at these positions respectively (Hunter et al., 1996;
Hunter, 1998). However, the presence of scrapie-associated alleles in scrapie-free
flocks indicates that the disease is not a spontaneous genetic disease linked to PrP
genotypes alone (Hunter et al., 1997).

It is clear that non-conservative mutations in the PrP gene, whether familial or
sporadic in origin, might result in spontaneous de novo synthesis of PrPSc by altering
PrPc structure, and the generation of TSE disease. It is also possible that these
mutations might predispose individuals to infection via increased susceptibility to

disease, as might be the case for codon 129 methionine homozygotes in all nvCJD cases

observed so far (Collinge et al., 1996a).
However, known germline PRNP mutations by no means account for all cases

presenting with TSE disease. It is entirely possible that mutations lying outwith the
coding region may account for at least some apparently sporadic cases, perhaps by
interfering with activities of the PRNP gene such as transcription, splicing or translation.
The potential also exists for somatic mutations of PrP, within and/or outwith the protein
coding region.

1.2.4 Gene Dosage Effect Of PrP Expression.

1,2.4.1 Overexpression Of PrP.
The effect of Prn-p gene dosage was first discovered during experimental

inoculation, with hamster-adapted TSE agent, of mice harbouring varying copy numbers
of a hamster PrP transgene, (Scott et al., 1989; Prusiner et al., 1990). It was determined
that PrPc expression levels increased with transgene copy number, and that there was an

inverse relationship between incubation periods and level of PrPc, with mice harbouring
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approximately 60 copies of the transgene displaying signs of disease onset at 48 days,
compared to Syrian hamster controls (89 days). Additionally, during attempts to
elucidate the relationship between codon 108/189 polymorphisms to Prn-i (Westaway
et al., 1991), transgenic mice harbouring approximately 52 copies of the Prn-pb
transgene were found to have incubation periods of approximately 79 days, compared to

approximately 130 days for non-transgenic littermate controls when inoculated with the
Chandler scrapie isolate. These experiments clearly demonstrate the effect of PrPc
overexpression on the incubation period of experimental TSE.

1.2.4.2 Underexpression Of PrP.

Analysis of the effect of PrP expression levels has been extended with the relatively
recent production of Prn-p+'~ and Prn-p'1' mice by homologous recombination gene-

targeting. Mice heterozygous for the null mutation express PrPc at approximately 50%
of the wild-type level, and PrPc is undetectable in Prn-p'1' mice (Bueler et al., 1992;
Manson et al., 1994; Sakaguchi et al., 1995). In all Prn-p+,~ mice, a prolongation of
incubation periods have been reported on experimental challenge with TSE, and
complete resistance to disease has been reported for Prn-p'1' mice (Bueler et al., 1993;
Bueler et al., 1994; Manson et al., 1994a; Sakaguchi et al., 1995). Manson et al.
(1994a) have reported that the initial accumulation and distribution of PrPSc in Prn-p+''
brain is the same as in Prn-p+/+ mice, and that although the progression of PrPSc
accumulation was delayed in Prn-p+/' mice, the final distribution and severity of
neuropathology was equivalent to Prn-p+/+ mice. In contrast, Sakaguchi et al. (1995)
have documented that, following experimental inoculation, PrPSc levels in Prn-p+l' brain
are approximately half the level found in wild-type controls.

Mice harbouring a null mutation in the Prn-p gene, and which do not express PrPc,
are resistant to TSE infection (Bueler et al., 1993), further emphasising the importance
of PrPc expression levels on the onset and development of disease. The construction of
Prn-p'1' mice has also allowed investigation of whether PrPc is required for TSE agent

propagation. By titrating brain and spleen homogenates from Prn-p+/+ and Prn-p '' mice
at various timepoints post-inoculation and challenging panels of indicator mice, Bueler
and colleagues have demonstrated an absence of agent replication in Prn-p'1' mice
(Bueler et al., 1993).

1.2.4.3 The Role Of PrPc In TSE Disease.

The requirement of PrPc for onset of disease, and the gene-dosage effect on

incubation period is apparent. Brandner et al. (1996) have also elegantly demonstrated
the requirement of PrPc for onset of disease and neuropathology by grafting neural
tissue overexpressing PrPc into the brain of Prn-p1' mice and inoculating them with the
TSE agent. Whilst it was shown that the grafts developed scrapie-like pathology and
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harbored high levels of infectivity (as determined by challenging indicator mice) and
PrPSc, PrPc-defieient tissue remained free of pathology, even although there was

substantial migration of graft-derived PrPSc. These results raise the important indication
that neuropathology of the TSEs might not necessarily result from any potential
neurotoxicity of PrPSc.

Also of particular interest here is the reported in vivo effects of overexpression of
PrPc. Westaway et al. (1994) have documented the manifestation of a neurological
disease similar in nature to scrapie in mice harbouring high copy numbers of wild-type
mouse and hamster Prn-p transgenes and overexpressing PrPc. These mice present
with tremors, gait abnormalities, hind limb paresis and paralysis and ataxia.
Pathological analysis revealed vacuolation of the CNS (particularly in striatum
lacunosum, midbrain tegmentum, superior colliculus and molecular layer of the
hippocampus), and demyelination of the sciatic nerve and myopathy, which was obvious
throughout all skeletal muscles, particularly in the quadraceps.

The absence of PrPSc in these mice argues against inadvertent contamination with the
TSE agent and provides evidence for the effect of increased PrPc levels and the
development of a neuromyopathological disease.

Indeed, the evidence discussed here further widens the scope of the TSE diseases,
demonstrating the profound effect of Prn-p gene dosage. It is a distinct possibility that
susceptibility of humans, and animals, to the TSE diseases might reflect the endogenous
level of PrPc expression. For example, overexpression of PrPc in humans, which might
increase susceptibility to disease, accelerate incubation period or even produce
spontaneous disease, might result from PRNP promoter or enhancer mutations,
mutations in sequences controlling RNA stability or translation, or even physiological
situations that affect PrP expression (Westaway et al., 1994). These observations
therefore emphasise the importance of elucidating the mechanisms which govern the
control of PrP gene expression in vivo.

1.2.5 PrP Gene Expression.

The expression of PrP mRNA and PrPc is regulated both developmentally and in a

cell-type specific manner. However, the spatial and temporal expression patterns of PrP
mRNA forms the basis for Chapter 2 of this thesis , where it will be discussed in detail
and, consequently, only a brief overview will be given here.

1.2.5.1 Tissue And Cell-Type Distribution Of PrP Expression.
As can be seen from Figures 1.4 and 1.5, the precise size of PrP mRNA transcripts

varies between species, ranging from approximately 2.1-2.4 Kb in hamster, human and
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mouse to approximately 4.1 Kb in cattle and sheep. However, the highly conserved
ORF contained within a single exon results in a protein of approximately 254 amino
acid residues in all species analysed.

Using a variety of techniques, PrP mRNA expression has been detected at highest
levels in the brains of rodents, with intermediate levels in various non-neuronal tissues
such as heart, lung and kidney and low levels in spleen and liver (Oesch et al., 1985;
Robakis et al., 1986; Caughey et al., 1988).

In the brain, PrPc expression has been estimated to be highest in the cerebral cortex,
hippocampus and striatum (Sales et al., 1998), purkinje cells of the cerebellum
(DeArmond et al., 1987), and neurons of the septum, thalamus and caudate putamen

(Manson et al., 1992). Little or no immunostaining has been observed in the caudate
nucleus, neocortex and granular cell layer of hippocampus in hamster brain
(Kretzschmar et al., 1986; DeArmond et al., 1987). Indeed, many areas of the hamster
brain have been shown to be devoid of PrPc immunoreactivity (Sales et al., 1998).
Additionally, large numbers of neurons positive for PrP mRNA have been shown to
contain no significant levels of PrPc in the mouse brain (Manson et al., 1992). This
indicates that there is a significant degree of cell-type translational control of PrP
expression and also that different neurons have different transcription and/or
degradation rates (Manson et al., 1992). However, it should be remembered that the
discrepancy in localisation of PrPc and PrP mRNA expression might in fact reflect
problems of sensitivity of the immunohistochemistry technique used.

PrP mRNA has also been detected in a variety of mouse and human derived cell
types, such as epithelial, neuroblastoma, erythroid, B-lymphocytic and T-lymphocytic
(Caughey et al., 1988). In addition, whilst it has been claimed that CNS expression of
PrP occurs exclusively in neurons (Kretzschmar et al., 1986), it has also been
demonstrated in glial cell populations of the rodents (Moser et al., 1995).

1.2.5.2 Regulation Of PrP Gene Expression.
The factors involved in the regulation of PrP transcription are poorly understood,

although nerve growth factor has been shown to upregulate PrP mRNA levels both in
vitro (Wion et al., 1988; Lasmezas et al., 1993) and in vivo (Mobley et al., 1988). The
expression of PrP mRNA has also been shown to be upregulated by recombinant
growth hormone and IGF-1 (Lasmezas et al., 1993), and downregulated in cultured
human muscle cells in response to glucocorticoids (Askansas et al., 1995). Recently, it
has been demonstrated that, in the absence of cell proliferation, PrP mRNA expression,
in cultured peridontal ligament cells derived from the neural crest, is upregulated in
response to migration-inhibitory factor-related protein (MRP8) stimulation. This might
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suggest a potential role for PrP in cell growth arrest and differentiation (Kniazeva et al.,
1997).

There is evidence to suggest that control elements necessary for the normal
transcription of PrP reside in the region upstream from exon 1 and in the introns.
Interestingly, the construction of transgenic mice with intron 2 deleted from the PrP
gene show normal expression of PrP in the brain, with the exception of Purkinje cells of
the cerebellum, where it was undetectable (Fischer et al., 1996). This strongly implies
that intron 2 contains sequences that are required for cell-type specific expression.
Further deletion analysis of mouse introns 1 and 2 have revealed the presence of two
promoter elements, immediately 5' to both exons 1 and 2, and a suppressor element
within intron 2 (Baybutt and Manson, 1997; See Figure 1.4). Similarly, deletion of
approximately 700 bp of bovine intron 1 diminishes promoter activity in vitro (Inoue et

al., 1997). Sequence analysis of mouse introns 1 and 2 has also revealed clusters of
potential binding sites for transcription factors such as the API and AP2 complex, in
regions demonstrated as having promoter activities (Baybutt and Manson, 1997; See
Figure 1.3). Potential binding sites for the Spl, AP-1 and AP-2 transcription factors
have been indicated by sequence analysis of the PrP promoter region from a variety of
species (Westaway et al., 1994a; Basler et al., 1986; Puckett et al., 1991; Baybutt and
Manson, 1997). Sequence analysis of the PrP promoter region has also revealed that it
is very GC-rich (83%) and lacks a TATA-box, and this, together with the demonstration
ofmultiple transcription start sites, is indicative that PrP falls into the general category
of "housekeeping" genes (Westaway et al., 1994a).

1.2.5.3 Developmental Regulation Of PrP Expression.
In Situ Hybridisation (ISH) analysis of mouse embryo PrP mRNA has

demonstrated that expression is detectable and widespread throughout the central
nervous system (CNS), peripheral nervous system (PNS) and also in non-neuronal cell-
types at embryonic (E) day 13.5 and E16.5 (Manson et al., 1992a). However, the
precise timing of PrP transcriptional activation during embryogenesis has not yet been
reported.

Developmental regulation of PrP expression has also been demonstrated in the
rodent brain, where it has been shown that PrP mRNA is only detectable postnatally and
is upregulated from PI to P20 in hamsters (McKinley et al., 1987). Similarly, PrP
mRNA has been shown to be upregulated 3-fold in the rat brain from E20 to P70
(Lieberburg, 1987) and 4-fold in mouse brain from P0 to P35 (Lazarini et al., 1991).

The developmental regulation of PrP mRNA expression is discussed in greater
detail in Chapter 2.
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1.2.5.4 PrP Expression During TSE Disease Pathogenesis.
Studies of uninfected and scrapie infected tissues and cell lines have revealed that

the level of PrP mRNA remains unchanged during infection (Chesebro et al., 1985;
Oesch et al., 1985; Robakis et al., 1986; Caughey et al., 1988; Manson et al., 1992).
This is in contrast to levels of PrP protein detected, which has been estimated to increase
in the region of 10-fold during the course of disease (Bruce et al., 1989; DeArmond et
al., 1987), probably as a result of the longer half-life of PrPSc. As previously discussed,
it has been shown that hamster PrP mRNA is alternatively spliced with regard to exon 2
(Li and Bolton, 1997). In uninfected hamsters, the level of PrP mRNA containing all
three exons (HaPrPl+2+3) was estimated to be approximately 30-50% of the level of
mRNA containing only exons 1 & 3 (HaPrP1+3). During scrapie infection, the level of
HaPrP1+2+3 was shown to increase in the colliculi of the brain, relative to HaPrP1+3, (Li
and Bolton, 1997).

1.2.5.5 Alternative PrP Transcripts.
The results reported by Li and Bolton (1997) represent the first demonstration of

both alternative splicing of PrP niRNA and differential expression during TSE
pathogenesis. Specific studies are required to investigate these mechanisms in other
species and models of TSE disease, although preliminary evidence of potential
alternative splicing of exon 2 ofmouse PrP mRNA has been documented in brain, heart,
liver, kidney and spleen (Kissenpfenning, 1997).

In sheep, the presence of a smaller transcript has also been detected (Hunter et al.,
1994; Horiuchi et al., 1995), and has been shown to result from alternative

polyadenylation using an additional signal residing upstream in the PrP 3'UTR mRNA
sequence (Horiuchi et al., 1995). This is the first demonstration of differential
polyadenylation of PrP mRNA, although a similar sized smaller transcript has been
detected in hamster and mouse lung, in hamster heart and human, hamster and rabbit
brain (Oesch et al., 1985; Robakis et al., 1986).

Thus, the widespread expression of PrP is clear. It is developmentally regulated and
appears to also be expressed in a cell-type specific manner throughout the CNS, PNS
and non-neuronal tissues. Whilst the precise mechanisms governing this control of
expression have yet to be defined, a detailed analysis of PrP expression, particularly the
elucidation of the point of transcriptional activation during embryogenesis, may provide
clues to the normal physiological function of PrP and this is discussed in detail in
Chapter 2.
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1.3 The Normal Physiological Function Of PrPc.1.3.1 General Introduction.

To date, the precise physiological function of PrPc in mammalian cells remains
unclear. The primary sequence of PrPc, and probably its secondary structure, is highly
conserved across all species analysed to date, and this evolutionary conservation clearly
indicates a key role for this protein in the metabolic processes of the cell. This is
supported by the "housekeeping" features of the PrP gene, its widespread expression
pattern and its developmental regulation. The predominant expression of PrPc on the
neuronal cell surface has prompted speculations that it may be involved in signal
transduction, cell-cell communication and/or adhesion (Manson et al., 1992a). On the
other hand, developmental and in vitro studies of PrP expression have indicated that it
may be involved in promoting neural differentiation and perhaps in maintaining
neuronal function in differentiated neurons (McKinley et al., 1987; Mobley et al., 1988;
Wion et al., 1988). Finally, the expression of PrP on the surface of T-lymphocytes,
which can be increased 3.5-fold in response to the mitogen concanavilin A (Con A), has
suggested a possible role in T-cell activation (Cashman et al., 1990; Mabbott et al.,
1997).1.3.2 Cellular Proteins Interacting With PrPc.

In vitro studies aimed at identifying proteins which might potentially interact with
PrPc in vivo have identified a number of candidates. Yeast two-hybrid screening has
demonstrated that PrPc can selectively bind the mitochondrial protein-import chaperone
Hsp60 (Edenhofer et al., 1996), the anti-apoptotic factor Bcl-2 (Kurschner and Morgan,
1995; Kurschner and Morgan, 1996) and the Laminin receptor (Rieger et al., 1997).
Although the in vivo significance of the interaction between PrPc and Hsp60 remains to
be established, studies of the laminin receptor suggest that this particular interaction may
be significant. Levels of this receptor, which normally mediates the action of the laminin
glycoprotein on growth and differentiation of neurons, were found to be elevated in the
brain and spleen of TSE-infected mice and in the brain, pancreas and spleen of TSE-
infected hamsters (Rieger et al., 1997). It has also recently been demonstrated that
cultured Prn-p'1' hippocampal cells survive in serum-free media only when
overexpressing Bcl-2 (Kuwahara et al., 1999), perhaps indicating a potential functional
interaction between these two proteins in vivo. In additional studies, screening of
bacteriophage cDNA libraries with recombinant PrPc has revealed potential interactions
with six further proteins (Yehiely et al., 1997). Although the identity of four of these is
unknown, the remaining two were determined to be the transcription factor NRF-2 and
Amyloid precursor-like protein (Aplpl). Again, the in vivo significance of these in vitro
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interactions remains to be established, but interestingly, potential colocalisation of PrPc
with Aplpl has been previously suggested (Taraboulos et al., 1992), perhaps indicating
that an in vivo interaction occurs.

1.3.3 Generation Of Different Lines Of Prn-p'1' Mice.
With the aim of elucidating the function of PrPc, it was hoped that the generation of

mice homozygous for a Prn-p null mutation would prove invaluable. While Beuler and
co-workers were the first to construct such mice (Beuler et al., 1992), three other
laboratories have since independently generated Prn-p'1' mice by different gene-targeting
strategies (Manson et al., 1994; Moore et al., 1995; Sakaguchi et al., 1995). The
remainder of this section is devoted to a discussion of the construction of these mice, the
various phenotypes associated with them and to known biochemical functions of PrPc.

As can be seen from Figure 1.7, the four independently generated lines of Prn-p'1'
mice have been created by different targeting strategies, using different promoter and
selectable marker cassettes and they differ in the type of null-allele generated.

Bueler et al. (1992) replaced a portion of the protein coding region between codon 3
and 188 with a TK/Neo selectable marker cassette and introduced two stop codons
between the cassette and the remaining PrP C-terminal codons. Manson et al. (1994)
inserted a MT/Neo cassette into a Kpnl site in exon 3 at codon 95, between the fourth
and fifth octarepeat sequence, retaining the 5' and frameshifting the 3' PrP sequences.

Both these alleles are capable of generating Neo/PrP fusion mRNA transcripts and
indeed, high levels of such a transcript were reported by Beuler et al. (1992). Although
Manson et al. (1994) reported the presence of Neo mRNA in brains of these mice, there
were no detectable levels of PrP mRNA by northern analysis using probes both 5' and
3' to the insertion site. However, it is still formally possible that low levels of PrP
transcript are present and this is discussed in Chapter 3.

The alleles generated by Sakaguchi et al. (1995) and Moore et al., (1995) both
replace the entire PrP ORF, plus approximately 450 bp of 3' UTR sequence and
approximately 1 Kb of intron 2 sequence, with a selectable marker cassette. No PrP
mRNA could be detected in the brains of either of these mice, and western analysis of
brain homogenates revealed that none of the Prn-p'1' mice produced detectable levels of
PrPc (Bueler et al., 1992; Manson et al., 1994; Sakaguchi et al., 1995; Moore, 1997).
Three of these Prn-p'1' mice have been reported to be resistant to experimental TSE
infection (Bueler et al., 1993; Manson et al., 1994a; Sakaguchi et al., 1995), consistent
with the absence of PrPc in these mice.

An important consideration worth noting with regards to the generation of these
Prn-p'1' mice is that those of Bueler el al. and Sakaguchi et al. are outbred, of mixed
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genetic background (129/Sv x C57BL/6J) whilst those of Manson et al. and Moore et
al. are inbred 129/Ola, derived from 129/Ola embryonic stem cells.

HEX P
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K
_J_
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Exon 3

HEX P

(b) TK/NEO
1
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(C)

H E X P K

J-t
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2.4 Kb

(d)
2.0 Kb

(e) PGK'HPRT
1
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| = PrP UTR
[] = PrP ORF
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Figure 1.9: A comparison of existing Prn-p null allele structures. The
schematic, which is not to scale, illustrates the position, size and type of selectable
markers used and the extent of targeted deletions or insertions. The WT allele
structure is shown in (a), and the null mutations engineered; (b), IFMB (Beuler et
al., 1992, (b) NPU (Manson el al., 1994a, (c) NUSM (Sakaguchi et al., 1995) and
(d) ICMB (Moore et al., 1995). Abbreviations: H, Hindlll; E, EcoRl; X, Xbal; P,
Pstl; TK, thymidine kinase promoter; MT, metallothionein promoter; PGK,
phosphoglycerate kinase promoter; NEO, neomycin phosphotransferase; HPRT,
hypoxanthine phosphoribosyltransferase minigene. Adapted from Moore (1997).
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All of these mice are viable, and develop and reproduce apparently normally, with no

obvious phenotypic effect of the absence of PrPc. However, two of these lines develop
a late-onset neurological phenotype (Sakaguchi et al., 1996; Moore, 1997) and more in-
depth analysis of various processes in the other Prn-p~'~ mice has revealed subtle
phenotypes not initially apparent. These will be discussed in turn in the following sub¬
sections.

1.3.4 PrPc And Higher Brain Functions.

1.3.4.1 PrPc And Long-Term Potentiation.

Electrophysiological analysis of the Prn-p'1' mice of Bueler and Manson (IFMB
and NPU Prn-p'' respectively) have revealed subtle alterations in synaptic plasticity that
were not initially obvious. Both y-aminobutyric acid Type A (GABAa) receptor-
mediated fast inhibition and Long-Term Potentiation (LTP) have been found to be
weakened in hippocampal CA1 region slices in vitro from the IFMB Prn-p'' mice
(Collinge et al., 1994). Subsequent independent studies failed to detect any defect in
Purkinje neuron excitatory or inhibitory synaptic transmission (Herms et al., 1995) or
in hippocampal neuronal excitability and LTP (Lledo et al., 1996) in these mice.
However, the phenotype originally reported by Collinge et al. (1994) was found to be
fully rescued in mice harbouring high copy numbers (30-50) of a transgene coding for
the human PRNP gene (Whittington et al., 1995). LTP is a form of synaptic plasticity
implicated in the complex processes of learning and memory (Bliss and Collingridge,
1993) and subsequently it was determined that NPU Prn-p'' mice hippocampal slices
displayed no LTP in the CA1 region (Manson et al., 1995). Although evoked post¬

synaptic potentials remained stable in Prn-p+l+ slices in vitro for several hours, they
decayed to base levels in Prn-p'' slices within one hour, and as such were designated as

displaying short-term potentiation (STP). Additionally, NPU Prn-p+'~ mice displayed
weakened LTP (Manson et al., 1995).

The apparent discrepancies in these results between laboratories are difficult to

explain. However, it is worth noting that LTP has been shown to vary considerably as a

result of sex, female estrous cycle and even time of day (Warren et al., 1995). Thus it is
possibly a result of non-standardisation of animal sex and/or timing of experiments.
Confirmation in two independently generated lines of Prn-p'' mice, together with the
demonstration of the phenotype being rescued argue that the alterations in synaptic
transmission and plasticity are in fact a direct result of the absence of PrPc, and not an
artifact of gene targeting. Weakened LTP in Prn-p+l' mice also suggests that a threshold
level of PrPc is required for normal synaptic function (Manson et al., 1995). The
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discrepancies in results between different laboratories clearly requires further work to
resolve.

Learning and memory, assessed by various performance tasks, has been studied in
both the IFMB Prn-p'1' mice and those of Sakaguchi et al. (NUSM Prn-p'1'). Initial
assessment of IFMB Prn-p'1' mice revealed no impairment in learning abilities, as

indicated by swimming navigation tests (Bueler et al., 1992; Lipp et al., 1998). Bearing
in mind the potential role of PrPc in LTP, which is implicated in learning processes,

these are surprising findings. However, studies of NUSM Prn-p'1' mice have recently
revealed significant disturbances in learning and long-term, but not short-term, memory
retention, as revealed by a water-finding test and avoidance of stimuli such as electric
shock (Nishida et al., 1997).

1.3.4.2 PrPc, Circadian Rhythms and Sleep Regulation.

Considering that expression of GABA receptor subunits is high in the
superchiasmatic nucleus (SCN) of the hypothalamus (O'Hara et al., 1995), it is of
particular interest to note the report of altered sleep regulation in both NPU and IFMB
Prn-p'1' mice (Tobler et al., 1996), a process which is thought to be controlled by the
SCN. In both lines, circadian period was found to progressively shorten in Prn-p+l+
animals until it stabilised at 23.3 hours, whereas circadian period of Prn-p+l+ mice
remained constant and stable at 23.9 hours, when mice were transferred to conditions of
constant darkness. It was also determined that Prn-p'1' mice displayed more fragmented
sleep, with an increased number of sleep awakenings, less non-rapid eye movements

during sleep and almost twice as much slow-wave activity during recovery sleep in
response to sleep deprivation (Tobler et al., 1996). Moreover, these alterations in sleep
regulation were rescued in IFMB Prn-p'1' harbouring copies of a mouse PrP transgene.

Again, the demonstration of these phenotypes in two independently generated lines of
Prn-p'' mice, and the apparent rescue of phenotype, argues that PrPc is involved in
maintaining sleep continuity or regulating sleep intensity, an intriguing observation
given the similarities to sleep alterations in FFI (Tobler et al., 1996).

Therefore, whilst the absence of PrPc has a clear effect on sleep regulation, its role
in synaptic transmission remains to be conclusively established. These complex
processes are highly unlikely to be controlled by the action of any single gene and, as
such, from these putative phenotypes it is extremely difficult to ascertain what the
normal function of PrPc might be.

1.3.5 A Late-Onset Ataxic Phenotype In Prn-p'1'Mice.
In contrast to previous findings of anatomically and behaviourally normal Prn-p'1'

mice (IFMB Prn-p'1'\ Bueler et al., 1992), the independently generated NUSM Prn-p'1'
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mice (Sakaguchi et al., 1995) were documented as developing a fully-penetrant and
progressive ataxia at a mean age of onset of approximately 70 weeks (Sakaguchi et al.,
1996). These mice displayed significant impairment of motor co-ordination, as

indicated by a rotorod test, abnormal gait and hindleg trembling. These symptoms were

progressive and at 90 weeks of age were so severe that the mice frequently fell over.
Most NUSM Prn-p~'~ mice also showed marked kyphosis of the spine. Anatomical
analysis revealed severe atrophy of the cerebellum, the wet weight being only
approximately 70% of Prn-p+,+ littermates. Extensive loss of cerebellar Purkinje cells
was apparent, as was thinning of the cerebellar molecular layer which was attributed as a

probable result of the loss of Purkinje dendritic trees (Sakaguchi et al., 1996). No
abnormalities in any other brain areas were apparent and indeed, Prn-p+,+ and Prn-p+'~
littermates of equivalent age appeared normal. These studies were extended by Nishida
et al. (1997), and it was demonstrated that these NUSM Prn-p'' mice displayed marked
impairment of learning and long-term memory retention at 23 and 40 weeks of age

respectively, and loss of purkinje cells and reduced brain weight was apparent from 32
and 40 weeks of age respectively (Nishida et al., 1997).

A similar late-onset neurological phenotype has manifested in the independently
generated inbred ICMB Prn-p1' mice, although with a mean age of onset of
approximately 63 weeks (Moore et al., 1995; Moore et al., 1997). These mice also
display progressive ataxia and abnormal gait, however, although anatomical analysis
reveals a similar loss of cerebellar Purkinje cells, the marked thinning of the molecular
layer seen in the NUSM Prn-p'' mice is not apparent.

The phenotypes observed in NUSM Prn-p'1' and ICMB Prn-p'1' mice (Sakaguchi et
al., 1996; Nishida et al., 1997; Moore et al., 1997) are in sharp contrast to the
apparently normal development of both the IFMB and NPU Prn-p'1' mice (Beuler et al.,
1992; Manson et al., 1994). Indeed, IFMB Prn-p'1' mice have also been shown to have
intact cerebellar Purkinje cells at approximately 82 weeks of age (Lipp et al., 1998),
although it has been suggested that the hippocampal CA3 region and dentate gyrus

granule and inner molecular layers of these mice have a denser organisation of mossy
fibres (Colling et al., 1997). It is also interesting to note that substantial repression of
PrPc expression in young adult mice has no adverse effects for more than 380 days
(Tremblay et al., 1998). Even though Sakaguchi et al. (1996) claim that the absence of
PrPc in Purkinje cells is the primary cause of death of these cells and that PrPc may

play a role in the long-term survival of these cells, the absence of a similar phenotype in
two other Prn-p''mouse lines necessitates the consideration of alternative explanations.
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1.3.5.1 Absence Of An Ataxic Phenotype In Two Lines Of Prn-p~'~ Mice.
It is difficult to envisage that this dramatic ataxic phenotype can be due solely to the

absence of PrPc in purkinje cells. Even though this phenotype manifests in two

independently generated lines of Prn-pmice, transgenic mice expressing PrPc
normally in the brain, with the exception of its absence in Purkinje cells (Fischer et al.,
1996), have not been reported to manifest with this late-onset neurological phenotype.

Potential reasons for the discrepancy in phenotypes between the IFMB/NPU and
NUSM/ICMB Prn-p'' mice include an additional mutation(s) in the ES cell clones used
for the generation of NUSM/ICMB Prn-p'1', or differences in allele structure between
the different lines of mice. It seems unlikely that the ataxic phenotype, which manifests
in two independently generated lines of mice results from additionally introduced
mutations in the ES cells used, and the fact that both NPU and ICMB Prn-p'1' mice are

inbred 129/Ola derived suggests that the phenotypic differences do not arise as a result
of differences in genetic background. On re-evaluation of the gene-targeting strategies
used, there are similarities in the Prn-p'1' alleles created by Sakaguchi et al. (1995) and
Moore et al. (1995), namely, (i) both result in deletion of approximately 1 Kb of intron
2 sequence immediately 5' to exon 3 and, (ii) both use the PGK promoter to drive
expression of the selectable marker. It is possible that intron 2, and even exon 3, contain
regulatory elements required for normal PrP expression, and it has already been made
clear that control elements necessary for normal PrP expression in Purkinje cells reside
in intron 2 (Fischer et al., 1996). However deletion of these sequences cannot alone
account for the NUSM/ICMB phenotypes as the intron 2-less transgenic mice remained
apparently healthy (Fischer et al., 1996).

The fact that both the NUSM and ICMB mice Prn-p'1' alleles retain the PGK
cassette following homologous recombination is worthy of significant consideration. It
is one of the most widely used selectable marker cassettes in homologous
recombination experiments and it has recently been shown that retention of this at

targeted loci can have dramatic effects on the expression of neighbouring genes. This is
an effect which appears to be realised even at distances of greater than 100 Kb from the
site of the mutation (Pham et al., 1996; Olson et al., 1996). Thus, the use of different
selectable marker cassettes can result in the generation of significantly different
phenotypes by targeted-inactivation of the same locus (Olson et al., 1996), and, in this

respect it is worth noting that the IFMB and NPU Prn-p'1' mice do not use the PGK
promoter to drive expression of the selectable marker.

It is also interesting to note that any anti-PrP protein encoded by the antisense
strand would be completely ablated in NUSM and ICMB Prn-p'' mice, but only
partially C-terminally truncated in IFMB and NPU Prn-p'1' mice. It is noteworthy to
consider here a recent report utilising complementary hydropathy, a concept which
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assumes that peptides encoded by complementary DNA strands bind one another
(Brentani, 1988), in which Martins et al. (1997) synthesised and raised antibodies to a

peptide hypothetically encoded on the antisense PrP ORF strand. Immunofluoresence
studies of neuroblastoma cells revealed the presence of the protein antigen at the cell
surface, and it was subsequently determined by western blot to be approximately 60-66
KDa (Martins et al., 1997). Moreover, antiserum against this hypothetical protein
blocked the neurotoxic effect of a peptide fragment of human PrP (PrP 106-126) on the
cells in culture, indicating that the neurotoxicity of PrP106-126 might be mediated
through this putative cell-surface receptor (Martins et al., 1997). Therefore, even though
evidence of an anti-PrP molecule is lacking from mRNA expression studies (Manson
and Hope, 1991; Moser et al., 1993), its potential existence is worthy of consideration
on the basis of these complementary hydropathy experiments, particularly in view of the
phenoptyic differences between PrPc-deficient mice with different Prn-p allele
structures.

The Purkinje cell loss and ataxic late-onset phenotypes observed in NUSM and
ICMB Prn-p'1' mice is clearly interesting, and indeed links between the synaptic
transmission deficits discussed earlier and Purkinje cell degeneration can be considered.
Purkinje cells are GABA-dependent and inhibitory in nature, and as such the absence of
PrPc-dependent excitation of these may eventually lead to their degeneration (Estibeiro,
1996). However, again this would appear unlikely considering the lack of degeneration
in two other lines of Prn-p'1' mice which are also devoid of PrPc expression in cerebellar
Purkinje cells. Formal proof that the manifestation of these phenotypes results directly
from the absence of PrPc awaits the demonstration of rescue of phenotype in transgenic
mice ectopically expressing PrP.

1.3.6 PrPc And Mineral Homeostasis.

1.3.6.1 Copper Binding Properties Of PrPc.
Initial in vitro observations of Horneshaw et al., (1995, 1995a) have provided

valuable clues to the function of PrPc. It was noted that the octapeptide repeat

sequences of mammalian PrPc shared Pro-His-Gly motifs with a histidine-rich
glycoprotein that was thought to be involved in transport of copper. Using mass

spectrometry and circular dichroism spectroscopy, they successfully demonstrated that
recombinant human and avian PrP peptides containing this motif were capable of
binding copper. Moreover, it was indicated that this divalent cation binding capacity was

specific for copper. Indeed, since these early indications, the in vitro copper binding
properties of PrPc have been demonstrated independently, using recombinant
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SHaPrP(23-98) and SHaPrP(29-238) (Brown et al., 1997 and Stockel et al., 1998

respectively).
Key studies by Brown et al. (1997) followed, and it was ascertained that the N-

terminal residues 23-98 of PrPc specifically bind 5-6 copper molecules, although this is
in slight disagreement with later studies which indicated that two molecules of copper
were bound per recombinant full-length (29-238) PrPc molecule (Stockel et al., 1998).

Quantification of the wet weight content of copper and other divalent cations (zinc
and iron) in membrane preparations from a variety of tissue samples from both IFMB
and NPU Prn-p'1' mice has subsequently revealed the in vivo significance of this in vitro
demonstration of copper binding by PrPc (Brown et al., 1997). The copper content of
Prn-pbrain was shown to be reduced fifteen-fold (20.1 ±1.4 pg/g tissue for Prn-p+,+
brain and 1.3 ± 0.05 pg/g tissue for Prn-p'1' brain). Similarly, a two-fold reduction of
copper levels were reported in Prn-p1' liver, but not in kidney or muscle. Zinc content
differed only in Prn-p1' liver where it was reduced by approximately 26% and similarly,
iron content differed only in Prn-p'1"kidney by an approximate elevation of 41% (Brown
etal., 1997).

Measurements of Prn-p'1' serum also indicated a significant increase in copper

content and indeed, phosphatidylinositol-specific phospholipase C (PI-PLC) treatment
of cultured cerebellar cells revealed marked reduction in the copper content of Prn-p+l+
but not Prn-p1' cells (Brown et al., 1997). However, it is clear that PrPc has no effect on
copper binding in other tissues and that some bound copper still remains in Prn-p'~
brain membrane preparations (Brown et al., 1997), indicating that other mechanisms are

fulfilling the same role, especially in tissues other than the brain.
Taken together, these results strongly implicate PrPc as being a copper-binding

protein. Interestingly, it has recently been demonstrated that copper rapidly stimulates
endocytic trafficking of PrPc (Pauly and Harris, 1998) and thus provides a mechanism
by which a cell-surface glycoprotein could exchange ligands with intracellular
components.

1.3.6.2 PrPc And Intracellular Calcium.

It is possible that PrPc might also be involved in regulating the intracellular content
of calcium. In the presence of recombinant PrPc, Whatley et al. (1995) reported a dose-
responsive increase in rat synaptosomal intracellular Ca2+, an effect which was abrogated
by a potent blocker of voltage-sensitive calcium channels. This indicates that PrPc
interacts with these channels to actively regulate the uptake of free calcium. It seems

unlikely that PrPc interacts with Ca2+ in the same manner as copper as the specificity of
PrPc for copper in metal binding competition experiments with other divalent cations,
including calcium, has been shown (Horneshaw et al., 1995).
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1.3.7 PrPc And Cellular Responses To Oxidative Stress.
Indications of PrPc function have also been provided by other studies. It was noted

that cultured cerebellar and cortical cells, from IFMB Prn-p'1' mice, treated with xanthine
oxidase (a source of superoxide radicals) were more susceptible than those from
Prn-p+,+mice (Brown et al., 1997a; Brown and Besinger, 1998). Indeed, addition of the
anti-oxidant Vitamin E was found to enhance survival of Prn-p'1' cells (Brown et al.,
1997a), strongly indicating that PrPc-deficient cells in culture are more susceptible to
oxidative stress as a result of an impaired ability to deal with reactive oxygen species,
resulting in greater numbers of Prn-p'1' cells dying than Prn-p+l+ cells. The activities of
both cytosolic copper/zinc-dependent superoxide dismutase (Cu/Zn-SOD) and
mitochondrial manganese-dependent superoxide dismutase (Mn-SOD) were higher in
cultured Prn-p+l+ cerebellar cells treated with xanthine oxidase, as would be expected
for cells experiencing greater levels of oxidative stress. This response was absent in
Prn-p'1' cells, suggesting that the increased susceptibility of these cells was due to an

impaired ability to deal with increased levels of oxidative stress (Brown et al., 1997a).
Studies using IFMB Prn-p'1' brain homogenates revealed differences in the activities

of Cu/Zn-SOD and Mn-SOD from Prn-p+,+ and Prn-p''' brains, with reduced activity of
Cu/Zn-SOD and elevated Mn-SOD activity in all Prn-p'1' brain areas tested (Brown et

al., 1997a).
The elevation of SOD activity under situations of oxidative stress is well-

documented (Fridovich, 1975; Mokunu et al., 1994; Peskin, 1997). The above results
indicate that PrPc-deficient cells experience greater oxidative stress in vivo, and that
levels ofMn-SOD are elevated in response to this and/or perhaps to compensate for the
reduction in Cu/Zn-SOD activity. If PrPc acts as a copper-transporter, for example to
intracellular enzymes, then the reduction of Cu/Zn-SOD activity in PrPc-deficient cells
may be a direct result of the loss of PrPc. By providing radioactive copper, PI-PLC
treating Prn-p+l+ and Prn-p'1' cells, and subsequently immunoprecipitating Cu/Zn-SOD,
Brown and Besinger (1998) have provided good evidence for the dependence of
Cu/Zn-SOD on PrPc for copper. This also indicates a mechanism by which the
ablation of PrPc can lead to reduced Cu/Zn-SOD activity. Using IFMB Prn-p'1' mice
and mice overexpressing PrPc approximately ten-fold (Tg35), they were able to show
that Cu/Zn-SOD activity is in fact directly related to PrPc levels, in that Tg35 mice
showed almost twice the level of Cu/Zn-SOD activity as Prn-p+,+ mice. On the basis of
these results, and the findings of Pauly and Harris (1998), in which rapid endocytosis of
PrPc was demonstrated after addition of copper to cultured mouse N2a neuroblastoma
cells, it is reasonable to suggest that PrPc might bind copper and transfer it to cytosolic
Cu/Zn-SOD.
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This data strongly implicates PrPc in the regulation of the cellular response to
oxidative stress by directly regulating SOD activity, perhaps via the provision of copper
to the anti-oxidant enzyme Cu/Zn-SOD. This would account, at least partly, for the
increased susceptibility of PrPc-deficient cells to oxidative stress and the apparent
reduction of Cu/Zn-SOD activity in Prn-p'1' brain. Parallel to this, non-trapping of
copper in PrPc-deficient cells might also lead to metal-catalysed oxidation and the
production of highly destructive reactive oxygen species (See Figure 1.10), which PrPc-
deficient cells may have a reduced capacity to deal with effectively as a result of
decreased anti-oxidant Cu/Zn-SOD activity.

(a) Cu(I) + O2 ► Cu(II) + 02*

(b) 202"» + 2H+ ► 02 + H2O2

Figure 1.10: The generation ofROS by copper. Copper is found in Cu(II) and the
further reduced Cu(I) forms. These ionic forms of copper, like iron, have the ability to
produce radicals by the catalytic reduction of molecular oxygen and hydrogen peroxide
(Aust et al., 1985) which damage biomolecules. Fenton chemistry has been identified as
the process by which transition metals such as copper and iron can catalyse superoxide
anion and hydrogen peroxide to hydroxy! radical (Imlay etai, 1988).
These reactions indicate a role for both forms of copper in the production of free
radicals. Cu(I) can be oxidised to form both superoxide radicals and hydrogen
peroxide, which can further react with Cu(I) to produce the damaging hydroxyl radical.
The Cu(II) form of copper can also take part in these reactions by being reduced to
Cu(I) which can subsequently be cycled through the reactions.

In summary, PrPc has been shown to possess copper binding properties. It is
possible that this copper-binding serves a dual purpose, both to prevent formation of
ROS by metal catalysed oxidation at the cell surface and/or to regulate cytosolic activity
of the anti-oxidant enzyme Cu/Zn-SOD in response to cellular oxidative stress.
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1.4 PrPc Ablation And Effects On Gene Expression.1.4.1 General Introduction.

On commencement of this thesis, the function of PrPc was unknown. The only
Prn-p'1' mice in existence at this point were the IFMB (Bueler et al. 1992) and NPU
(Manson et al., 1994) lines, both of which were reported to be viable and develop and
reproduce apparently normally. At this stage, the only documented physiological
phenotypes were deficits in synaptic transmission and LTP (Collinge et al., 1994;
Manson et al., 1995), findings which were quickly contended (Lledo et al., 1996). It
was initially hoped that creation of mice homozygous for a null mutation at the Prn-p
locus would reveal, or at least provide clues to, the elusive function of PrPc.
Considering the high conservation of PrP across species, its developmental regulation
and spatial expression pattern, observations that two independently generated lines of
Prn-p1' mice, produced by different targeting strategies, were viable and displayed no

overt phenotypic consequence of the ablation of PrPc was very surprising.
However, it was recognised that there are many precedents for this phenomenon,

where homozygous gene disruptions fail to manifest with phenotypic changes in the
organism, raising the possibility that the function of the particular protein may be
assumed by related or different protein(s).1.4.2 Genetic Redundancy And Functional Compensation.

There are many cases in the literature of homozygous gene disruptions resulting in
the absence of a clear phenotypic effect. Indeed, it has been estimated that half of all
gene disruptions in Saccharomyces cerevisae fail to display an obvious phenotype
(Goebl and Petes, 1986). Genetic redundancy states that two or more genes are

performing the same, or very closely related, function, and that inactivation of any one of
these genes alone has little or no effect on the biological phenotype (Nowak et al.,
1997). Thus, genes functionally related have the capacity to compensate for one another
in the event of the inactivation of one. This appears to be a widespread phenomenon,
and there are many examples of apparently redundant genes in developmental (Rudnicki
et al., 1992; Yang et al., 1996; Catron et al., 1996), immunological (Taniguchi, 1995)
and neurobiological (Peckny et al, 1995; Son et al., 1996) processes.

One example of functional compensation is demonstrated in the src family of
tyrosine kinases. In mice in which Src, Fyn, Yes or Abl are mutated individually,
compensatory increases in activity of remaining src family tyrosine kinases are evident,
and fyn/src double mutant mice show a phenotype more dramatic than fyn or src single
mutants for example (Grant et al., 1992; Grant et al., 1995). Similarly, null mutations
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in Drosophila fasciclin I or Abelson tyrosine kinase do not result in the gross defects
observable in double mutants (Elkins et al., 1990).

An elegant example of functional compensation is also demonstrated in the
myogenic basic helix-loop-helix family of transcription factors involved in skeletal
muscle differentiation (MyoD, Myf-5, MRF4 and myogenin). MyoD'1' mice are viable
and fertile, and exhibit no discernible abnormalities in skeletal muscle (Rudnicki et al.,

1992). On examination of the expression of the remaining family members, a 3.5-fold
upregulation of Myf-5 was demonstrated. Indeed, newborn MyoD/Myf5 double mutant
mice were totally devoid of skeletal muscle myoblasts and muscle, and die soon after
birth (Rudnicki et al., 1993). This elegantly demonstrates the phenomenon of
functional compensation and also illustrates that it is reasonable to assume that this
might occur at the transcriptional level.

In these cases of functional compensation, prior knowledge of candidate family
member genes or proteins has allowed the construction of double mutants. However,
there is no known candidate gene or protein within the mouse genome with any

significant homology to PrP, and there was no understanding of the function for which
another protein would be required to compensate for, thus making the search for such a

candidate challenging.
In light of results from MyoD'1' mice, it is reasonable to assume that a mechanism of

functional compensation might be regulated at the transcriptional level. We therefore
sought to execute a detailed analysis of gene expression in Prn-p+l+ and Prn-p'1' mice,
with the primary aim of identifying candidate mRNA transcripts differentially expressed
in Prn-p'1' mice. Functional compensation is only one possibility that this project was
aimed at investigating. In the absence of a compensatory mechanism, the identification
of genes which are even subtly differentially expressed between Prn-p+,+ and Prn-p'1'
mice as a direct result of the absence of PrPc would also prove invaluable in providing
clues to the physiological function of PrPc. It is with this investigation of the effect of
the ablation of PrP on gene expression that the main body of this thesis is primarily
concerned.

1.4.3 Analysis Of Gene Expression In Pm-p'1' Mice.
There are several widely-used techniques available for the identification, and

subsequent isolation, of differentially expressed genes. These include Differential
screening, Subtractive hybridisation, Differential Display Reverse-Transcription PCR
(DDRT-PCR) and various modifications thereof. These will be discussed in turn.
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1.4.3.1 Differential Screening.

With Differential screening, deoxyoligonucleotide primers such as d(T)n or random
hexamers are used to prepare two single-stranded cDNA probes by reverse transcription
of a poly(A)+ RNA template (from test and control tissue) in the presence of
radiolabelled nucleotide. The complex mixture of cDNA probe is theoretically
representative of the total mRNAs present in the sample tissue. Probes are then used to
screen cDNA libraries prepared from test, and from control, RNA. An aliquot of the
cDNA library is plated out on filters at high density and hybridised in duplicate with
each probe and clones representing mRNAs that are up- or downregulated, as indicated
by signal strength, are picked and subsequently re-screened to confirm their differential
expression. The predominant problem with the differential screening technique is with
the over-representation of moderate to highly abundant mRNAs, where cDNAs of the
most abundant mRNAs contribute most of the radioactivity present in a complex probe
while cDNA copies of rare mRNAs contribute a much smaller fraction of the
radioactivity. Consequently, signals corresponding to low copy mRNAs are

indistinguishable from background hybridisation. Large quantities of poly(A) RNA
starting material are required for this technique, and it is further hindered by the ability
to study only a very small number of samples for differentially expressed candidates
(eg. test and control). Only relatively dramatic changes in expression of abundant
transcripts are obvious. Additionally, many low-abundance transcripts will not be
represented in the cDNA libraries. The procedure is therefore relatively poor in terms
of reproducibility, with the quality of synthesised radiolabelled cDNA probe
representing a major variable.

1.4.3.2 Subtractive Hybridisation.

Subtractive hybridisation is a variation of differential screening designed to
overcome much of the problem of sensitivity ofmRNA detection inherent in differential
screening. Single-stranded nucleic acid is prepared from the target tissue of interest (eg.
control) in the form of cDNA generated with d(T)n primers and reverse transcription, or
cRNA generated from cDNA library templates with bacteriophage RNA polymerases.
From the second tissue of interest (eg. test), denatured biotinylated double-stranded
cDNA is prepared for use as subtraction driver. Target tissue cDNA, or cRNA, is then
hybridised in solution to an excess of nucleic acids derived from the subtraction driver
(frequently in the range of a 50-fold excess of driver). The biotinylated driver nucleic
acid is used to subtract out common sequences in the target tissue by avidin binding.
The resulting single-stranded cDNAs are used to generate subtracted cDNA libraries
for screening or are radiolabelled and used as probes to screen libraries differentially.

50 Chapter 1: Introduction.



Although the generation of probes is more labour-intensive, subtractive
hybridisation offers a slight increase in sensitivity of mRNA detection. However, it is
not possible to completely subtract out all cDNAs shared between the two tissues, and
for this reason the procedure presents significant problems of false positives.
Additionally, the same problems that exists with differential screening of only being able
to study a very small number of samples (eg. test and control), requiring large amounts
ofRNA starting material and poor reproducibility due to probe synthesis also applies to
the subtractive hybridisation method. Also, due to the use of excess subtraction driver
cDNA, transcripts which are subtly differentially expressed, and even those relatively
dramatically differentially expressed, will be subtracted from the target cDNA
population. The use of excess driver cDNA might also result in the subtraction of
homologous transcripts which are differentially expressed in the RNA population from
the target tissue.

Subtractive hybridisation can, therefore, only be applied effectively to the isolation of
transcripts which are dramatically differentially expressed between the test and control
RNAs, for example between different tissues to isolate tissue-specific transcripts.

A detailed study of gene expression in Prn-p'1' and Prn-p+l+ mice to identify cDNAs
representing differentially expressed transcripts, requires the ability to compare multiple
samples (eg. multiple developmental stages to maximise the 'window' of study). It also
requires the ability to detect even subtle changes in gene expression between Prn-p+l+
and Prn-p'1' mice and must also allow visualisation of cDNAs which represent low
abundance transcripts. The only method presently available which fulfills these
requirements is the recently described technique of DDRT-PCR (Liang and Pardee,
1992).

1.4.3.3 Differential Display RT-PCR.
The primary advantages of DDRT-PCR, over alternative techniques as the method

of choice for a comparison of gene expression in Prn-p+l+ and Prn-p1' mice, are (a) the
sensitivity of the procedure (being PCR based, low copy number transcripts are

included in the analysis), (b) the ability to compare multiple samples simultaneously
(limited only by the number of lanes on the gel electrophoresis equipment), (c) the
speed of the procedure (from extraction of RNA to sequenced clones can be achieved in
less than one and a half weeks), (d) the low quantity of RNA starting material required
(frequently 1 - 5 |ig of total RNA) and (e) the extremely high reproducibility of the
technique.

As illustrated in Figure 1.11, the DDRT-PCR technique essentially allows the direct
comparison of genes expressed in multiple samples by the creation of an "RNA
fingerprint" for each sample. Isolated total RNA is fractionated into specific
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subpopulations of cDNA using modified deoxyoligonucleotide (T)12MN primers for
reverse transcription (where M = A, G or C and N = A, G, C or T). This fractionated
RNA, represented as cDNA, is then used as a template in low annealing temperature
PCR reactions with the original 3' d(T)12MN primer and an additional 5' 10-mer of
arbitrary but defined sequence. Incorporation of a radiolabeled nucleotide into the
display PCR reactions allows the resulting PCR products (RNA fingerprints) to be
visualised by autoradiography following standard polyacrylamide gel electrophoresis.
Visual comparison of the banding pattern across gel lanes readily identifies any

differentially expressed transcripts on the basis of band intensity. In comparisons of
multiple samples (eg. developmental stages), the majority of transcripts displayed
should appear identical in intensity in all lanes, while a small percentage, representing
developmentally regulated genes, should vary in intensity across lanes but display an

identical profile in test and control lanes. Both types of expression pattern act as

internal controls, and individual transcripts that differ in expression profile between test
and control can be selected with confidence. Regions corresponding to bands of
interest are excised from the dried gel, and the cDNA is recovered. Recovered cDNA is
then reamplified using the appropriate primer combination (those used to display it) and
cloned into an appropriate vector. The identity of clones can then be determined by
DNA sequencing and subsequent comparison against all known sequences in the
nucleotide and protein databases. DNA clones are then used as probes to confirm
differential expression using such techniques as Northern blot analysis, Ribonuclease
protection assay (RPA) or in situ hybridisation. Downstream analyses, for example
isolation of full-length cDNA clones, are entirely dependent on whether or not the
cDNA represented has been previously reported.

The advantages of DDRT-PCR make it an ideal choice for the purposes of this
thesis. However, criticisms of the technique include significantly high rates of false
positives that are generated (Li et al., 1994; Sun et al., 1994). Optimisation of the
procedure and the issue of false positives is addressed in Chapter 3.
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Figure 1.11: Schematic illustration of the overall DDRT-PCR procedure. Total
RNA is isolated from tissues under study, fractionated into subpopulations of cDNA
using modified oligo d(T) primers and used as a template in display PCR reactions
using the original 3' oligo d(T) primer and a random 10-mer. PCR products are run on
PAGE gels and autoradiography performed. Differentially expressed transcripts are
readily identifiable and subsequently recovered, cloned and used as probes in expression
studies.

1.4.4 Summary.

At the beginning of this thesis, the physiological function of PrPc was unclear. Two
independently generated lines of Prn-p1' mice were viable and developed and reproduced
normally with no overt phenotypic effect of the absence of PrPc. On detailed analysis,
subtle phenotypes have since become clear in these mice, such as deficits in sleep
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regulation and possibly altered synaptic transmission and LTP. Since then, two other
lines of Prn-p'' mice, produced by different targeting strategies, have displayed a late-
onset ataxic neurological phenotype, with cerebellar atrophy and loss of purkinje cells at

approximately 70 weeks of age. However, for reasons discussed in section 1.3.5, it is as

yet unclear if these phenotypes can be attributed solely to the loss of PrPc, and awaits
rescue in transgenic mice ectopically expressing PrP.

The clear lack of a dramatic phenotype in NPU and IFMB Prn-p'1' raised the
possibility that other proteins may functionally compensate for the absence of PrPc,
perhaps masking a more dramatic phenotype, and that this might be detectable at the
level of mRNA transcription. Even without functional compensation, it seemed
reasonable to assume the effects of the loss of PrPc on, for example, a specific metabolic
pathway, would result in observable changes in gene expression. Indeed, identification
of any genes differentially expressed, even subtly, in Prn-p'1' mice would provide
valuable clues to the normal function of PrPc. Furthermore, in the light of recent
demonstrations that PrPc is a copper-binding protein and might serve to either trap

copper at the surface and prevent formation of reactive oxidation species and/or perhaps
serve to transport copper to intracellular enzymes, it is even more likely that cellular
processes will be perturbed in the absence of PrPc, and that this should be detectable at
the level of mRNA expression.

Moreover, although the expression of PrP mRNA is relatively well established, the
absolute levels of expression in various tissues of any individual species remains to be
reported, as does the point during embryogenesis at which Prn-p'' is transcriptionally
activated. In addition to potentially providing valuable clues to the normal function of
PrP, characterisation of PrP mRNA expression in NPU Prn-p+'+ mice to be used for the
DDRT-PCR analysis might allow more effective interpretation of the significance of any
genes identified as being differentially expressed between Prn-p+,+ and Prn-p'1' mice.
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1.5 Aims And Objectives.

The aims of this thesis were therefore as follows:-

1. To characterise PrP mRNA expression in NPU Prn-p+l+ mice tissues and
developing brain, and to establish the point of transcriptional activation of PrP
mRNA during mouse embryogenesis.

2. To establish and optimise the DDRT-PCR procedure to enable a comprehensive and
accurate comparison of gene expression between NPU Prn-p+l+ and Prn-p'1' mice.

3. To perform a comprehensive analysis and comparison of gene expression between
NPU Prn-p+l+ and Prn-p' mice by DDRT-PCR. To identify and isolate any genes

differentially expressed between NPU Prn-p+l+ and Prn-p'' mice, and to investigate
the expression patterns of these candidates in NPU Prn-p+l+ and Prn-p'1' mice
tissues.
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Chapter 2

Spatial And Temporal Expression Of
PrP mRNA.

2.1 Introduction.

2.1.1 Developmental Expression Of PrP.
The expression of PrP has been demonstrated to be developmentally regulated in

mouse (Lazarini et al., 1991; Manson et al., 1992a), hamster (McKinley et al., 1987;
Moser et al., 1995), rat (Lieberburg, 1987), sheep (Hunter et al., 1994) and chicken
(Harris et al., 1993).

In the hamster developing brain, PrP mRNA is detectable postnatally at low levels,
and increases from postnatal day (P) 1 to P20 (McKinley et al., 1988; Moser et al.,
1995), with PrPc showing a similar trend (McKinley et al., 1988). Similarly, in the
developing postnatal mouse brain, PrP mRNA expression levels have been reported to
increase 4-fold from PO to P42 (Lazarini et al., 1991) and 3-fold from E20 to P70 in the
rat (Lieberburg, 1987) to levels which appear to be maintained throughout adult life.
There also appears to be inter-regional variation in the developmental regulation of PrP
mRNA expression. For example, PrP mRNA expression in the rat limbic structures

(pre-optic area, hypothalamus and amygdala) increases 2-fold from E20 to P70, while
expression in the cerebellum and basal ganglia/thalamus increases 9-fold and 4-fold
respectively over the same developmental period (Lieberburg, 1987). In addition to the
degree of regional upregulation, PrP mRNA expression is also subject to temporal
changes within different structures in the rat brain, with mRNA levels in the cerebellum
and basal ganglia/thalamus being low at E20 but steadily increasing to adult stage,

whereas, over the same period, mRNA levels in the limbic structures are upregulated
early in the developmental period and do not show the same dramatic upregulation at
later stages (Lieberburg, 1987).

The earliest reported detection of PrP mRNA in the developing embryo, by in situ

hybridisation, is El3.5 in the mouse (Manson et al., 1992a), although it has been
detected at low levels by Northern analysis of whole embryo RNA at E10.5 (Jean
Manson, personal communication), and at the equivalent developmental stage in the
chick, E6 (Harris et al., 1993). At both E13.5 in the mouse embryo and E6 in the chick
embryo, the expression of PrP mRNA is already widespread in the CNS, PNS and non-
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neuronal tissues. In the mouse, expression can be detected throughout the developing
olfactory lobe, telencephalon, mesencephalon, rhombencephalon and mantle layer of the
spinal cord of the CNS and the cranial and cervical sympathetic ganglia, spinal nerves
and sympathetic nerve trunks (Manson et al., 1992a). Similarly, in the chick, by E6
cPrP mRNA can be detected in the gray matter of the spinal cord and the
neuroepithelium of the developing brain (Harris et al., 1993). By Ell in the chick,
expression is prominent throughout the gray matter of the spinal cord, telencephalon,
diencephalon, rhombencephalon, optic lobe and the dorsal and retinal ganglia, and in
peripheral tissues such as the aorta, gizzard, intestine and heart (Harris et al., 1993). In
the mouse embryo, PrP mRNA expression has been demonstrated in CNS, PNS and
non-CNS structures (Manson et al., 1992a).

The expression of PrP mRNA is not just limited to the developing embryo;
appreciable levels can also be detected in the placenta, amnion and yolk sac (Manson et

al., 1992a; Tanji et al., 1995).
However, although the in situ hybridisation studies of developing mouse and chick

embryos all demonstrate PrP mRNA expression during early embryogenesis,
expression is already widespread at the earliest stages examined in these studies. As
such, the precise timing of PrP mRNA transcriptional activation during embryogenesis
remains to be established.

2.1.2 Expression Of PrP In The Adult CNS.
PrP mRNA expression is widespread throughout the adult CNS and has been

demonstrated by in situ hybridisation in the mouse (Manson et al., 1992), hamster
(Kretzschmar et al., 1986; Sales et al., 1998), rat (Tanji et al., 1995) and chicken (Harris
et al., 1993) brain.

PrP mRNA has been detected in neurons of the hippocampus, cerebellum, cerebral
cortex, thalamus and medulla of the mouse brain (Manson et al., 1992). Similarly,
hippocampal, cerebellar and thalamic neurons exhibit high expression of PrP mRNA in
the rat (Tanji et al., 1995) and chicken (Harris et al., 1993) brain.

However, immunocytochemistry for PrPc has revealed that the expression of PrP
mRNA does not necessarily correlate directly with the location of PrP mRNA, with an

obvious absence of PrPc in regions of large numbers of mRNA-positive neurons

(Manson et al., 1992). This may be due to technical limitations or, alternatively this
might indicate that there is a high degree of regulation of expression at the post-

transcriptional level.
The PrPc protein is detectable in the pyramidal layer of the hippocampus and the

Purkinje cell layer of the cerebellum, being most abundant in the septum, thalamus and
the caudate putamen of the mouse brain (Manson et al., 1992). In the hamster, PrPc

57 Chapter 2: Spatial And Temporal
Expression OfPrP mRNA.



expression has been demonstrated with the highest levels in the cerebral cortex,

hippocampus, striatum and cerebellar Purkinje cells, moderate levels in the olfactory
bulb, hypothalamus, thalamus and brain stem and low levels in the corpus callosum and
pituitary (Sales et al., 1998). More specifically, PrPc has been localised to synaptic
boutons of hamster hippocampus (Fournier et al., 1995).

There is agreement that PrP mRNA expression is abundant in the cerebellum,
particularly in Purkinje cells (Kretzschmar et al., 1986; Manson et al., 1992; Harris et

al., 1993). However, whilst PrP mRNA is barely detectable in the granular cell layer of
the cerebellum in hamster and rat (Ktrezschmar et al., 1986; Tanji et al., 1995), it has
been reported to be expressed at appreciable levels in the chicken (Harris et al., 1993)
and mouse (Manson et al., 1992). Similarly, PrP mRNA is easily detectable in the
molecular layer of the rat cerebellum yet entirely unlabeled in the chicken molecular
layer (Harris et al., 1993).

2.1.3 Cell-Type Specific Expression Of PrP.
PrP mRNA was originally reported to be located exclusively in neurons, where it

was estimated to be expressed at approximately 10 to 50 copies per neuron

(Kretzschmar et al., 1986) while apparently not being expressed in glial cells
(Kretzschmar et al., 1986; Manson et al., 1992; Harris et al., 1993). However, contrary
to these observations, recent studies indicate that PrP mRNA is also expressed in
hamster and rat astrocytes and oligodendrocytes throughout the brain of neonate and
adult animals at levels comparable to neurons, with expression levels increasing 2-fold
during postnatal development (Moser et al., 1995).

It is clear that there is different levels of expression of PrP mRNA in different cell
types of the brain, as demonstrated by the difference in expression levels between
Purkinje cells and the granular cell layer of the hamster cerebellum (Kretzschmar et al.,
1986). Differences in expression levels of PrP mRNA in different neuronal populations
indicates either differential rates of transcription or degradation (Kretzschmar et al.,
1986; Manson et al., 1992).

Indeed, PrP mRNA expression has been demonstrated in a variety of neuronal and
non-neuronal derived cell lines, including mouse epithelial, neuroblastoma, B-
lymphocytic and embryo fibroblast, hamster ovary and human T-lymphocytic and
neuroblastoma (Caughey et al., 1988).
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2.1.4 PrP Expression In Adult Non-Neuronal Tissues.

Expression of PrP mRNA has also been demonstrated in non-neuronal tissues of
the developing embryo. It has been detected by ISH in the aorta, gizzard, intestine and
heart of the chick embryo (Harris et al., 1993), the tongue, kidney and tooth buds of the
mouse embryo (Manson et al., 1992a), and the placenta, amnion and yolk sac of mouse
and rat (Manson et al., 1992a; Tanji et al., 1995). PrP mRNA has also been detected in
a variety of non-neuronal tissues of the adult hamster (Oesch et al., 1985; Robakis et al.,
1986; Caughey et al., 1988), mouse (Robakis et al., 1986; Caughey et al., 1988) and rat

(Tanji et al., 1995).
Early studies using substantial quantities of poly(A)+ purified mRNA demonstrated

the highest levels of PrP mRNA by slot-blot in the hamster brain and in non-neuronal
tissues such as heart and lung (Oesch et al., 1985; Robakis et al., 1986), in testis and
kidney (Oesch et al., 1985) and in mouse lung (Robakis et al., 1986). PrP mRNA
expression in the rat testes has been localised, by in situ hybridisation, to myeloid cells
in the basement membrane of the seminiferous tubules (Tanji et al., 1995). Although
PrP mRNA expression was initially undetectable in the liver (Oesch et al., 1985), it has
since been estimated that levels of expression in the liver, and spleen, are approximately
0.8% of that of the brain in mouse and hamster (Caughey et al., 1988). However, in situ
hybridisation studies of PrP mRNA expression in adult rat tissues have failed to detect
any expression in spleen, lung, kidney or heart (Tanji et al., 1995). Expression of PrP
mRNA can be clearly demonstrated in these tissues in hamster and mouse, indicating
that reported differences in expression may be a result of technical limitations of the
different techniques used for detection. Alternatively, it may actually reflect true
variation in expression between species.

In summary, the relative levels of rodent PrP mRNA expression in different tissues
has been reported to be as follows; highest levels in the brain, intermediate levels in the
heart, lung, testes and kidney and low levels in spleen and liver. However, the absolute
relationship of PrP mRNA expression in various tissues has not been well documented
and, along with establishing the point of transcriptional activation during embryogenesis,
this is also worthy of investigation. In addition to aiding our understanding of the
function of PrPc, knowledge concerning the relative levels of expression might aid the
interpretation of the significance of genes identified as being differentially expressed,
between Prn-p+,+ and Prn-p'1' mice.2.1.5 Factors Affecting PrP Expression.

Although it is clear that PrP mRNA expression is regulated in a developmental and
cell-type specific manner, the factors that are involved in the regulation of transcription
are poorly understood. The exact mechanisms that control cell-type specific expression
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of PrP mRNA have yet to be elucidated. However, in transgenic mice harbouring copies
of a transgene with intron 2 ablated, PrP showed normal expression in all brain regions
except purkinje cells, indicating that sequences required for the normal expression of
PrP in purkinje cells may reside within intron 2 (Fischer et al., 1996).

Sequence analysis of the promoter regions of the PrP gene from a variety of
different species has revealed the presence of potential binding sites for transcription
factors, such as AP-1 (Basler et al., 1986; Westaway et al., 1994a; Puckett et al., 1991;
Baybutt and Manson, 1997). The AP-1 complex is composed of c-fos and c-jun
proteins, products of the cFos and cJun proto-oncogenes, and which act in a homo- or
hetero-dimeric manner as transcriptional activators (Sen and Packer, 1996). The AP-1
complex is an important factor in the response of cells to a variety of external stimuli,
including tumour promoters and growth factor cytokines (Angel and Karin, 1991). The
AP-1 complex is known to be rapidly induced in a dose-responsive manner, in response

to treatment of cells with DNA-damaging agents such as hydrogen peroxide (Devary et

al., 1991; Lakshminarayanan et al., 1998). This raises the possibility that PrP
transcription may be regulated in response to external stimuli (including reactive oxygen

species) via transcription factors such as the AP-1 complex.
As previously discussed, upregulation of PrP mRNA expression has been

demonstrated in response to nerve growth factor both in vitro (Wion et al., 1988;
Lasmezas et al., 1993) and in vivo (Mobley et al., 1988). The expression of PrP mRNA
has also been shown to be upregulated by recombinant growth hormone and IGF-1
(Lasmezas et al., 1993) and in response to migration-inhibitory factor-related protein
(MRP8) stimulation (Kniazeva et al., 1997) and downregulated in cultured human
muscle cells in response to glucocorticoids (Askansas et al., 1995).

2.1.6 Alternative PrP Transcripts.
The detection of alternative PrP mRNA transcripts has been reported on several

occasions. Initial studies of hamster brain revealed a discrete smaller transcript in
addition to the main hamster PrP mRNA (Oesch et al., 1985). However, although the
authors attributed the presence of this to degradation of the poly(A)+ brain mRNA
material, subsequent studies also revealed an additional smaller PrP mRNA transcript in
mouse and hamster lung and hamster heart (approximately 1.1 Kb in size), and also in
human frontal cortex tissue (Robakis et al., 1986), although this has not been repeated in
other studies (Caughey et al., 1988; Manson et al., 1994).

In general, these alternative PrP mRNA transcripts remain to be characterised,
although, in sheep, a transcript of approximately 2.1 Kb in size, which is smaller than the
main PrP mRNA transcript, has been detected in a variety of tissues (Hunter et al., 1994;
Horiuchi et al., 1995). This transcript has been determined to result from usage of an
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additional polyadenylation signal residing upstream from the predominant signal
(Horiuchi et al., 1995).

Alternative PrP mRNA transcripts which have also been characterised are those in
cattle (Horiuchi et al., 1997) and hamster (Li and Bolton, 1997) tissues. In cattle, two
PrP mRNA species were detected in all tissues tested, with the exception of spleen, and
these were shown to result from alternative usage of transcription start sites in exon 1.
These alternative sites produce PrP mRNAs containing all three exons but which differ
in the contribution of exon 1 sequence to the mature mRNA (53 or 168 nucleotides are

derived from exon l)(Horiuchi et al., 1997). Interestingly, in the hamster brain, the
detection of a PrP mRNA transcript containing all three exons (prpE1+E2+E3) has been
reported (Li and Bolton, 1997). This novel mRNA species was determined to be
expressed in the hamster colliculi, frontal cortex and hippocampus at approximately 30 -

50% of the level of the predominant mRNA species which contains only exons 1 and 3
(prpEi+E3) jn addition, the larger transcript was found to be upregulated approximately
2.5-fold, relative to prpE1+E3 during TSE infection (Li and Bolton, 1997), which
represents the first demonstration of differential expression of PrP mRNA during TSE
pathogenesis. At present it is not known whether similar alternatively spliced PrP
mRNA transcripts exist in other species, although no reported studies have been
specifically designed to investigate this. The relevance of these alternative PrP
transcripts to both the normal function of PrPc and the pathogenesis of TSE disease is
difficult to understand, considering that the entire protein coding region is contained
within exon 3.

2.1.7 Anti-PrP mRNA Transcripts?
The existence of a large continuous ORF encoded on the complementary strand of

the PrP ORF is a curious feature of the PrP gene, and the putative encoded protein has a

hydrophobicity plot which is almost an exact mirror image of that for PrP (Goldgaber,
1991). This anti-PrP ORF has been found to be present, and highly conserved, in 45
different species analysed (Rother et al., 1997), and its presence demonstrated by
Northern analysis using sense PrP riboprobes in calf brain, lung, lymph node, heart and
spleen (Hewinson et al., 1991). However, other studies have failed to detect it and have
concluded that it must be expressed at approximately 100-fold less than PrP mRNA if
genuine (Manson and Hope, 1991). Oddly, Moser et al. (1993) detected the presence

of this transcript in IFMB Prn-p'1' mice when using a probe encompassing the deleted
portion of PrP. These workers concluded that this transcript was a product of a gene

highly homologous to PrP.
At present, the existence of the putative transcript encoding anti-PrP remains

debatable. However, studies using antisera raised to anti-PrP peptides demonstrated the
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presence of a 66 KDa protein on the surface of neurons, which was predominantly
cytoplasmic, and which was shown to bind PrPc both in vitro and in vivo (Martins et al,
1997). These details fulfill the complementary hydropathy postulate, which states that
proteins encoded on complementary DNA strands can bind to each other. Moreover,
the anti-PrP peptide inhibits the toxic effect of PrP106-126 to cells in culture (Martins et

al., 1997). The potential for the existence of an anti-PrP molecule is an interesting
phenomenon and similar findings have been reported for other genes such as Hsp70
(Martins et al., 1997) and gonadotrophin releasing hormone (Adelman et al., 1987),
however, further studies are required to resolve this issue.

2.1.8 Aims Of Chapter 2.

Primarily, the aims of this chapter were to characterise PrP mRNA expression levels,
both in the postnatal developing mouse brain and in various adult tissues in order to
obtain values of the relative levels of PrP mRNA expression. This data would
potentially aid the interpretation of the significance of any genes identified as being
differentially expressed in Prn-p'1' mice. In addition, this would allow confirmation of
the developmental regulation of PrP mRNA expression in postnatal developing brain,
the material proposed as the source of RNA with which to undertake the DDRT-PCR
analysis. A primary aim of this chapter was also to further investigate the timing of
transcriptional activation of PrP mRNA during murine embryogenesis.
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2.2 Results And Discussion.

2.2.1 PrP RNA Expression In Developing Brain And Adult Tissues.

2.2.1.1 Ribonuclease Protection Assay (RPA) Analysis Of PrP Expression In

Prn-p+,+ And Prn-p'1' Brain.
As can be seen from Figure 2.1, RPA analysis of total RNA extracted from PO, P10,

P20 and P42 NPU Prn-p+l+ and brains results in a protected RNA fragment 192 nt in
size when using an antisense PrP riboprobe (Figure 2.1a)(See Section 8.27.4 for probe
details). Longer exposure of the autoradiograph demonstrates the appearance of a

similar 192 nt protected RNA fragment in Prn-p'1' postnatal developing brain (Figure 2.1
c). Similar autoradiographic exposure times show the absence of this protected
fragment when using the sense PrP riboprobe (Figure 2.1b and d respectively) and
Prn-p+l+ and Prn-p'1' brain RNA. Figure 2.1 g clearly demonstrates the expression of
neomycin RNA in Prn-p '' developing brain.

Phosphorimager analysis of brain PrP expression, corrected for RNA variation by
(3-actin, over the PO to P42 postnatal period reveals that the expression of PrP mRNA is
upregulated 8-fold over the PO to P42 developmental period (Figure 2.2). This is in
contrast to the results of Lazarini et al. (1991) in which a 4-fold upregulation of PrP
mRNA in mouse brain was reported over the same period. Figure 2.2 shows that PrP
mRNA is upregulated approximately 3-fold from PO to P10 and approximately 1.7-fold
from both P10 to P20 and from P20 to P42. RPA analysis was performed here using
total RNA extracted from whole brain material and, as such, it is possible that there is
inter-regional variation in the upregulation of PrP mRNA, as is the case in various rat

postnatal developing brain structures (Lieberburg, 1987).
The presence of a protected PrP RNA fragment in NPU Prn-p '' developing brains

(Figure 2.1 c) raises the possibility of potential run-through transcription of PrP RNA
in Prn-p'1' mice. Indeed, phosphorimager analysis reveals that this might occur at

approximately 2 - 3% of the level of expression observed in Prn-p+,+ brain (See Figure
2.2). Expression of PrP mRNA 5' to the Kpnl MT/NEO cassette insertion was

previously reported to be undetectable by Northern analysis (Manson et al., 1994),
suggesting that removal of 3' PrP mRNA sequence probably resulted in instability of
remaining 5' sequence. However, it is not clear if the 5' mRNA sequence is also
expressed at a low level, as the 3' message may be. The use of riboprobes specific to
the 5' PrP mRNA and RPA analysis would elucidate this. The absence of any

detectable signal when using sense riboprobes (See Figure 2.1b and d) clearly indicates
that the protected fragment observed in Prn-p'1' brain does not arise through protection
of the riboprobe by low levels of genomic DNA present in the RNA.
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Figure 2.1: RPA analysis of PrP, (3-actin and Neomycin mRNA expression
in developing Prn-p+,+ and Prn-p'1' brain. Total RNA extracted from Prn-p+!+
and Prn-p'1' PO, P10, P20 and P42 brain (1, 2, 3 & 4 respectively) was hybridised
with an excess of radiolabelled in vitro transcribed antisense PrP (a & c), sense
PrP (b & d), antisense /3-actin (f) and antisense Neomycin (g) RNA probes (See
Figure 3.2 for probe details). Following digestion with RNAse A/Tl mix,
protected fragments were electrophoresed on a 6% polyacrylamide/8M urea gel.
Control reactions (C) consisted of in vitro transcribed probe hybridised with yeast
RNA, treated with or without RNAse A/Tl. Sufficient RNA was prepared from
stock to allow the use of 10 pg for each of antisense Neomycin, sense and
antisense PrP and 2 pg for antisense (3-actin. Dried gels were exposed to
BiomaxMS film at -80°C for 7 hours (a, b & f), 18 hours (c & g) or 48 hours (d).
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Figure 2.2: Graphical representation of RPA PrP mRNA expression in
Prrt-p+/+ and Prn-p'brain. Figure shows phosphorimager values for PrP
protected RNA fragments from PO, PIO, P20 and P42 brains, corrected for

The detection of this transcript should be considered. As with IFMB Prn-p'1' mice, a
potential PrP fusion transcript might allow some aspects of PrP function to be retained.
Whether or not a neomycin/PrP0 fusion molecule or an N-terminally truncated PrPc
protein is produced at similarly low levels remains to be established, although western
analysis (Manson etal., 1994) and immunocytochemistry (Manson et 1994a) failed
to detect PrPc in NPU Prn-p'1' brain. Computer analysis of sequences 3' to the I
insertion site reveals that there is no in-frame methionine initiation codon that would

allow translation of an N-terminally truncated PrP0 molecule. Additionally, the
resistance of these Prn-p' mice to scrapie infection (Manson 1992) and the
demonstration of the ability to raise a panel of monoclonal antibodies to murine PrPc in
these mice (Zanusso et al., 1998) strongly suggests that this presumably truncated PrP
mRNA does not support the synthesis of PrPc protein. The demonstration of clear
physiological, cellular and biochemical phenotypic differences between NPU Prn-p+l+
and Prn-p1 mice (Manson et al., 1995; Tobler et al., 1996; Brown et al., 1997; Brown et
al., 1997a; Brown and Besinger, 1998) clearly indicates that this potential truncated PrP
mRNA, would not encode a functional form of PrP. There is therefore no evidence
for the presence ofany form of PrP0 in these mice.
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From the lack of detectable signal in the RPA analysis using a sense PrP riboprobe
(See Figure 2.1 b & d), which spans the ORF, it is clear that there is no evidence here
for the postulated anti-PrP transcript (Goldgaber, 1991; Hewinson et al., 1993).

A further consideration from the RPA analysis is the demonstration of neomycin
expression in NPU Prn-p'1' developing brain, in accordance with previous reports from
Northern analysis (Manson et al., 1994). It is noteworthy that, from the point of view of
identifying genes potentially differentially expressed in Prn-p'1' mice, the ablation of PrP
is not the only engineered alteration in these mice. In addition to being devoid of PrPc,
the expression of neomycin in the CNS of Prn-p1' mice might have effects on gene

expression that are independent of the consequences of ablating PrP.

2.2.1.2 Northern Analysis Of PrP Expression In Prn-p+l+ Tissues.
To establish the relative levels of PrP mRNA expression in NPU Prn-p+l+ tissues, a

series of northern blots, probed with the PrP Kpnl - EcoRl probe, were performed. An
example is shown in Figure 2.3 and the levels of PrP mRNA expression, expressed as a

mean percentage value of adult brain after normalisation for RNA loading, is shown in
Figure 2.4.

In agreement with the RPA results, PrP mRNA expression was also determined to
be upregulated during the PO to P42 period of brain development in Prn-p+,+ mice by
Northern analysis. However, the use of 18S rRNA as a control for RNA loading
variations is more valid than the [3-actin used in the RPA studies. Firstly, loading
variations can be assessed on the same blot as the mRNA of interest whereas, due to the

greater abundance of internal control mRNA, separate reactions are frequently required
by the RPA procedure, one for the transcript of interest and one for the control
protection. This obviously allows a degree of variation to be introduced, and it is not

possible to state with confidence that the values presented for the PrP RPA data in
Figures 2.1 & 2.2 have been corrected for loading variations accurately. Secondly, the
quantity of RNA used in Northern analyses and RPAs was determined following
spectrophotometric quantitation, and since 18S and 28S rRNA contribute the majority of
the RNAs present, the use of these as controls will represent a true reflection of
variations in RNA loading. As such, the degree of increase of PrP mRNA expression,
as determined here by Northern analysis, is approximately 2.5-fold from PO to P10 and
from P10 to P20 and approximately 1.5-fold from P20 to P42. Overall, PrP mRNA
expression increased over the PO to P42 developmental period by approximately 8-fold.
As discussed in section 2.2.1.1, this is greater than the 4-fold increase reported by
Lazarini et al. (1991). The approximate 8-fold increase of PrP mRNA in postnatal
developing mouse brain reported here is also greater than that reported for postnatal
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developing rat (Lieberburg, 1987) or hamster (McKinley et al., 1988; Moser et al.,
1995) brains.

(a). P0 P10 P20 P42 H Lu T K S Li M

28S (4712b) —

18S (1869b) -
*** ^ W) 4pl

(b).
28S (4712b)-

Ifr# ftM

18S (1869b) -

1% PI

(c)
18S rRNA ( ( t « C t 1 ( t c 1

Figure 2.3: Northern blot of PrP mRNA in 129/Ola postnatal developing
brain and various adult tissues. 20 pg of total RNA was prepared from P0,
P10, P20 and P42 brain, and from heart (H), lung (Lu), testis (T), kidney (K),
spleen (S), liver (Li) and skeletal muscle (M) and electrophoresis performed in a
1.2% formaldehyde agarose gel. The positions of 18S and 28S rRNA are
shown. Following transfer to Hybond-N, the blot was hybridised with a 930 bp
Kpnl-EcoRl PrP probe (hybridised @ 65°C, 0.5M Na2HP04/7% SDS; washed
@ 65°C, 50mM Na2HP04/l% SDS) and exposed to BiomaxMS film for 24
hours or 48 hours (a & b respectively) at -80°C. The blot was stripped and
reprobed with an 18S rRNA probe (c) to correct for loading variations (exposed
to Cronex film for 1 hour).

This data represents PrP mRNA expression in whole brain. It is possible that there are

differences in the degree of increase of PrP expression in different brain regions, as

demonstrated by Lieberburg (1987) in the postnatal developing rat brain. PrP mRNA
expression may remain constant, or be more dramatically upregulated, in different brain
regions throughout this developmental period.

It is clear from Figures 2.3 & 2.4, that the absolute levels of PrP mRNA are

substantially higher in the adult CNS than in the other tissues examined. Although the
approximate levels of expression in various mouse tissues has been previously reported,
this data represents the first accurate documentation of levels of PrP mRNA in these
tissues in relation to adult brain.
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Adult Kidney 8.68 (SD II © n == 4)
Adult Spleen 2.74 (SD = 0.65, n == 4)
Adult Liver 2.31 (SD II O 53 n == 4)
Adult Muscle 6.28 (SD = 0.71, n == 4)
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Spleen and liver PrP expression is clearly very low compared to adult brain, as

previously reported (Caughey et al, 1988). However, in contrast to this estimation, the
data presented here shows that PrP mRNA levels in adult spleen and liver are 2.74% and
2.31% of adult brain. The relationship of PrP mRNA expression in NPU Prn-p+l+
tissues is Adult brain, P20 brain, P10 brain, PO brain, followed by adult lung, kidney,
heart, skeletal muscle, testis, spleen and liver. Data collected with regard to tissue weight
and RNA content per unit weight of tissue allows this expression data to be expressed in
terms of levels of PrP mRNA per gram of tissue. This reveals that PrP mRNA
expression increases per gram of brain tissue throughout the postnatal developmental
period. Surprisingly, when expressed in this way, spleen contains the highest level of
PrP mRNA of all the non-CNS tissues studied.

2.2.2 Identification Of Potential Alternative PrP Transcripts.

Additional PrP transcripts were detected in addition to the primary 2.4 Kb transcript,
(Figure 2.3). The lower molecular weight species here is approximately 1.3 Kb, and
was detected in the developing postnatal brain and adult heart and kidney, and possibly
also lung and skeletal muscle. It is of a similar size to that reported by Robakis et al.
(1986) in mouse lung. The higher molecular weight species is approximately 3.6 Kb
and has not previously been reported. Phosphorimager quantitation revealed that level
of the 1.3 Kb transcript also increased over the PO to P42 developmental period and that
it was approximately 9-10% of the level of the primary 2.4 Kb PrP transcript in
developing brain. The 1.3Kb transcript found was approximately 73% and 31% of the
levels of the primary transript in adult heart and kidney respectively. The 3.6 Kb
transcript also showed the same developmental regulation, however, it was only detected
in the developing brain RNA samples at approximately 7% of the level of the primary
PrP mRNA transcript.

2.2.2.1 3.6 Kb And 1.3 Kb Alternative Transcripts.
It is possible that the detection of these additional transcripts could indicate the

expression of novel PrP transcripts or they could simply result from hybridisation,
under these conditions, to different transcripts, which are highly homologous to PrP
RNA. As such, to investigate the possibility that they might result from hybridisation to

homologous RNA species, Southern analysis was performed using the same probe and
hybridisation conditions used for the Northern analysis. As can be seen from Figure
2.5, the only genomic DNA fragments which the Kpnl-EcoRl PrP probe hybridises to
are of the expected size for Prn-p+,+ genomic DNA. This suggests that the alternative
PrP transcripts detected by Northern analysis are in fact PrP and do not result from
hybridisation to highly homologous transcripts. However, this can not be stated with
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certainty as DNA/DNA hybrids will dissociate at a lower melting temperature (Tm) than
the equivalent DNA/RNA hybrids.

Figure 2.5: Genomic Southern blot probed with a 930 bp PrP Kpnl-
EcoRl probe. 5 pg of 129/Ola Prn-p genomic DNA was digested with
FcoRI (E), BamH\ (B), Hindlll (H) and Pstl (P) and electrophoresis performed
through a 0.8% agarose gel. The four restriction enzymes chosen lie outwith
the region of probe homology. Following transfer of nucleic acids to Hybond-
N, the blot was probed with a 930 bp Kpnl-EcoRl PrP probe. Hybridisation
and washing was performed under identical conditions as for the PrP northern
blots (shown in Figure 2.3 and Figure 2.6) to ascertain whether the alternative
transcripts observed on the Northern blots were due to hybridisation to highly
homologous transcripts. The blot was exposed to BiomaxMS at -80°C for 48
hours.

Further evidence for this is provided by Northern analysis of RNA isolated from
Prn-p'1' tissues. As shown in Figure 2.6, all three transcripts are only detectable in Prn-
p+l+ RNA, further indicating that these are specific alternative PrP transcripts. However,
it is still formally possible that these may result from hybridisation to homologous
mRNAs. If this is the case, then this alternative explanation would also be of
significance as this would indicate that the expression of these highly homologous
transcripts is affected by the presence or absence of PrPc. Although the detection of
both transcripts is apparent in Prn-p+,+ adult brain RNA, the expression of the 1.3 Kb
transcript is not as obvious in other Prn-p+,+ tissues, presumably as a result of the
differences in the quantity of RNA loaded (20 pg and 10 pg RNA was used for the
Northern blots shown in Figures 2.3 and 2.6 respectively).
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Figure 2.6: Northern blot of PrP mRNA in various adult Prn-p+l+ and
Prn-p'1' tissues. 10 pg of total RNA was prepared from adult PrP+/+ and PrP '
brain (B), heart (H), lung (Lu), testis (T), kidney (K), spleen (S), liver (Li) and
skeletal muscle (M) and electrophoresis performed in a 1.2% formaldehyde
agarose gel. The positions of 18S and 28S rRNA are shown. Following transfer
to Hybond-N, the blot was hybridised with a 930 bp Kpnl-EcoRl PrP probe
(hybridised @ 65°C, 0.5M Na2HP04/7% SDS overnight; washed @ 65°C, 50mM
Na2HP04/l% SDS) and exposed to BiomaxMS film for 2 days at -80°C. The
blot was srtipped and reprobed with an 18S rRNA probe to correct for loading
variations (exposed to cronex film for approximately 1 hour at RT).

2.2.2.2 Attempts To Isolate The Alternative PrP Transcripts.
The isolated RNA utilised here for Northern analysis was total RNA and not

purified mRNA. As such, it is possible that the detection of the 3.6 Kb transcript is
simply a result of hybridisation of the probe to PrP pre-mRNA, being partially
processed and presumably containing exon 1, intron 2, exon 2 and exon 3 sequences.

However, this is highly unlikely, not least because of the discrepancy of the size of the
RNA molecule. Partially processed PrP pre-mRNA containing intron 2 would be
expected to be 4.6 Kb (2.4 Kb PrP mRNA, 2.2 Kb intron 2) and the transcript detected
here in developing postnatal and adult brain is clearly in the region of 3.6 Kb. It was
therefore assumed that this 3.6 Kb alternative PrP transcript might result from alternative
splicing, as has already been demonstrated in hamster (Li and Bolton, 1997), but with an

additional, previously unidentified, exon.
To investigate the possibility that alternative splicing might occur at the 3' end of the

PrP mRNA, 3' RACE was performed, using Prn-p+'+ adult brain cDNA (and primers
specific to the 3' end of PrP mRNA and to the /VotI-d(T)18 primer, used for reverse

transcription of cDNA), for first-round and nested PCR as illustrated in Figure 2.7.
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Figure 2.7: Illustration of 3' RACE strategy. cDNA was reverse transcribed
from Prn-p+l+ adult brain RNA using aM>/I-d(T)18 primer. First-round PCR was
performed using PrP-l and and Notlprimers and approximately 1% of the PCR
product used as template in a nested PCR reaction, using PrP-2 and primers

PCR products from the nested PCR reaction were cloned into pGEM-T easy

(Promega, Southampton, UK), transformed into JM109 competent cells and plated out.

Ninety-six colonies were picked, grown in LB-broth (in a 96-well plate) and 96-well
PCR performed using T7 and M13 reverse primers. The PCR products were Southern
blotted and probed with a 3' UTR PrP probe and the largest PrP-positive clones
sequenced. All clones sequenced were of the correct size expected for PrP mRNA
without alternative splicing with an additional 3' exon, therefore providing no evidence
for the 3.6 Kb alternative PrP transcript resulting from alternative splicing with an

unidentified exon at the 3' end. However, other possible mechanisms for this could be
provided through alternative splicing with a previously unidentified exon residing either
5' to exon 1 or within intron 1 or 2 and further experiments, either through the use of
primers spanning these regions or Northern analysis using genomic DNA probes will
be required to further investigate this. In addition, this study was performed only using
brain RNA and, as such, should be extended to investigate other murine tissues such as

heart and lung.
Since the lower alternative PrP detected by Northern analysis is only 1.3 Kb in size,

it cannot be explained in terms of alternative splicing, and it appears most likely that it
arises through alternative polyadenylation of PrP mRNA, as appears to be the case for
the additional lower molecular weight PrP mRNA species detected in sheep (Horiuchi et
al., 1995).
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1 GTCGGATCAG GAGACCGATT CTGGGCGCTG CGTCGGATCG GTGGGAGGAC TCCTGAGTAA

61 TTTGAGAACT GAACGATTTC AACCGAGCTG AAGGATTCTG CCTTCCTAGT GGTACGAGTC

121 GAATTTAGGA GAGCGAAGGA GACTATCAGT GATGATGGGG AACCTTGGCT ACTGGCTGCT

181 GGCCCTCTTT GTGACTATGT GGACTGATGT CGGCCTCTGC AAAAAGCGGC CAAAGCCTGG

241 AGGGTGGAAC ACCGGTGGAA GCCGGTATCC CGGGGAGGGA AGCCCTGGAG GGAACCGTTA

301 CCCACCTCAG GGTGGGACCT GGGGGGAGCC CGACGGTGGT GGCTGGGGAC AACCCGATGG

361 GGGCAGCTGG GGAGAACCTC ATGGTGGTAG TTGGGGTCAG CCCGATGGCG GTGGATGGGG

421 CCAAGGAGGG GGTACCGATA ATGAGTGGAA CAAGCCGAGC AAACGAAAAA CCAACCTCAA

481 GGATGTGGGA GGGGCTGCGG CAGCTGGGGC AGTAGTGGGG GGCCTTGGTG GCTAGATGCT

541 GGGGAGCGCC ATGAGGAGGC CCATGATCGA TTTTGGgAAC GACTGGGAGG ACCGCTACTA

601 CCGTGAAAAC ATGTACCGCT ACCCTAACCA AGTGTACTAC AGGCCAGTGG ATGAGTAGAG

661 GAACGAGAAC AACTTCGTGC ACGACTGCGT GAATATGACC ATGAAGGAGC AGACGGTGAC

721 GACGACGACC AAGGGGGAGA ACTTCACCGA GACCGATGTG AAGATGATGG AGCGCGTGGT

781 GGAGGAGATG TGCGTGACCC AGTACGAGAA GGAGTCCGAG GCGTATTACG ACGGGAGAAG

841 ATCCAGGAGC ACCGTGCTTT TCTCCTCCCC TCCTGTGATC CTCCTGATCT CCTTCCTGAT

901 CTTCGATCGT GGGATGAGGG AGGCCTTCCT GCTTGTTCCT TCGGATTCTC GTGGTCTAGG

961 CTGGGGGAGG GGTTATCCAC CTGTAGCTTT TCAATTGAGG TGGTTCTCAT TCTTGCTTCT

1021 CTGTGTCCCC CATAGGCTAA TACCCCTGGC AGTGATGGGG CCTGGGAAAT GTAGAGTAGA

1081 CCAGTTGCTC TTTGCTTCAG GTCCCTTTGA TGGAGTCTGT CATGAGCCAG TGCTAAGACC

1141 GGGCCAATAA GAATATAACA CGAAATAACT GCTGGCTAGT TGGGGCTTTG TTTTGGTCTA

1201 GTGAATAAAT ACTGGTGTAT CCCCTGACTT GTACCGAGAG TACAAGGTGA CAGTGACACA

1261 TGTAACTTAG CATAGGGAAA GGGTTCTAGA ACGAAAGAAG CGACTGTTTG GGGATGGCGC

1321 CCTGGAAAAC AGGCTCCGAC CTGGGATAGC TAGAGGATCC AGACGTGGAA TTCTTTCTTT

1381 ACTAACAAAC GATAGCTGAT TGAAGGGAAC AAAAAAAAAA AAATGAAATT GTCCTACTGA

1441 CGTTGAAAGC AAACCTTTGT TGATTCCCAG GGGACTAGAA TGATCTTTAG CCTTGCTTGG

1501 ATTGAACTAG GAGATCTTGA CTCTGAGGAG AGCCAGCCCT GTAAAAAGCT TGGTCCTCCT

1561 GTGACGGGAG GGATGGTTAA GGTACAAAGG CTAGAAACTT GAGTTTCTTC ATTTCTGTCT

1621 GACAATTATC AAAAGCTAGA ATTAGCTTCT GCCCTATGTT TCTGTACTTC TATTTGAACT

1681 GGATAACAGA GAGACAATCT AAAGATTCTC TTAGGCTGGA GATAAGAGAA GTAGGCTCGA

1741 TTCGAAAGTG GGAAAGAAAT TCTGCTAGGA TTGTTTAAAT CAGGGAAAAT TTGTTCCTGA

1801 AGTTGCTTTT TACCCGAGGA GACATAAACT GCGATAGCTT GAGCTTGCAC TGTGGATTTT

1861 CTGTATAGAA TATATAAAAC ATAACTTGAA GCTTATGTCT TCTTTTTAAA AGATCTGAAG

1921 TATGGGACGC CCTGGCCGTT CCATCCAGTA CTAAATGCTT ACCGTGTGAC CCTTGGGCTT

1981 TGAGCGTGGA CTCAGTTCCG TAGGATTCCA AAGGAGACCC CTAGCTGGTC TTTGAATCTG

2041 CATGTACTTC ACGTTTTCTA TATTTGTAAC TTTGGATGTA TTTTGTTTTG TGATATAAAA

2101 AGTTTATAAA TGTTTGCTAT GAGACTGAGA TTAAATAGAA GCTATGATG(A)n

Figure 2.8: Nucleotide sequence of mouse PrP cDNA (accession number
*129186). Contains the 46bp exon 1, 98bp exon 2 and the 2005bp exon 3. The
underlined initiation and termination codons and protein coding region is indicated
in red. Translation initiation of PrP mRNA is likely to occur via the classical
ribosomal scanning mechanism since the initiator codon is in the appropriate
Kozak consensus PxxATGG, where P is a purine and x is any base (Kozak,
1986). The positions of two significant consensus Polyadenylation signals
(Proudfoot & Brownlee, 1976) predicted by a polyadenylation signal prediction
program (http://ww.itba.mi.cnr.it/) are indicated in blue at positions 1202 and 2103
(fitness 2.59 and 0.83 respectively). The polyadenylation signal at position 2103
is the recognised signal for polyadenylation of PrP mRNA at position 2151).
Endonuclease cleavage approximately 30 bases 3' to the polyadenylation signal at
position 1202 would give rise to a mRNA molecule of 1232 bases (plus
polyadenylation). The position of PrP Exon 3 forward primer at position 565 is
indicated.
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As can be seen from Figure 2.8, two consensus polyadenylation signals in the 3' UTR
of mouse PrP mRNA can be predicted by computer analysis. Both of these reside
outwith the ORF, and the sequence at position 2103 is the signal utilised for the
conventional PrP mRNA transcript.

From this computer analysis, it appears that the polyadenylation signal closer to the
accepted consensus sequence resides further upstream of the conventional signal at

position 1202. If utilised, this signal would result in an alternatively polyadenylated PrP
mRNA 1232 nucleotides in length (not including polyadenylation). Thus, alternative
polyadenylation of mouse PrP mRNA via the polyadenylation signal at position 1202
could potentially account for the lower molecular weight PrP mRNA species observed
here and by Robakis et al. (1986).

The existence of alternative transcripts might allow for different forms of PrP, in
different tissues for example, and this would be important to establish. Preliminary
investigation was performed to assess the possibility that this alternative polyadenylation
signal might be utilised in vivo. PCR was performed, using a PrP exon 3 forward and a

Notl primer, on Pm-p+,+ adult brain cDNA, reverse transcribed with a 7VorI-d(T)lg
primer. The position of PrP exon 3 forward primer is 637 bases 5' to the novel
polyadenylation signal and, assuming that polyadenylation occurs approximately 30
nucleotides 3' to the utilised signal, the expected sizes of PCR products would be
approximately 1586 bp if only the conventional polyadenylation signal is utilised, but an
additional product of approximately 667 bp would be observed if the novel signal is
used (See Figure 2.8). PCR products were run on a 1% agarose gel, Southern blotted
and subsequently probed with the Kpnl-EcoRl PrP probe (which spans exon 3 ORF
and 3' UTR). Although a number of PCR products were observed on the agarose gel,
only the expected approximate 1586 bp product hybridised the PrP probe and thus, no
evidence was obtained here to support the usage of the novel polyadenylation signal in
vivo. Flowever, as previously stated, this was a preliminary study and, as such, cannot be
used as proof of the absence of usage of this novel polyadenylation signal. Further
experiments will be required to specifically investigate this, perhaps following the same

strategy as that outlined here, but with the additional procedure of enriching for this
assumed approximate 667 bp product by gel-purifying nucleic acids in this size range

from the first-round PCR and utilising this as template in nested PCR with an additional
forward PrP primer. This strategy would have the advantage of omitting the abundant
approximate 1586 bp product and biasing the PCR reaction in favour of the predicted
667 bp product.

Additionally, the use of a probe homologous to sequences 3' to the putative
polyadenylation signal at position 1202 in Northern analyses would allow further
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investigation of the potential 1.3 Kb transcript. Lack of a detectable 1.3 Kb transcript in
this instance might indicate the usage of the novel polyadenylation signal.

2.2.3 Timing Of PrP mRNA Expression During Embryogenesis.
The earliest point during murine embryogenesis at which the expression of PrP

mRNA has been detected is E13.5 by ISH (Manson et al., 1992a) and E10 by Northern
analysis of whole embryo RNA (Jean Manson, personal communication). The detection
of PrP mRNA at E10, by Northern analysis, is indicative that expression is already
relatively abundant at this point. However, the point during murine embryogenesis at
which PrP is transcriptionally activated was as yet unknown. To further investigate this,
PrP RT-PCR analysis of available murine whole embryo cDNA (kindly provided by
Simon Horvat, Roslin Institute) was performed, to establish if PrP mRNA expression
could be detected prior to E10. To determine the stage of embryogenesis at which PrP
mRNA is first detectable, the WM-ISH technique was utilised.

2.2,3.1 RT-PCR Analysis Of PrP In Murine Embryos And Adult Tissues.
As can be seen from Figure 2.9 (a), PrP mRNA could be readily detected in all adult

tissues and Ell to E17 whole embryos studied by RT-PCR, followed by standard
ethidium bromide staining of the agarose gel. It is also clear that the resulting PCR
products are of the correct size expected and PCR amplification is specifically from the
cDNA template, since there is no detectable product in the RT(-) reactions. The (3-actin
RT-PCR products also indicate the successful synthesis of cDNA from total RNA
isolated from all tissues and embryos (See Figure 2.9 c) and the hybridisation of the
PCR products shown in Figure 2.9 (a) with a radiolabeled PrP probe clearly confirms
that they are in fact PrP specific (See Figure 2.9 b). Although the RT-PCR procedure
performed here cannot be considered to be quantitative, it is apparent that only a very

faint signal can be detected by ethidium bromide staining for the E9 stage. Additionally,
by Southern analysis and subsequent hybridisation with a PrP-specific probe, only weak
hybridisation is demonstrated under these conditions compared to the other embryonic
stages and adult tissues.

Thus, it is clear from the RT-PCR data presented here that PrP mRNA is expressed,
and is detectable, by E9. This represents the earliest demonstration of PrP mRNA
expression in the developing murine embryo to date.
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(a) E9 Ell E13 E15 E17 B H K Li Lu M S T
dp mr- - -4- -

(c) _E9 Ell E13 E15 E17 _B H_ _K_ _Li_ _Lu^ _M_ _S T_
MW (bp) pcnc+-+ - + -+ - + - + -+ - + -+ - + -+ - + - + -

Figure 2.9: RT-PCR of PrP Exon 3 mRNA. First-strand cDNA synthesis was
performed from 5 |ig of DNAse-treated total RNA (with [+] or without [-] reverse
transcriptase) extracted from C57/B1 embryos at E9, Ell, E13, E15 and E17 stages of
development, and from adult brain (B), heart (H), kidney (K), Liver (Li), skeletal
muscle (M), spleen (S) and testis (T). (a) PCR was performed for 35 cycles, using 5
ng of genomic DNA as a positive control (PC), 33 ng of cDNA (assuming 1:1 ratio
of RNA:cDNA) and primers specific for PrP exon 3. Half of each reaction was
electrophoresed in a 1% agarose gel, (b) Southern blotted, probed with a 930 bp PrP
Kpnl-EcoRl probe and exposed to Dupont Cronex film for 15 minutes at room
temperature, (c) RT-PCR of the same panel of cDNAs, using primers specific to (3-
actin as a control.

2.2.3.2 WM-ISH Of Embryonic PrP mRNA Expression.
Whilst it is apparent from Figure 2.9 that PrP mRNA expression is detectable by

RT-PCR at E9 in the murine embryo, the earliest stage analysed, the point of
transcriptional activation of PrP during embryogenesis still remained unresolved.
Although the low level of PrP PCR product at E9 is indicative that it might be of
relatively low abundance at this stage, the non-quantitative nature of the RT-PCR
procedure performed here does not allow formal conclusions to be made. As such, it
was decided to establish the point of PrP mRNA expression during mouse

embryogenesis by WM-ISH. Although RT-PCR of RNA extracted from younger

embryos would have sufficed for this investigation, the use of the WM-ISH procedure
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allows the spatial pattern of expression to be established in addition to the presence or

absence of a particular transcript at these embryonic stages.
It was assumed from the RT-PCR data that PrP mRNA was expressed at low

abundance at E9 and that this might in fact be close to the point of PrP transcriptional
activation. On this basis, and considering that E8 - E8.5 represents the earliest stage at
which the murine embryo can easily be dissected whole, WM-ISH was performed using
PrP Kpnl-EcoRl sense and antisense DIG-labeled riboprobes to detect PrP mRNA
transcripts in embryos of approximately E8.5, E9.5 and E10.5 and the results obtained
are shown in Figures 2.10, 2.11 and 2.12 respectively.

Figure 2.10 demonstrates that, in the E8.5 murine embryo, PrP mRNA is largely
undetectable, at least by WM-ISH. This is in agreement with reports by others
(Manson et al., 1992a). No expression was detected in the primitive forebrain, midbrain
or hindbrain regions, although there appears to be very weak staining in the region
posterior to the optic eminence, perhaps representing the junction between the future
telencephalic and mesencephalic vesicles.

In contrast to the apparent lack of detectable PrP mRNA expression in the E8.5
murine embryo, it is clear from Figure 2.11 that, by E9.5, expression is widespread
throughout the developing brain. PrP mRNA transcripts can be detected by WM-ISH
in the telencephalic, mesencephalic and metencephalic vesicles and appears to be limited
to the differentiating neuroepithelium of these developing structures. Additionally, low
level expression was also detectable in the developing neural tube, again apparently
associated with the differentiating neuroepithelium (Figure 2.11 e). Although there was

no obvious expression in the PNS at the E9.5 stage, it is possible that PrP mRNA may

be expressed at a low level at this stage in the otic pits (Figure 2.11 c & e) and possibly
in the region posterior to the optic eminence (Figure 2.11 c), structures which develop
into the auditory and optic systems respectively.

It is clear that PrP mRNA expression can be readily detected by WM-ISH at the
E9.5 stage of murine embryo development in the developing CNS and appears to be
limited to the neuroepithelium. However, the resolution of this technique is such that
cell-type localisation of expression is not discernible and it is only possible to determine
the general spatial pattern of expression. In order to further investigate the expression
of PrP mRNA at this stage, further processing would be required, and sectioning of the
embryos following the colour development step of the WM-ISH procedure would allow
investigation of specific areas.
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Figure 2.10: WM-ISH of PrP mRNA in E8.5 murine embryos.
Representation of embryos hybridised with DIG-labeled PrP (a) sense and (b)
antisense riboprobes. Colour development was performed for 6 hours. Scale bar
is indicated. Abbreviations are as followed: ph, primitive heart; oe, optic eminence;
fnf, forebrain neural fold; pmr, prospective midbrain region; hnf, hindbrain neural
fold; pd, prospective diencephalon; op, otic placode.
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Figure 2.11: WM-ISH of PrP mRNA in E9.5 murine embryos. Darkfield
microscopy without agarose plate support (a) and with support (b) - (f).
Representation of embryos hybridised with DIG-labeled PrP sense (a, b) and
antisense (c, d, e, f) riboprobes. Lateral (a, b, c), dorsal (d, e) and ventral (f) views.
Scale bar indicated. Colour development was performed for 3 hours.
Abbreviations are as followed: t, telenencephalon; m, mesencephalon; mt,
metencephalon; v, 4th ventricle (myelencephalon); th, thin roof of hindbrain; nt,
neuroepithelium of neural tube; oe, optic eminence; ba, branchial arches; fb,
forelimb bud; pr, pericardial region; op, otic pit.
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Figure 2.12: WM-ISH of PrP mRNA in E10.5 Murine Embryos. Darkfield
microscopy with agarose plate support. Representation of embryos hybridised
with DIG-labeled PrP sense (a, b) and antisense (c, d, e, f) riboprobes. Lateral (a,
b, c, e), ventral (d) and dorsal (f) views. Scale bar indicated. Colour development
was performed for 3 hours. Abbreviations are as followed: t, telencephalon; m,
mesencephalon; mt, metencephalon; th, thin roof of hindbrain; op, otic pit, fb,
forelimb bud; pr, pericardial region; ba, branchial arches; oe, optic eminence.
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Similarly, in the E10.5 murine embryo, PrP mRNA expression can be readily
detected in the neuroepithelium associated with the developing telencephalon,
mesencephalon and metencephalon (Figure 2.12). Expression of PrP mRNA is also
apparent, although at a reduced level, in the neuroepithelium of the developing neural
tube (Figure 2.12 f) and the otic pits (Figure 2.12 c, e & f). There appears to be limited
expression in the El0.5 murine embryo pericardial region, although it is difficult to
assess the precise location of this apparent expression without further processing by
sectioning of the embryos.

As with the RPA study, using sense riboprobes in WM-ISH do not detect the
presence of any anti-PrP transcripts.

The WM-ISH data presented in Figures 2.10, 2.11 and 2.12 therefore clearly
demonstrates that PrP mRNA is largely undetectable at the E8.5 stage, but by E9.5 and
E10.5 expression is readily detectable in the developing CNS. The signal is obvious in
the neuroepithelium of the three primary developing embryonic brain vesicles, and may

also be present in PNS structures such as the otic pits and optic eminence. There is also
some indication of PrP mRNA expression in the pericardial region by E10.5. It should
be noted here however, that due to differences in processing of embryos at different
stages of development for the WM-ISH procedure (such as longer proteinase K
treatment for older embryos), the procedure cannot be assumed to be quantitative
between stages. For example, although the colour reaction appears perhaps weaker in
the E10.5 embryos compared to the E9.5 embryos, it is probable that this represents
differences in processing during the procedure and that it does not reflect true relative
levels of expression between stages.

The RT-PCR data presented in Figure 2.9 clearly indicates that PrP mRNA
expression is detectable in the E9 embryo, and this, together with the WM-ISH data,
suggests that the point of transcriptional activation of PrP mRNA during murine
embryogenesis is between E8.5 and E9. This period of development corresponds to the
process of turning and neurulation.

It has been known for some time that, physiologically, mammalian embryos are

initially adapted for anaerobic (glycolytic) bioenergy production and then switch to
aerobic (oxidative) metabolism (Tanimura and Shepard, 1970; Mackler et ah, 1971).
Murine embryos at the beginning of E8.5 have approximately 8 somite pairs and
embryos at the end of E9.5 have approximately 20 somite pairs (Kaufman, 1992). At
approximately the 8 somite stage (E8.5 in the mouse), the rate at which lactate has been
previously produced at a steady state level drops and consequently, the embryos demand
for oxygen grows (Clough and Whittingham, 1983; Miki et al., 1988; Hunter and
Tugman, 1995). Mitochondrial ultrastructure also becomes more characteristic of
actively aerobically respiring cells as the embryo develops between the 8 and 30 somite
stages (Mackler et al., 1971).
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The E8.5 to E9.5 stages represents the most dramatic period of development of the
murine embryo, with organogenesis being greatly accelerated (Rugh, 1990). It is
interesting to note that PrP mRNA appears to be transcriptionally activated over the
period of murine embryogenesis at which there is a clear switch from anaerobic to
aerobic metabolism. Normal aerobic metabolism carries with it the concominant

production of potentially damaging reactive oxygen species (ROS) and the onset of
usage of this form of bioenergy production in the developing mammalian embryo
clearly necessitates the development of mechanisms to deal with, and protect cells from
the effects of, these ROS. With this in mind, and noting the indication of the possible
regulation of the antioxidant Cu/Zn SOD by PrPc and the increased susceptibility of
Prn-pcells to oxidative stress (Brown et al., 1997; Pauly and Harris, 1998; Brown and
Besinger 1998), discussed in section 1.3.7, it is possible that the expression of PrP
during embryogenesis may reflect the onset of oxidative stress through the production
of ROS by actively aerobically respiring cells. PrP may therefore represent part of a

cellular control mechanism to deal with this via, for example, regulation of cytosolic
antioxidant enzyme activity such as Cu/Zn SOD. PrP expression might therefore be
initiated by the appearance of ROS and the cellular requirement to deal with them by the
copper-dependent antioxidant Cu/Zn-SOD. Indeed, there is various data, both in the
literature and throughout this thesis, that suggests that this might be the case and, as

such, this hypothesis is returned to at various stages throughout the remainder of this
thesis.
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2.3 Summary And Future Research.

To summarise the data presented in this chapter, it is clear from both the Northern
and RPA analyses that the expression of PrP mRNA in the murine postnatal developing
brain is upregulated approximately 8-fold. Northern analysis also indicates that PrP
mRNA levels are highest in the adult brain and much lower in non-CNS tissues (when
corrected for RNA loading variations), with spleen and liver being the lowest.

It would be of interest to extend this study in future research to investigate the
expression levels of both PrP mRNA and PrPc in murine embryonic and postnatal
developing tissues as, at present, the developmental regulation of PrP in non-CNS
tissues has not been documented. In addition, it would be of interest to parallel this
study with the use of in situ hybridisation and immunohistochemistry technology of
sectioned tissues to precisely investigate the localisation of PrP expression during
development of the postnatal brain and non-CNS tissues.

The RT-PCR and WM-ISH data presented in this chapter clearly indicate that PrP
mRNA is transcriptionally activated between E8.5 and E9 during murine
embryogenesis. It was also shown that, by E9.5, PrP mRNA is readily detectable
throughout the neuroepithelium of the developing brain, and possibly in PNS structures
such as the otic pits and perhaps the optic eminence. In addition to establishing the
precise timing of expression during murine embryogenesis, this study represents the
earliest demonstrations of PrP mRNA in the murine embryo, where it has previously
been shown to be expressed at E10 (Jean Manson, personal communication) and El3.5
(Manson et al., 1992a) by Northern and ISH analyses respectively.

Transcriptional activation of PrP mRNA apparently occurs during a period where
there is a clear switch from anaerobic to aerobic metabolism in the mammalian embryo.
This raises the distinct possibility that PrP might in fact respond to, or regulate, the
cellular response to oxidative stress mediated through the generation of ROS, via direct
regulation of antioxidant enzymes, such as Cu/Zn SOD. However, it should be noted
that the WM-ISH procedure performed here merely allows the identification of the PrP
mRNA expression, and not PrPc. As such, future research here should focus primarily
on the detection of PrPc during murine embryogenesis. In addition to providing more

biologically relevant data concerning PrP expression levels, this would have the added
advantage of allowing more detailed localisation of PrP expression.

Northern analysis also indicates the presence of apparent alternative PrP mRNA
transcripts, of 1.3 Kb and 3.6 Kb. Unprocessed mRNA cannot account for the presence

of the 3.6 Kb transcript (which presumably arises through alternative splicing with an as

yet unidentified exon). The 1.3 Kb transcript, similar in size to that reported by Robakis
et al (1986) may arise through differential usage of a putative alternative polyadenylation
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signal residing further upstream the in PrP 3' UTR mRNA, as has been suggested to be
the case in sheep (Horiuchi etal., 1995). Although preliminary attempts to isolate these
alternative transcripts were unsuccessful, it will be of considerable importance to extend
these attempts and characterise these putative PrP transcripts and their expression, for
example in developing tissues and in TSE-infected brain. Southern analysis suggests
that they are not simply the products of highly homologous genes.

Finally, from the RPA and WM-ISH data, there is no evidence for a potential anti-
PrP transcript, although its presence cannot be formally excluded as it may be expressed
at a level lower than the level of sensitivity of these procedures.

It was decided to utilise the PO to P42 postnatal developing brain as the source of
material for a comparison of gene expression between Prn-p+,+ and Prn-p'1' mice, on the
basis of the PrP mRNA expression data presented in this chapter, particularly in view of
the approximate 8-fold increase of PrP mRNA expression. Although the point of
transcriptional activation of PrP mRNA during murine embryogenesis could also be
considered a suitable choice with which to undertake a comparison of gene expression
between Prn-p+l+ and Prn-p'' mice, the practical difficulties of exactly synchronising the
staging of Prn-p+l+ and Prn-p''embryos argued against such a choice. The abundance,
and 8-fold increase in expression levels, of PrP mRNA in the murine postnatal
developing brain clearly indicates that this tissue, and developmental period, is a

satisfactory choice of material with which to undertake the DDRT-PCR analysis.
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Chapter 3

Optimisation Of The DDRT-PCR
Technique.

3.1 Introduction.

3.1.2 Differential Display RT-PCR (DDRT-PCR).

The identification ofdifferentially expressed genes is a central aim in many studies
in molecular and cellular biology. In particular, there is significant interest in identifying
and isolating the specific genes responsible for regulating cellular processes such as

differentiation and commitment, genes expressed in a tissue-specific fashion,
developmentally regulated genes and genes in which expression patterns are altered in
response to a variety of treatments in cells or tissues. Until relatively recently, the
techniques available to identify and isolate these genes have been both laborious and
technically demanding. As discussed in Section 1.4.4, the recently described and
conceptually simple technique of DDRT-PCR (Liang and Pardee, 1992; Liang et ai,
1993) represents a significant advance in the ability to perform these studies.

As described in Section 1.4.4, the DDRT-PCR technique allows the direct
comparison of genes expressed in multiple samples by the creation of an 'RNA
fingerprint' for each sample. Total RNA is fractionated into specific subpopulations of
cDNA using modified oligo(dT) (or anchored primers) for initiation of reverse

transcription (TI2MN; M = A, G or C and N = A, G, C or T). This fractionated RNA,
represented as cDNA, is used as a template in PCR reactions with the original anchored
primer and an additional 5' 10-mer of arbitrary but defined sequence. Incorporation of
a radiolabeled nucleotide into the display PCR reactions allows the resulting PCR
products (RNA fingerprints) to be visualised by autoradiography following standard
polyacrylamide gel electrophoresis. Visual comparison of the banding pattern across

gel lanes readily identifies any differentially expressed transcripts. Regions
corresponding to bands of interest are excised from the dried gel, and the cDNA is
recovered. Recovered cDNA is PCR re-amplified using the original display primer
combination and cloned into an appropriate vector, frequently a T/A cloning vector.
Clones can then be used as probes to confirm differential expression using such
techniques as Northern blot analysis, ribonuclease protection assay (RPA) or in situ

hybridisation.
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The DDRT-PCR technique has several advantages over alternative methods of
isolating differentially expressed genes; (i) the low quantity of starting material required
(DDRT-PCR can be performed with as little as 200 ng of total RNA per sample, (ii) the
ability to simultaneously analyse multiple samples (this is limited only by the number of
lanes on the electrophoresis apparatus used), (iii) sensitivity (being PCR-based, low-
copy number transcripts are also included in the analysis), (iv) the speed at which the
process can be completed from RNA extraction to sequenced clones (as few as eight
working days) and (v) the ability to compare multiple samples side-by-side, therefore
aiding detection of even relatively subtle changes in gene expression.

3.1.2 Technical Difficulties Associated With DDRT-PCR.

Various technical problems have been reported using the DDRT-PCR procedure.
The most serious criticism of the technique has been the generation of significantly high
false-positive rates (Welsh et al., 1992; Li et al., 1994; Sun et al., 1994), where
expression studies using isolated clones have failed to replicate the differential
expression patterns visualised on the original display gel. Indeed, clones derived from
an apparently single display band frequently represent a number of different cDNA
species, making the identification of the true candidate cDNAs a time-consuming and
laborious task (Callard et al., 1994; Li et al., 1994). This frequently reported isolation
of multiple cDNA species, and the failure to replicate expression profiles when using
these cDNAs as probes in expression studies, has led to the assumption that the original
display profile of gene expression is inaccurate. However, as described in this chapter,
the DDRT-PCR autoradiographs are in fact an accurate picture of gene expression. The
problematic isolation of multiple cDNA species from single display bands merely
represents a technical problem with the standard DDRT-PCR procedure which can be
satisfactorily resolved.

In addition to the high rate of false positives reported using the DDRT-PCR
technique, it has also been documented that cDNA clones generated by DDRT-PCR are

frequently smaller than 300 bp (Sompayrac et al., 1995). The use of these short
cDNAs as probes in expression studies may present technical difficulties, with respect
to detection sensitivity for example. Additionally, maximal sequence information for a
particular isolated cDNA candidate is of obvious benefit when attempting to establish a

match, or a degree ofhomology, between a DDRT-PCR cDNA and previously reported
transcripts in the nucleic acid databases. As such, greater resolution of larger DDRT-
PCR cDNAs is desirable. The advantages of isolating larger cDNAs include the
obvious increase in sensitivity that these provide in expression studies and the increased
likelihood of establishing homology to previously reported sequences. Most
importantly, the greater resolution of larger molecular weight cDNAs on DDRT-PCR
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gels results in the visualisation of an increased number of display bands, and thus
increases the representation of expressed genes per display gel.

3.1.3 Attempts To Refine Downstream DDRT-PCR Steps.
In the overall DDRT-PCR procedure, most efforts have focused on addressing the

reported high rate of false positives that are generated, where cDNA isolated from an

apparently single display band may in fact contain several cDNA species. Indeed, rather
than optimise steps downstream of the initial DDRT-PCR reactions to eliminate, or at
least minimise these, it appears from the literature that this high false positive rate is
regarded as inherent to the procedure. As such, efforts have been directed towards the
use of techniques that might allow the screening of isolated cDNAs and the subsequent
identification of true candidate cDNAs of interest (Li et al., 1994; Mou et al., 1994;
Liang and Pardee, 1995; Consalez et al., 1996; Poirier et al., 1997).

Reported procedures to screen a set of isolated cDNAs for the true candidate cDNA
include the use of 'reverse northern' blots, in which radiolabeled RNA from test and
control RNA samples are synthesised and used in filter hybridisation studies to probe
the immobilised cDNA set (Mou et al., 1994; Poirier et al., 1997). However, the
inadequacies of these procedures are obvious when considering that low abundance
RNAs will not be radiolabeled to a satisfactory high specific activity for use as probes
and, therefore, the sensitivity of these systems is low. Additionally, analysis of RNA by
reverse transcription requires substantial quantities of poly(A) purified RNA, which
presents an obvious 'bottleneck' in the procedure in studies in which RNA is limiting.
The use of Northern blot 'affinity capturing' has also been proposed as a potential
screening strategy (Li et al., 1994), in which the set of isolated cDNA fragments are

radiolabeled and used as a probe to Northern blots. On identification of the region of
the membrane containing the differentially expressed transcript, it is subsequently
excised, the cDNA probe recovered by elution and PCR amplified (low annealing
temperature) using the primer pairs used to originally synthesise it by DDRT-PCR.
These strategies utilise a complex mix of radiolabeled nucleic acids as a probe and fail
to account for the possibility that transcripts of low abundance may not be detectable by
standard Northern blotting procedures.

In addition to problems of potentially limiting RNA and low sensitivity, these
approaches accept that the generation of false positive cDNAs is inherent to the DDRT-
PCR technique and focus exclusively on the subsequent time-consuming screening of
isolated cDNAs for a true candidate cDNA representing a differentially expressed
transcript. As an alternative, it would be prudent to implement procedures to eliminate,
or at least minimise, these false positives generated by DDRT-PCR prior to cloning and
expression studies. Such a potential procedure is presented and discussed in this
chapter.
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3.1.4 Aims OfChapter 3.
Prior to performing a comprehensive analysis and comparison of gene expression in

Prn-p+!+ and Prn-p''~ postnatal developing brain, it was desirable to refine various steps
of the DDRT-PCR technique. The high rate of false positives generated by the
technique, a step which represents a significant 'bottleneck' in the overall procedure,
was addressed, and attempts to effectively eliminate these from further study are

discussed. In addition, to optimise the number of cDNAs visualised by DDRT-PCR,
the resolution of the gel electrophoresis step was also addressed, such that a maximal
number of transcripts were displayed per DDRT-PCR primer combination.

The aims ofChapter 3 were therefore as follows:-

1. To assess various gel electrophoresis systems for optimal resolution and separation
ofDDRT-PCR cDNAs.

2. To address the reported problem of DDRT-PCR false positives and implement
procedures to minimise these and aid isolation of true candidate cDNAs of interest.
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3.2 Results And Discussion.

3.2.1 Comparison OfDDRT-PCR Gel Electrophoresis Matrices And

Electrophoresis Equipment.
In order to satisfactorily undertake a comprehensive study of gene expression in

Prn-p+/+ and Prn-p'1' postnatal developing brain, it was necessary to determine the gel
matrix and electrophoresis system which results in optimal resolution of synthesised
DDRT-PCR cDNA products, with respect to range of separation, sensitivity and
therefore maximal representation of expressed transcripts. Figure 3.1 shows a

comparison of results obtained when fractions of a DDRT-PCR reaction are run using
(a) conventional 1% agarose, (b) non-denaturing polyacrylamide and standard
sequencing-size electrophoresis apparatus, and (c) non-denaturing HR-1000
polyacrylamide and the GenomyxLR electrophoresis apparatus. As can be seen from
Figure 3.1, whilst conventional agarose gel electrophoresis of DDRT-PCR cDNA
products would clearly be a more rapid and less laborious procedure, it is clear that this
method of electrophoresis is unsuitable for the purposes of this thesis. The sensitivity
of this method of electrophoresis is such that only a small number of transcripts are

represented for each primer combination, with an absence of detection of any DDRT-
PCR cDNAs ofmolecular weight larger than approximately 400 bp. Additionally, it is
almost certain that the detection of subtle differences in gene expression between
Prn-p+/+ and Prn-p~j~ brain would not be possible using conventional agarose gels and
subsequent ethidium bromide staining as a method of gel electrophoresis and detection
of DDRT-PCR cDNAs.

In contrast to the representation of transcripts obtained by electrophoresis of
DDRT-PCR cDNA products through agarose gels, Figure 3.1 (b) & (c) demonstrates
the greater resolution and sensitivity that can be achieved by electrophoresis of the same

DDRT-PCR products using conventional polyacrylamide and HR-1000
polyacrylamide. The use of conventional polyacrylamide and standard sequencing-size
gels results in the resolution of cDNAs from approximately 50 bp to 300 bp (See
Figure 3.1 b), whereas HR-1000 polyacrylamide and GenomyxLR electrophoresis
system resolves cDNAs in the range of approximately 300 bp to 1500 bp (See Figure
3.1 c). The advantages of these polyacrylamide gels over the use of agarose gel
electrophoresis is clear, with the vast majority of cDNAs visualised by autoradiography
(Figure 3.1 b & c) being undetectable by ethidium bromide staining of agarose gels
(Figure 3.1 a). The greater sensitivity obtained by use of both polyacrylamide systems
is also apparent.
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Figure 3.1: Comparison of DDRT-PCR cDNA resolution using three
different gel matrices and electrophoresis apparatuses. DDRT-PCR products
were synthesised from Prn-p+/+ and Prn-p'1' P0, P10, P20 and P42 (samples 1, 2, 3 &
4 respectively) brain RNA using the T12MA/P3 primer combination. The resulting
profiles using agarose gel apparatus and agarose matrix (a), sequencing-size
apparatus and standard polyacrylamide matrix (b) and the GenomyxLR apparatus
and HR-1000 polyacrylamide matrix (c) is shown. The approximate positions of
molecular weight markers are indicated.
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As Figure 3.1 b & c illustrates, while the majority of bands appear identical in
intensity across all lanes, in some instances, changes in band intensity across the PO to
P42 developmental period indicates the detection of developmentally regulated
transcripts. Both transcript types effectively act as internal controls for a particular
DDRT-PCR primer combination.

In order to obtain maximum visualisation of cDNAs per primer combination it was
decided to use both standard polyacrylamide and sequencing-size gels to resolve
products in the range approximately 50 bp to 300 bp and the GenomyxLR and HR-
1000 polyacrylamide to resolve products in the range 300 bp to over 1500 bp (for each
DDRT-PCR primer combination performed). Using a combination of these systems
for electrophoresis ofDDRT-PCR cDNA products, approximately 200 to 300 bands on
average are visualised per reaction. Assuming that each band represents an individual
transcript, this results in the representation and visualisation of approximately 200 to
300 transcripts per primer combination.

There are clear advantages in utilisation of the GenomyxLR system for allowing
separation and visualisation of cDNAs of higher molecular weight. Larger cDNA
clones increase detection sensitivity when used as probes in expression studies, and
increase the chance of establishing homology to previously identified transcripts.
Additionally, the increased resolution of individual bands that is achieved using the
GenomyxLR system may in fact aid in the reduction of false positives that result from
co-migrating cDNAs of a similar size to the candidate cDNA of interest (Averboukh et

al., 1996).

3.2.2 Rationale For Incorporation Of the mSSCP Step Into DDRT-
PCR Procedures.

Early in the course of this thesis, it was considered that there were four main sources

of false positives in DDRT-PCR studies: (i) artefactual differences created in the
original RNA populations by non-standardised extraction procedures (minimised by
extraction of RNA from different tissue sources simultaneously), (ii) artefactual
differences on the display autoradiograph resulting from the predominant use of
'pairwise' comparisons (for example, limiting comparisons to only Prn-p+,+ and Prn-p '~
adult brain) of reaction product (PCR generated artefacts are readily apparent when
using multiple timepoints from the tissue under study), (iii) identical-sized cDNA
fragments that co-migrate with the cDNA of interest on display gels and (iv) DNA
contamination which is introduced into the re-amplification PCR (the low annealing
temperature and short primers utilised in the PCR re-amplification step will almost
certainly result in PCR amplification of any introduced template DNA). It is highly
likely that the display autoradiographs represent a genuine picture of gene expression,
and that themajority of false positives result from co-migrating cDNAs.
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Figure 3.2: Rationale for incorporation ofmodified SSCP step into DDRT-
PCR procedures. Standard (a), and modified procedure (b). Under the standard
procedure (a), the eluent recovered from an apparently single band on a display gel
may in fact contain comigrating species of cDNA. When reamplified by PCR for
40 cycles the quantity of comigrating sequence Y can be equivalent to sequence X,
the cDNA of interest. Depending on cloning efficiency, the comigrating sequence
may be over-represented in the transformant population. While examination of a
number of transformants may indicate the presence of only one cDNA sequence,
Northern analysis fails to replicate the original differential expression pattern.
Incorporation of modified SSCP into the procedure (b) allows the purification of
the candidate cDNA of interest from any co-migrating species by separation based
on sequence. Reamplification of candidates from mSSCP gels results in a
population of subclones all containing the cDNA of interest, which when used as a
probe in expression studies, confirms the original differential display expression
profile.
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Even with perfectly performed DDRT-PCR, several co-migrating cDNA species
may be present in addition to the cDNA of interest. These co-migrating cDNAs may

appear on display gels as bands of very low intensity or may not even be visible if
insufficient radiolabelled nucleotide has been incorporated during DDRT-PCR. While
originally present as only a very small proportion of the total DNA recovered, after the
standard 40 cycles ofPCR re-amplification, these co-migrating species will be amplified
to a concentration equivalent to the real candidate cDNA (the C(o)T effect; See Figure
3.2)(Mathieu-Daude et al., 1996). In some instances, these co-migrating cDNA species
can in fact clone with greater efficiency than the cDNA of interest, particularly when T/A
PCR cloning vectors are utilised.

Considering these problems of false positives, it is prudent to attempt to eliminate, or
at least minimise, these prior to PCR re-amplification steps. On the assumption that the
vast majority of these result from co-migrating cDNAs, it was decided to utilise a

modified single-strand conformation polymorphism (mSSCP) approach to effectively
purify the excised display candidate cDNA of interest from potential co-migrating
cDNA species prior to PCR-reamplification and cloning (See Figure 3.2)( Mathieu-
DaudQetal., 1996a; Miele etal., 1998). SSCP is an electrophoresis protocol designed
to separate single-stranded DNA fragments on the basis of conformation rather than
size. Under standard conditions (Hayashi, 1991), SSCP will separate individual strands
of a DNA duplex. However, the mSSCP procedure outlined in this thesis is intended to
differentiate between similarly sized fragments of completely different sequence. While
similar in concept to a previously published procedure (Mathieu-Daude et al., 1996a),
the procedure outlined in this thesis differs significantly in detail and is specifically
designed to purify the candidate cDNA of interest from co-migrating cDNAs prior to
cloning.

3.2.3 Comparison OfmSSCP PCR Cycle Numbers.
The mSSCP procedure is performed after first excising gel regions corresponding

to DDRT-PCR bands which represent candidate cDNAs of interest. cDNA is then
recovered by elution and precipitation and used as template in a PCR reaction,
incorporating [33P]a-dATP and the original primers utilised. In addition to recovering
cDNA from display band regions representing a candidate of interest, cDNA is also
isolated from the corresponding 'negative' region to allow identification of co-migrating
cDNAs after mSSCP (Miele et al., 1998). For example, if a developmentally regulated
transcript was identified by DDRT-PCR as increasing in expression throughout the P0
to P42 period of postnatal brain development, but which was apparently of lower
abundance in the Prn-p'1' samples (indicated by a lower band intensity), gel regions from
Prn-p' and Prn-p1' lanes would be excised and the cDNA recovered. In order to
maintain the change in expression profile and difference in intensity between Prn-p+h
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and Prn-p'1' samples, it is necessary to perform a reduced number of PCR amplification
cycles. Figure 3.3 illustrates the effect of different PCR cycle numbers on both the
relative levels of different cDNA species and the complexity of the mSSCP profile. As
can be seen from Figure 3.3, while 5 and 10 cycles of PCR is sufficient to permit
detection of both the candidate cDNA of interest and potential co-migrating cDNAs,
increasing PCR cycle number to 20 cycles results in mSSCP profiles of far greater

complexity. With 20 cycles, co-migrating cDNA species are apparently being amplified
to levels equivalent to the candidate cDNA of interest. The increased primer to template
ratio in mSSCP-PCR, and the use of short primers in low annealing temperature PCR,
results in the synthesis of truncated PCR products, and these may complicate the
mSSCP profile. However, in these instances, these truncated products should also
replicate the origninal DDRT-PCR pattern.

Even though the mSSCP procedure does appear to separate candidate cDNAs of
interest from potential co-migrating cDNAs, it is possible that some cDNAs may in fact
still co-migrate with the candidate cDNA in mSSCP gels. Therefore, to minimise the
possibility of these being mSSCP-PCR-amplified to any great extent, it is necessary to

perform mSSCP-PCR using the lowest PCR cycle number that still permits detection of
the candidate cDNA of interest by expression profile, and of potential co-migrating
cDNAs. On this basis, it was decided to amplify candidate cDNAs for 5 cycles prior to
mSSCP analysis and cloning.

94 Chapter 3: Optimisation OfThe
DDRT-PCR Technique.



(a).

12 3 4

Figure 3.3: Effect of PCR cycle number on mSSCP profile. DDRT-PCR
cDNA synthesised from chick gonadal RNA isolated at various stages of
development (kindly performed by Derek McBride) using the T12MA/Sox primer
combination, representing a developmentally regulated transcript (a), was recovered
and used as a template in PCR reactions, incorporating [33P]a-dATP, for 5, 10 and
20 cycles. Radiolabeled PCR products were purified and subjected to mSSCP (b).
The gel was dried and exposed to BiomaxMR film for 2 hours. Arrowheads
indicate the positions of cDNAs of interest and the asterisks indicate the positions
ofpotential co-migrating DDRT-PCR cDNAs.
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3.2.4 Efficacy Of The mSSCP Step.
The implications of including the mSSCP step in the overall DDRT-PCR procedure

to minimise the cloning of co-migrating cDNA species, became evident early in the
course of this thesis. DDRT-PCR was performed on Prn-p + and Prn-p'1' postnatal
developing brain RNA and, as shown in Figure 3.4 (a), a transcript apparently
dramatically downregulated in Prn-p1' developing brain was detected.

(a). Prn-p+/+ Prn-p~!~
I 1 I 1
PO P10 P20 P42 PO P10 P20 P42

MW

(b). Prn-p+/+Prn-p~/~
P20 P42 P20 P42

Figure 3.4: Demonstration of the mSSCP approach. DDRT-PCR was
performed on Prn-p+,+ and Prn-p'' postnatal developing brain RNA using
TnMA and P3 as primers, the DDRT-PCR products were electrophoreses
through 6% non-denaturing polyacryalmide on standard sequencing-size
apparatus and the gel dried and exposed to BiomaxMR film for 18 hours. A
transcript apparently dramatically downregulated in Prn-p'1' postnatal developing
brain RNA samples was identified (a), and the corresponding gel region excised
and the cDNA recovered. The recovered cDNA was used as a template in PCR
reactions using the original DDRT-PCR primers, incorporating [ P]a-dATP,
for 5 cycles. The PCR products were purified and subjected to mSSCP
electrophoresis through 0.5X MDE polyacrylamide. The gel was dried and
exposed to BiomaxMR for 18 hours (b). The arrow indicates the position of a
cDNA from the Prn-p+,+ P42 stage that was recovered and cloned and the
asterisks indicate the positions of co-migrating cDNAs that do not replicate the
pattern of expression observed on the DDRT-PCR panel.
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The expression profile of this particular transcript, both across the Prn-p+/+
developmental stages and when compared to the corresponding Prn-p1' stages, was very

similar to that which would be expected for PrP mRNA. The corresponding gel region
was excised from the Prn-p+/+ P42 stage, the cDNA recovered and used as a template in
re-amplification PCR following the standard DDRT-PCR method of cDNA recovery

and cloning. This consisted of 40 cycles of re-amplification PCR, followed by
purification of the PCR product and cloning into a standard PCR cloning vector,

pGEM-Teasy (Promega, Southampton, UK). Plasmid DNA was isolated from six
transformants. Subsequent DNA sequencing analysis revealed that all clones contained
identical inserts, and nucleic acid database searches revealed that this cDNA was novel,

having no significant homology to any previously described transcript. However,
Northern analysis revealed that this transcript was expressed at similar levels in Prn-p+l+
and Prn-p ~ brain. Consequently, plasmid DNA from a further sixty transformants was

sequenced. This analysis revealed that fifty nine cDNA clones were identical in
sequence to the novel transcript initially isolated. However, one of these clones had
100% homology to the 3' UTR ofmurine PrP mRNA. This clearly indicated that a co-

migrating cDNA species was amplifying to similar levels as the true PrP candidate
following the standard PCR re-amplification procedure of 40 cycles, and was cloning
with a far greater efficiency using the T/A cloning technology.

The example outlined here is a clear demonstration of the reason for the major
criticisms of the DDRT-PCR procedure. However, it demonstrates that the vast

majority of false positive cDNAs derived from DDRT-PCR analyses do not in fact
represent the original identified band. The majority of these false positives are derived
from cDNA species of identical size which co-migrate with the cDNA of interest.
Therefore, cDNA isolated from Prn-p ' and Prn-p'1' P20 and P42 stages was subjected
to mSSCP analysis (Figure 3.4 b). As can be seen from Figure 3.4 (b), mSSCP
analysis reveals the presence of several cDNA species which do not replicate the pattern
of expression observed on the DDRT-PCR gel, and therefore represent co-migrating
cDNA species. cDNA from the gel region corresponding to the Prn-p+/+ P42 stage was

isolated from the mSSCP gel. Following PCR re-amplification for 5 cycles and cloning
of the purified PCR product, sequence analysis of plasmid DNA isolated from ten
transformants revealed that all ten cDNA clones analysed were identical and derived
from the 3' UTR ofmurine PrP mRNA. The presence of a Prn-p'1' cDNA migrating at
the same position as PrP by mSSCP is apparent from Figure 3.4 (b). While it is
possible that this cDNA species may represent a low level of residual PrP mRNA, as

discussed in Chapter 2, alternatively, it could arguably represent a cDNA species which
co-migrates with PrP cDNA, and therefore creates the impression that it is the same

cDNA species as in the Prn-p+/+ samples. Recovery and cloning of this cDNA from the
Prn-p'1' lanes would be required to formally resolve this issue.
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The successful application here of the mSSCP procedure clearly demonstrates its
efficacy with respect to minimising the generation of false positives derived from co-

migrating cDNAs. As a result of these observations, the mSSCP procedure was

implemented into the overall DDRT-PCR protocol, prior to cloning of isolated cDNAs.
Additionally, the successful identification and isolation of PrP cDNA confirms the
validity of the DDRT-PCR approach as a suitable method for the analysis and
comparison of gene expression between Prn-p+,+ and Prn-p~'~ brains.3.2.5 Cloning Of mSSCP PCR Products.

Although the example described in Section 3.2.4 demonstrates the successful
application of the mSSCP procedure, the possibility remains that some cDNA species
may still co-migrate with the cDNA of interest, even after mSSCP purification. While
limited 5-cycle PCR re-amplification certainly minimises the amplification of these
contaminants, and minimises the possibility of amplifying and cloning contaminating
DNA, the use of T/A technology for cloning PCR products may still result in biased
cloning efficiencies of co-migrating cDNA species. Therefore, to overcome this, a

furthermodification to the overall DDRT-PCR was implemented.
To PCR re-amplify cDNA after mSSCP purification, modified oligonucleotide

primers containing an EcoKl restriction site were utilised. These primers were a

universal extended anchored primer of the sequence 5'-d(GGGTCAGAATTC(T)12)-3'
and an extended version of the appropriate arbitrary primer of the form
5'-d(GTCAGAATTC(N)10)-3'. In the extended arbitrary primer the ten 3' bases
correspond to the sequence of the arbitrary primer used in the DDRT-PCR analysis.
PCR re-amplification was performed as described in Section 8.22.1.5, and PCR
products were purified and digested with the Ecofd restriction enzyme prior to cloning
into the EcoKl site of pBluescript SKII as described in Section 8.22.1.5. This
modification to the PCR re-amplification procedure allows the unbiased cloning of
mSSCP purified cDNAs. Even in the event of isolation of mSSCP co-migrating
cDNAs, or inadvertent introduction of contaminating DNA, the true candidate cDNA of
interest should still contribute the majority of transformants following cloning.3.2.6 Further Refinements To The DDRT-PCR Procedure.

The implementation of mSSCP, refined PCR re-amplification and cloning
procedures should serve to resolve problems frequently encountered in confirming the
expression pattern of differential display products. However, despite these advances, it
is still formally possible that some cDNA species may still co-migrate with the
candidate cDNA of interest in mSSCP gels. With the application of the refinements
described in this chapter, the candidate cDNA of interest should represent the majority
of cDNAs cloned. However, in a small number of instances, the possibility remains that
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these may be cloned and that subsequent sequencing of plasmid DNA from
transformants may still reveal a heterogeneous population of cDNA species. As such, it
is desirable to confirm conclusively that an isolated candidate cDNA clone does in fact
represent the originally observed differentially expressed transcript prior to embarking
on expression studies. This is particularly obvious in situations where source material
and RNA is limiting.

Late in the course of this thesis, it was realised that a simple and rapid procedure for
the authentication of isolated DDRT-PCR cDNAs (and which did not require
substantial quantities of RNA as with the 'reverse Northern' procedure (Mou et al.,
1994; Poirier et al., 1997)), would be of considerable value prior to performing
expression studies. This can be achieved by simple electrophoresis of DDRT-PCR
products through agarose gels, followed by standard Southern blotting to nylon
membranes and the use of isolated cDNAs as hybridisation probes (Miele et al.,
1999a). A single DDRT-PCR reaction produces sufficient cDNA for multiple
Southern blots, each of which can be stripped and re-probed repeatedly, allowing
screening of numerous candidate clones. Additionally, the high abundance of target
sequences on the DDRT-PCR Southern blots obviates problems of detection sensitivity
and intense signals are obtainable after short autoradiographic exposure times (Miele et

al., 1999a). However, this refinement to the overall DDRT-PCR procedure was only
implemented during the later stages of this project.
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3.3 Summary.
DDRT-PCR is a powerful molecular technique, allowing the comparison of gene

expression between different cell types or tissues or between the same cells or tissues at
different stages ofdevelopment. The ability to identify and isolate even low abundance
transcripts, and transcripts which exhibit even subtle changes in expression patterns,

gives the technique obvious advantages over alternative methods of identifying and
isolating differentially expressed transcripts. Although DDRT-PCR represents a

significant advance in molecular biology, a serious criticism of the technique has been
the frequent failure to confirm the original expression profile (Welsh et al., 1992; Li et
al., 1994; Sun et al., 1994), leading to suggestions that the procedure produces a

significantly high rate of false positives. However, as described in this chapter, it is
probable that the vast majority of these false positives are derived from cDNA species
which co-migrate with the cDNA of interest on DDRT-PCR gels, and which, during the
standard 40 cycles of PCR re-amplification, are amplified to equivalent concentrations.
Using T/A cloning technology, it is possible that these may in fact clone with far greater
efficiencies than the true candidate cDNA. The refinements to downstream procedures
of the overall DDRT-PCR technique described in this chapter should serve to

significantly minimise these false positives from further study.
The overall procedure for the comparison of gene expression in Prn-p+l+ and Pm-p"

postnatal developing brain, from RNA extraction to cloning, is summarised in Figure
3.5.
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(a) Standard Approach. (b) Refined Approach.

Source material.

1
RNA extraction.

J
cDNA synthesis.

I
DDRT-PCR.

1
Isolation of candidate cDNA.

40 cycle PCR re-amplification.

I
Cloning into T/A vector.

Source material (multiple
developmental stages).

4
RNA extraction (performed as
a batch extraction).

I
cDNA synthesis.

I
DDRT-PCR (Standard poly-
acrylamide and HR-1000).

I
Isolation of candidate cDNA
(from test and control lanes).

I
mSSCP purification (5 cycles PCR).

I
Isolation ofmSSCP cDNA.

I
5 cycles PCR re-amplification
(primers containing EcoRl
restriction sites).

I
Cloning into FcoRI site of de-
phosphorylated vector.

I
Verification ofauthenticity of
cloned cDNA by hybridisation of
cDNA probe to Southern-blotted
DDRT-PCR products.

Figure 3.5: Outline of the overall DDRT-PCR approach. The overall DDRT-
PCR approach, from RNA extraction to isolation of candidate cDNA clones is
shown; (a) standard approach and (b) overall approach including the refinements
designed to minimise false positives generated by either artefactual differences,
cloning of contaminating DNA or cloning of co-migrating cDNA species.
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Chapter 4

DDRT-PCR Analysis Of Gene
Expression In Prn-p+l+ And Prn-p

Postnatal Developing Brain.

4.1 Introduction.4.1.1 General Introduction.

As discussed in Chapter 2, it was decided to use whole brain from NPU Prn-p+ +
and Prn-p'1' mice (Manson et al., 1994) at PO, P10, P20 and P42 stages of postnatal
development as source material for a comparison of gene expression by DDRT-PCR.
The approximate 8-fold upregulation of PrP mRNA during this developmental period,
and the abundance of expression in the brain compared to non-neuronal tissues,
supported the choice of this material for the DDRT-PCR comparison.

The validity of DDRT-PCR as the technique of choice with which to undertake a

comprehensive comparison of gene expression between Prn-p' and Prn-p'1' mice is
clearly demonstrated in chapter 3 by the detection of PrP mRNA as being differentially
expressed in Prn-p'1' brain. The identification of one gene definitely known to be
differentially expressed between these two lines of mice (PrP) provides confidence that
the technique is suitable for the purpose of this thesis.4.1.2 DDRT-PCR Coverage Of Expressed Genes.

The DDRT-PCR procedure as originally described (Liang and Pardee, 1992) was

developed and proven on homogenous cell lines, and many of the applications since
have been specific to homogenous cell lines. It has been estimated that twenty arbitrary
DDRT-PCR 10-mer primers in conjunction with all anchored oligonucleotides should
be sufficient to provide a coverage by DDRT-PCR of 12 000 - 24 000 transcripts
(Liang and Pardee, 1992). Assuming that 10 000 - 15 000 genes are expressed in any

particular cell type at any one time (Liang and Pardee, 1992; Bauer et al., 1994) and
assuming that one DDRT-PCR band represents an individual transcript, this should be
sufficient to examine most expressed genes.

The brain, however, is the most heterogeneous tissue in the mammalian body. In
contrast to the estimates of coverage provided by calculations which are based on gene
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expression in one cell type, it has been estimated that approximately 30% of all
mammalian genes code for proteins that are expressed in the brain (Milner and Sutcliffe,
1983). The brain may therefore contain as many as 30 000 expressed transcripts, and,
as such, the analysis of alterations in gene expression in the brain may be markedly
more complicated by the complexity of the message population and the heterogeneity of
cell types within the brain. It is therefore very difficult to determine the total number of
DDRT-PCR primer combinations that would be required to achieve full coverage of
gene expression in the brain. However, utilising both sequencing-size and GenomyxLR
electrophoresis apparatus, approximately 200 - 300 individual DDRT-PCR bands are

visualised per primer combination. If each of these bands represents an individual
transcript, approximately 100 - 150 primer combinations might be required to provide
adequate coverage ofbrain gene expression, assuming 30 000 expressed transcripts.

In summary, these figures of approximate DDRT-PCR coverage can only be
regarded as very crude estimates. They are based solely on approximate numbers of
visualised bands, expressed genes in homogenous or heterogeneous tissues and the
assumption that an individual DDRT-PCR band represents an individual transcript. It is
therefore not possible to determine exactly the number of primer combinations required
to achieve full coverage ofgene expression in the brain, or even in a homogenous tissue
or cell type.

4.1.3 PrPc Ablation And Gene Expression In NPU Prn-p'1' Brain.
Prior to commencement of the DDRT-PCR analysis, two genes were known to be

differentially expressed in NPU Prn-p'1' brain (PrP and neomycin phosphotransferase)
as a result of the targeting strategy used to generate these mice. In addition to being an

inbred line ofmice, ideal for the purposes ofDDRT-PCR analysis, the demonstration of
abnormalities in hippocampal LTP (Manson et al., 1995), altered sleep patterns and
circadian rhythms (Tobler et al., 1996) and the phenotypes demonstrated at the
biochemical and cellular level (Brown et al., 1997; Brown et al., 1997a; Brown and
Besinger, 1998) strongly supports the hypothesis that the ablation of PrPc will have at
least some direct or indirect effect(s) on NPU Prn-p'1' brain gene expression.

It is clear that the identification of genes even subtly differentially expressed in
Prn-p'1' brainmay provide valuable clues to the normal function of PrPc. The DDRT-
PCR technique presently provides the most satisfactory means with which to study gene

expression in Prn-p'1' brain at the level of gene expression, particularly with the
implementation of improvements to the procedure discussed in chapter 3.
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4.1.4 Aims OfChapter 4.

The aims of chapter 4 were as follows:-

1. To utilise the refined DDRT-PCR technique to undertake a comprehensive
comparison of gene expression in NPU Prn-p+/+ and Prn-p'1' postnatal developing
brain.

2. To identify any transcripts differentially expressed in Prn-p'1' brain, to isolate and
recover the corresponding DDRT-PCR cDNAs and identify the genes these cDNAs
represent by sequencing and computer-assisted homology searches of the nucleic
acid databases.
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4.2 Results And Discussion.4.2.1 Estimated DDRT-PCR Coverage Of Gene Expression In

Prn-p+,+ And Prn-p'1 Postnatal Developing Brain.

DDRT-PCR analysis was performed on all four cDNA sub-fractions (ie. d(T)12MA,
d(T)12MG, d(T)12MC and d(T)12MT) using a total of 27 individual arbitrary 5' 10-mer
primers (a total of 107 primer combinations). The resulting "RNA fingerprints", are

shown in Appendix C. Assuming a resolution of an average 200 - 300 DDRT-PCR
bands per primer combination, this equates to a total visualisation of approximately 21
600 - 32 400 individual bands. On the basis that one DDRT-PCR band represents an

individual transcript, the analysis presented in this thesis has provided visualisation of
between 21 000 - 32 400 individual expressed genes.

It is difficult to predict the percentage coverage of the genes expressed in the
postnatal developing murine brain that this crude estimate represents. As discussed in
section 4.1.2, approximately 30% of transcripts encoded in the mammalian genome may

be expressed in the brain (Milner and Sutcliffe, 1983). Assuming this estimate to be
accurate, the DDRT-PCR analysis presented in this thesis represents a coverage of
approximately 70% - 108% of genes expressed in NPU Prn-p+'+ and Prn-p'1' postnatal
developing brain.

The DDRT-PCR study presented in this thesis clearly represents a comprehensive
analysis of gene expression in the postnatal developing brain. However, it is likely that
a number of transcripts have not been visualised during this study. As such, the study
could be extended to include even more DDRT-PCR primer combinations using
additional arbitrary 5' 10-mer primers. However, it should be noted that, the likelihood
of visualizing the same transcripts repeatedly will almost certainly increase as additional
DDRT-PCR primer combinations are utilised.4.2.2 Gene Expression In NPU Prn-p'1' And Pm-p'' Brain.

An example of DDRT-PCR autoradiography representing four individual RNA
fingerprints, is shown in Figure 4.1. As can be seen from Figure 4.1, the consistency of
banding patterns within a particular primer combination is extremely high, and the
reproducibility between the developmental timepoints of the Prn-p+l+ and Prn-p'' brain
material is excellent for each primer combination. This particular DDRT-PCR
autoradiograph is an example in which gene expression profiles between Prn-p+ + and
Prn-p'1' postnatal developing brain appear identical for each primer combination utilised.

105 Chapter 4: DDRT-PCR Analysis OfGene
Expression In Prn-p'* AndPrn-p'1'

Postnatal Developing Brain.



d(T)i2MA

R18 R17 Amhl Amh2
, 1 ii 1 i r 1 ii 1

Prn-p+l+ Prn-p'^' Prn-p+^+ Prn-p'^' Prn-p+^+Prn-p'^' Prn-p+^+Prn-p'^'
1234 12341234 12341234 12341234 1234

Figure 4.1: An example of a DDRT-PCR autoradiograph. RNA fingerprints
from (1) PO, (2) P10, (3) P20 and (4) P42 brains from Prn-p+,+ and Prn-p' mice
were compared using the d(T)12MA cDNA subfraction in combination with four
arbitrary 5' primers. Electrophoresis of PCR products was performed for 2 hours
and 15 minutes at 2700V (50°C) through non-denaturing HR-1000 polyacrylamide.
The dried gel was exposed to BiomaxMR film for 18 hours. This particular DDRT-
PCR autaradiograph (DD 201) is an example in which no differences in gene
expression are observed between Prn-p+,+ and Prn-p'1' brains.
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As can be seen from Figure 4.1, the expression profiles of the majority of
transcripts do not change throughout the developmental period of study. However, a

small number of transcripts do show changes in gene expression during postnatal brain
development for both Prn-p+l+ and Prn-p'1' mice. The analysis of multiple
developmental timepoints decreases the possibility of selecting artefactual differences in
the original DDRT-PCR. The majority of transcripts displayed should appear identical
in intensity in all lanes, while a small percentage, representing developmentally regulated
genes, should show the same differential expression profile in the Prn-p+,+ and Prn-p'1'
brain samples. Both types of expression profile act as internal controls, and individual
transcripts that differ between Prn-p+i+ and Prn-p1' brain can be selected with
confidence.

From an estimated maximum visualisation of approximately 32 400 transcripts in
Prn-p+!+ and Prn-p'1' postnatal developing brain, only six individual transcripts were

identified as potentially being differentially expressed during the course of this thesis.
Of these six, two showed dramatic differences in expression between Prn-p+l+ and
Prn-p'1' mice, while expression of the remaining four appeared only subtly altered by the
ablation ofPrPc. These isolated cDNAs will be discussed individually in the following
sub-sections of this chapter.
It is clear from this comprehensive comparison of gene expression in Prn-p+l+

and Prn-p'1' postnatal developing brain, that the ablation of PrPc in Prn-p'1' mice
does not have a dramatic effect on gene expression. In fact, this observation, and
the identification of only a limited number of transcripts as potentially being
differentially expressed between Prn-p+/+ and Prn-p'1' brain, clearly vindicates the choice
of the DDRT-PCR technique for the purposes of this thesis. In addition, the
comprehensive DDRT-PCR analysis undertaken during the course of this thesis, and
which is presented in full in Appendix C, serves as an excellent reference library for the
identification of genes which appear developmentally regulated during murine postnatal
brain development (manuscript in preparation).

4.2.3 Transcripts Identified As Being Differentially Expressed

Between Prn-p+l+And Prn-p'1' Postnatal Developing Brain.
From the comprehensive DDRT-PCR analysis, several bands representing

potentially differentially expressed transcripts were selected for further analysis. These
isolated cDNAs represent six individual expressed genes. The isolation of, and attempts
to identify these, will be presented and discussed in the following sub-sections.
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4.2.3.1 Identification Of Several Apparently /V^-p"17'-Specific Transcripts.
During the course of the DDRT-PCR analysis, several cDNAs were identified as

being apparently specific to the Prn-p+,+ developing brain samples. The isolation,
cloning and subsequent identification of one of these, representing PrP, has already
been discussed in Section 3.2.4. This particular cDNA candidate was generated using
the d(T)12MA/P3 combination ofDDRT-PCR primers. As can be seen from Figure 4.2
(a & b), several apparently Pm-p' specific cDNAs were detected using the P3 arbitrary
10-mer following electrophoresis through both standard, and HR-1000, polyacrylamide.
The expression pattern of these candidates, together with the subsequent observation
that the P3 arbitrary 10-mer is 100% homologous to 10 nucleotides of the 3' UTR of
PrP mRNA, strongly suggested that they might in fact be PrP. Therefore, to investigate
this possibility, cDNA from each band was recovered and PCR re-amplified for 40
cycles, using the original DDRT-PCR primers and cycling conditions. As can be seen

from Figure 4.2 (c), agarose gel electrophoresis reveals that all these PCR products, with
the exception of candidate 1, are of similar size. It is also clear from the DDRT-PCR
autoradiographs that these cDNAs differ in size on the original DDRT-PCR gels.
Whilst the DDRT-PCR conditions clearly support the synthesis of various sizes of
cDNA representing a distinct mRNA, the PCR re-amplification conditions result in the
truncation of the larger cDNA templates. This most likely results from a combination
of the short oligonucleotides used for PCR re-amplification, an increase in the
primer:template ratio in PCR re-amplification and the low annealing temperature (40°C).
If there is homology to the primers elsewhere on the cDNA template, the truncated
cDNA species will represent the vast majority of the PCR product population under
these conditions, particularly if truncation occurs relatively early in the overall cycling
program. Truncation of larger DDRT-PCR cDNAs, particularly under these conditions
ofPCR re-amplification is relatively common.

Southern blotting of the PCR re-amplification products from the suspected PrP
cDNAs, and subsequent hybridisation to a probe containing PrP exons 1, 2 & 3, shows
that all of these cDNAs, with the exception of candidate 1, do in fact represent PrP (See
Figure 4.2 d). Additional products in each reaction, which do not hybridise the PrP
probe, presumably result from PCR truncation of co-migrating cDNA species under
these conditions. It is clear from Figure 4.2, that PrP cDNAs were amplified by
DDRT-PCR in cDNA subfractions other than would have been expected from the
terminal two nucleotides (5'-TG-3') of the PrP mRNA molecule. PrP cDNA products
would only be expected to be PCR amplified in the d(T)12MA subtraction if cDNA
synthesis was being initiated at the exact 3' end of the mRNA molecule. However, it
should be noted that a short stretch of adenine nucleotides at any position in a particular
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Figure 4.2: The Differential expression of PrP is indicated by several distinct
DDRT-PCR cDNAs. (a) The P3 arbitrary primer in combination with all four anchored
3' primers indicates the presence of several apparently Prn-p+l+-specific cDNAs following
electrophoresis using standard sequencing-size and GenomyxLR apparatus (labelled 1 -
16, -ve control is 18S rDNA PCR product). cDNAs were recovered and, PCR re-
amplified (using the original DDRT-PCR primers) for 40 cycles (at 40°C annealing) and
25 (0.1 of each reaction analysed by agarose gel electrophoresis, (c) PCR re-amplified
cDNAs were transferred to Hybond-N by Southern blotting, the membrane subsequently
hybridised to a radiolabeled probe containing all 3 PrP exons and exposed to Cronex
blue film for approximately 20 minutes.
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mRNA molecule may be utilised for initiation of reverse-transcription using these
anchored oligonucleotides for cDNA synthesis. Although the PrP PCR products were

not cloned and sequenced, it is likely that they result from priming at different positions
during the cDNA synthesis and DDRT-PCR reactions, and subsequent truncation via a

common site during PCR re-amplification.
In addition to the identification of PrP as being differentially expressed between

Prn-p+/+ and Pm-p~'~ postnatal developing brain using the d(T)12MA/P3 primer
combination, an apparently Prn-p+,+-specific cDNA was also detected by DDRT-PCR
using the d(T)12MG/R4 primer combination (See Figure 4.3). Subsequent cloning of
this particular cDNA product revealed that it represented 826 nucleotides of PrP, from
positions 588 to 1414, and illustrates that, unsurpisingly, cDNA synthesis can in fact be
initiated from an mRNA molecule at sites other than the terminal 3' bases using these
oligonucleotides. Cloning and sequencing of this cDNA, and of the cDNA from the
d(T)12MA/P3 combination, shows that PrP was identified as being differentially
expressed using two different DDRT-PCR primer combinations.

It is notable from Figure 4.2 (c & d) that the PCR re-amplification product from
candidate 1 does not hybridise the PrP probe. Although the quantity of the PCR
product is relatively low, products of equivalent concentration (eg. 2, 3 & 7) all result in
a positive hybridisation signal. Longer exposure of the blot reveals no signal in this
lane. It is therefore likely that this cDNA does not represent any part of exons 1, 2 or 3
ofPrP. With the exception of PrP cDNA, this apparently Prn-p+l+-specific cDNA was

the most dramatic example of differential gene expression between Prn-p+,+ and Prn-p~'~
mice observed during the course of this analysis. This cDNA appeared dramatically
downregulated in the Prn-p'1' brain, and exhaustive attempts to clone and identify this
particular candidate are presented and discussed in Section 4.2.3.2.
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Figure 4.3: Isolation of PrP cDNA using two different DDRT-PCR primers
and the positions on PrP mRNA that the cDNAs represent. Prn-p+l+-specific
cDNAs were identified using (a) the d(T)1?MA/P3 and (b) the d(T)]2MG/R4
DDRT-PCR primer combinations following electrophoresis through standard
sequencing-size and GenomyxLR apparatus respectively. They were mSSCP
purified, PCR re-amplified for 5 cycles and subsequently cloned into pBluescript II.
(c) positions of these cDNAs on PrP mRNA (indicated by bars).
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4.2.3.2 Candidate 1 (Prn-p~'~ specific transcript).
Throughout the course of this thesis, substantial effort was focused towards the

cloning and/or identification of this particular cDNA. A summary of the approaches
attempted are outlined in Figure 4.4. Unfortunately, whether using DDRT-PCR cDNA
or mSSCP-purified cDNA to clone directly into a T/A vector or following PCR re-

amplification with either the DDRT-PCR primers or the modified extended primers into
either a T/A vector or the EcoRl restriction site of pBluescript II, it was not possible to

identify this cDNA. As shown in Figure 4.4, PCR re-amplification of mSSCP purified
cDNA does in fact contain the cDNA candidate of interest but, despite exhaustive
attempts, it has not been successfully cloned to date. Furthermore, when the same

cDNA as that used to prepare the probe was cloned, transformed and colony lifts
prepared, subsequent probing with the same radiolabelled probe failed to identify any

clones which replicated the expression pattern of candidate 1. The apparent inability to

successfully clone this cDNA, despite the fact that it is present in the PCR product
suggests that it, or rather expression of it, may in fact be toxic to the transformed cells.
Such a phenomenon would not be without precedence (Old & Primrose, 1989). With
this possibility in mind, future attempts to clone this cDNA should focus on perhaps
fragmenting the cDNA with a variety of different restriction enzymes followed by
subsequent transformation of ligation products into a variety of different host cells.

Candidate 1 cDNA is amplified by DDRT-PCR using the d(T)12MA/P3 primer
combination. The d(T)12MA primer 'pool' contains equimolar concentrations of
d(T)12CA, d(T)12GA and d(T)12AA oligonucleotides. Therefore, there are ten possible
combinations ofDDRT-PCR primers that could result in the amplification of candidate
1 cDNA. To identify which of these primers are responsible for amplification of this
cDNA, DDRT-PCR reactions were performed using all ten possible combinations of
these oligonucleotides. As shown in Figure 4.5, this candidate cDNA appears only in
the d(T)12CA/P3 combination, as is expected for PrP (PrP cDNA can be clearly seen

migrating slower than candidate 1 cDNA). The presence of different primers at either
end can be exploited in attempts to sequence this cDNA. Sequencing was performed
using either P3, d(T)12CA, P3ext' or d(T)12ext' (the extended primers being longer
versions of the DDRT-PCR primers) on candidate 1 DDRT-PCR cDNA directly and
following mSSCP-purification, and also following 5-cycle PCR re-amplification (after
removal of excess primers and dNTPs). Successful identity of even a small amount of
sequence information would have allowed the design of oligonucleotide probes for
example, which could have been used to screen cDNA libraries as an alternative method
of isolating and identifying this candidate. However, in all cases the resulting sequence

information was unreadable.

Unfortunately, to date, the identity of this particular candidate remains unknown.
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(^cDNA recovered.^)
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(jnSSCP Purification.

T
1. 5, 20 or 40 cycle PCR re-amplification,

(extended primers). Cloned into pBS II.

2. 5 or 40 cycle PCR re-amplification witl
DDRT-PCR primers.
Cloned into pGEM-Teasy (T/A).

2. 5 or 40 cycle PCR re-amplification with
DDRT-PCR primers.
Cloned into pGEM-Teasy (T/A).

3. cDNA from several bands recovered and
cloned directly into pGEM-Teasy (T/A).

3. cDNA from several bands recovered and
cloned directly into pGEM-Teasy (T/A).

4. DDRT-PCR cDNAs'pooled'. Directly
sequenced with P3ext' and d(T)j 2ext'
primers individually.

4. mSSCP-purified cDNAs 'pooled'. PCR
re-amplified for 5 cycles and purified.
Sequenced directly with P3ext' and
d(T) i yxt' primers individually.

5. Electrophoresis of d(T) 2MA/P3 DDRT-PCR
products through 1% agarose and transferred.
Membrane probed with radiolabelled cDNA
prepared from mSSCP-purified cDNA.

d(T)i2MA/P3

6. Figure 4.5 shows that candidate amplifies in
d(T) 12CA/R3 fraction. Therefore, to reduce
presence of co-migrating cDNA species, step
1 to 4 repeated using this cDNA.

Figure 4.4: Approaches used to isolate and identify Prn-p+/+-specific
candidate 1. Exhaustive unsuccessful attempts were made to clone and identify
candidate 1. All attempts to clone this cDNA, or sequence it directly, failed. Using
mSSCP-purified radiolabelled cDNA as a probe to Southern-blotted DDRT-PCR
products demonstrates the presence of it in the PCR product population. However,
using this as a probe for colony-lifts of transformants (transformed with mSSCP-
purifed and 5-cycle PCR re-amplified cDNA) failed to identify any clones that
replicate this pattern of expression.
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Figure 4.5: Identification of DDRT-PCR primers that result in PCR
amplification of candidate 1. The Prn-p+'+-specific candidate 1 cDNA is
synthesised using the d(T)12MA/P3 primer combination. The d(T)12MA primer
contains equimolar concentration of d(T)12GA, d(T)12CA and d(T)]2AA. There are
therefore 10 possible combinations of individual primers that can result in
amplification of candidate 1 when using the d(T)12MA/P3 DDRT-PCR primer
combination. To allow reduction of complexity of the banding pattern, and
therefore reduce cloning ofpotential co-migrating cDNAs, these individual primers
were used in all 10 possible combinations, using only P42 d(T)12MA cDNA as
template. Candidate 1 cDNA results from amplification using P3 and d(T)12CA.
This potentially allows the use of these as sequencing primers (individually) to
attempt to gain sequence information for this cDNA. This was attempted due to the
clear lack of success in cloning this cDNA. However, as outlined in Figure 5.4, this
was also unsuccessful, resulting only in unreadable sequence information.

A = Prn-p+l+ P42.

B = Prn-p-I- P42.

DDRT-PCR Primers.

1 = No primers.

2 = d(T)i2GA alone.

3 = d(T)i2CA alone.

4 = d(T)i2AA alone.

5 = P3 alone.

6 = d(T)i2GA + P3.

7 = d(T)!2CA + P3.

8 = d(T)i2AA + P3.

9 =d(T)i2GA + d(T)i2CA.

10 = d(T)i2AA + d(T)i2GA.

11 = d(T)i2CA + d(T)i2AA.

d(T)i2MA cDNA fraction
12 3456789 10 11
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4.2.3.3 Candidate 2 (NADH Ubiquinone Oxidoreductase Subunit B 14.5b).
The d(T)12MA/P3 DDRT-PCR primer combination was used on several occasions

throughout the entire DDRT-PCR analysis, primarily as a result of the difficulties
encountered in isolating the apparently Prn-p+h specific candidate 1 (See DDRT-PCR
autoradiographs 149, 177, 187, 189, 214 & 223 in Appendix C). In addition to
amplifying candidate 1 and PrP, as can be seen from Figure 4.6, use of this DDRT-
PCR primer combination also identifies a cDNA which represents a transcript
apparently expressed at slightly higher levels in the Prn-p'~ P10 to P42 postnatal brain
(candidate 2). This cDNA was recovered, subjected to mSSCP purification, PCR re-

amplified and subsequently cloned. Plasmid DNA from six transformants was

sequenced and all six cDNA clones were found to be identical.
BlastN analysis of candidate 2 cDNA sequence against the non-redundant nucleic

acid databases apparently revealed no significant homology of the 167 bp DDRT-PCR
cDNA to any previously identified transcripts. However, the most significant match was

86% over 44 bp to bovine NADH Ubiquinone oxidoreductase subunit B 14.5b
(accession X68647). Conversely, BlastN analysis of candidate 2 cDNA sequence

against the EST databases (Figure 4.7) identifies this cDNA sequence as being 99.4%
identical, over the entire cDNA sequence, to an EST cDNA clone (IMAGE clone
465521, genbank accession AA033116) which is apparently similar to bovine NADH
Ubiquinone oxidoreductase subunit B 14.5b (NADH B 14.5b). This IMAGE clone was

obtained, through the HGMP resource centre, and sequenced in both directions.
Sequence comparison of IMAGE clone 465521 against the cDNA sequence of bovine
NADH B 14.5b reveals that these two transcripts are 75.5% identical at the nucleic acid
level (See Figure 4.8). Furthermore, both cDNAs encode proteins 120 amino acids in
length, which are 71.7% identical (See Figure 4.9). It is therefore highly likely that
IMAGE cDNA clone 465521, and consequently candidate 2 cDNA represents the
murine homolog of the previously described bovine NADH Ubiquinone oxidoreductase
subunit B 14.5b (Arizmendi et al., 1992).

NADH B 14.5b represents one protein subunit, out of approximately 41, which are

assembled into the first complex (complex I) of the mammalian mitochondrial electron
transport chain (ETC). The mitochondrial ETC will be discussed in greater detail in
Chapter 5.
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Figure 4.6: Identification by DDRT-PCR, and mSSCP purification, of
NADH Ubiquinone oxidoreductase subunit B14.5b. (a) using the
d(T)12MA/P3 DDRT-PCR primer combination, a transcript (candidate 2) was
identified as being subtly upregulated in the Prn-p'' P10, P20 and P42 developing
brain (indicated by the arrow), (b) cDNA from the P42 lanes was subsequently
recovered and purified by mSSCP prior to PCR re-amplification, using d(T)12Ext'
and P3ext' as primers (incorporating AcoRI sites), and cloning into the EcoRl site
of pBluescript II KS (the arrow on the mSSCP autoradiograph indicates the
mSSCP cDNA selected for further analysis, and the asterisk indicates a potential
co-migrating cDNA species). Plasmid DNA was isolated from six transformants
and sequenced. Figures 4.7, 4.8, 4.9 and 4.10 present results from computer-
assisted homology searches of the nucleic acid databases that identifies this
particular cDNA candidate as the mouse homolog of bovine NADH Ubiquinone
oxidoreductase subunit B 14.5b.
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676 1.5e-46 1
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(a).

GCCATTCCATCCAGTGCGTTGAAGTTTTCAAAAGGCTTGTTCCTGTTCCTCTTCACC
ACAACCTGAATATTTTCTGAGTTTTATGGGATTTTCTGTGACAGTGAAGTTTAGGTT
AAGATGTTAACACTGTTATTAAATAGTTATTACAAATCCTCAAAAAAAAAAAA

(b).

Sequences producing High-scoring Segment Pairs:

gb|AA033116|AA033116 mi35d09.rl Soares mouse embryo NbME...
db|AU044990|AU044990 AU044990 Mouse sixteen-cell-embryo ...

gb|Al325936|AI325936 mq55d01.xl Soares 2NbMT Mus musculu...
gb|AI413456|AI413456 me76fll.xl Soares mouse embryo NbME...

gb|AA033116|AA033116 mi35d09.rl Soares mouse embryo NbME13.5 14.5 Mus
musculus cDNA clone 465521 similar to SW:N4BM_B0VIN Q02827
NADH-UBIQUINONE OXIDOREDUCTASE SUBUNIT B14.5B ;

Length = 536

SCORES Initl: 600 Initn: 600 Opt: 600
99.4% identity in 167 bp overlap

10 20 30

Cand.2 QCCATTCCATCCAGTGCGTTGAAGTTTTCA

I I I I I I I I I I I I I I I II I I I I II I I I I I I I
465521 AGAGAAGAAAACCTATGCTGAAATTCTTGAGCCATTCCATCCAGTGCGTTGAAGTTTTCA

370 380 390 400 410 420
40 50 60 70 80 90

Cand.2 AAAGGCTTGTTCCTGTTCCTCTTCACCACAACCTGAATATTTTCTGAGTTTTATGGGATT

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I II I I I I I I I I I I I I I I I I
465521 AAAGGCTTGTTCCTGTTCCTCTTCACCACAACCTGAATATTTTCTGAGTGTTATGGGATT

430 440 450 460 470 480
100 110 120 130 140 150

Cand.2 TTCTGTGACAGTGAAGTTTAGGTTAAGATGTTAACACTGTTATTAAATAGTTATTACAAA

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
465521 TTCTGTGACAGTGAAGTTTAGGTTAAGATGTTAACACTGTTATTAAATAGTTATTACAAA

490 500 510 520 530 540

160

Cand.2 TCCTCAAAAAAAAAAAA

Mill
465521 TCCTC(A)n

551

Figure 4.7: BlastN analysis of candidate 2 cDNA (NADH B14.5b) against the
EST databases. cDNA representing the transcript presented in Figure 4.6 was
cloned, transformed and plasmid DNA from six transformants sequenced, (a) the
sequence of candidate 2 cDNA is shown, with the positions of the P3 and d(T)12MA
DDRT-PCR primers (underlined nucelotides). The sequence of the 3' anchored
oligonucleotide is shown in reverse. This cDNA was apparently amplified by DDRT-
PCR by the d(T)12GA oligonucleotide of the d(T)l2MA primer mix. (b) BlastN
analysis of the EST databases reveals a high degree of homology between candidate 2
cDNA and mouse IMAGE clone 465521 (accession AA033116), which is similar to
bovine NADH B 14.5b. Sequence comparison of candidate 2 cDNA and IMAGE
clone 465521 indicates that they are 99.4% identical over the entire region analysed,
indicating that candidate 2 cDNA represents a fragment of clone 465521 cDNA.
Figure 4.8 presents the degree of homology between 465521 cDNA and bovine
NADH B14.5b cDNA.
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I 70

465521: TCTCGTGGAACCTGCCTCAAGATGATGAACGGCCGGCCGGGCCATGAGCCCTTAAAATTCTTGCCGGACG

II Mil I I II III lllllll II Mil Mill I Mil I II I I I I I I II I
X68647s TCAAGTGGGAACGGCGTCACAATGATGACTGGACGGCAGGGCCGAGCTACCTTCCAGTTCCTGCCTGATG

71

141

211

281

351

140

465521s AGGCCCGGAGCCTGCCCCCGCCCAAGCTGAACGACCCGCGGCTTGTCTACATGGGCTTGTTGGGCTACTG

11111ii111111111 iiiiiiii nil iiiiiiiiiii i ii i i inn iiiiiim i
X68647: AGGCCCGGAGCCTGCCGCCGCCGAAACTGACGGACCCGCGGCTGGCCTTCGTAGGCTTCTTGGGCTACTG

210

465521s CACGGGCCTGATGGACAACATGCTGCGGATGCGACCGGTGATGAGAGCAGGTTTGCACCGCCAGCTTCTG

I I MINIMI II III I I III II Mill I II lllllllllllllllllll
X68647s CTCCGGCCTGATTGATAACGCGATCCGGCGGAGGCCGGTGCTGTTGGCCGGTTTGCATCGCCAGCTTCTA

280

465521s TTCGTTACGTCCTTTGTCTTTGCTGGATACTTTTATTTAAAACGTCAAAACTATTTGTATGCTGTGAAGG

I Mil IIIIIIII Mil llllll I I I I I I I I I I I I I I I Mill I I I I I I I I I I I I II
X68647 s TATATTACTTCCTTTGTTTTTGTTGGATATTATCTTTTAAAACGTCAAGACTATATGTATGCTGTGAGGG

350

465521: ACCATGACATGTTTGGTTATATAAAATTACACCCAGAAGATTTTCCTGAAAAAGAGAAGAfiAACCTATGC

MM II Mill 11111111 I III Mill 111111111111II111 11111111111 I
X68647s ACCACGATATGTTCTCATATATAAAGTCACATCCAGAGGATTTTCCTGftAAAAGATAAGAAAACTTACGG

420

465521s TGAAATTCTTGAGCCATTCCATCCAGTGCGTTGAAGTTTTCAAAAGGCTTGTTCCTGTTCCTCTTCACCA

III II MM I I I I I I I I I I I I I I I I I I I I I I I Mill I III III III I I I
X68647 s GGAAGTTTTTGAAGAATTCCATCCAGTGCGTTGAAGTCTCCAAAATGTTTGCTCCGGTT—TAATTGATA

421 490

465521s CAACCTGAATATTTTCTGAGTTTTATGGGA—TTTTCTGTGACA-GTGAAGTTTAGGTTAA GAT

II I I llllll MM I I Mill Mill I I I III I I I Mill I
X68647 s CA AGTTATTTCTGTATTTTGTTGAACTGTTTCTATGACATCTGAAGTTTATGTTAATCTCTTAAC

491 560
465521s GTTAACAC—TGTTATT-AAATAGTTATTACAAATCCTCAAAAAAAAAAAAAAAA<A)n (536 bases)

I I I I I I I I III III MM II MM III I I I I I I I III I I I I I I
X68647s GTTAACACCTTGTGATTAAAATGGTCATTATAAAAAAAAAAAAAAAAAAAAAAAA (538 bases)

Figure 4.8: Sequence comparison of bovine NADH B14.5b and Murine
IMAGE cDNA clone 465521. Mouse IMAGE clone 465521 (accession
AA033116) was obtained through the HGMP resource centre and double-pass
sequenced in both directions. Comparison of cDNA clone 465521 sequence against
bovine NADH oxidoreductase subunit B 14.5b reveals a 75.5% match at the nucleic
acid level over the entire sequence. The translation initiation and termination codons
for both transcripts is indicated in bold. The position of the cDNA clone isolated by
DDRT-PCR is indicated in blue, with the positions of the DDRT-PCR
oligonucleotides underlined. Figure 4.9 presents further evidence that this cDNA
clone represents the murine homolog of bovine NADH B 14.5b. iKiK®
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(a).
KMMNGRPGHEPLKFLPDEARSLPPPKLNDPRLVYM

GLLGYCTGLMDNMLRMRPVMRAGLHRQLLFVTSFV
FAGYFYLKRQNYLYAVKDHDMFGYIKLHPEDFPEK
EKKTYAEILEPFHPVR Stop SFQKACSCSSSPQPEY
FLSFMGFSVTVKFRLRC Stop H C Y Stop I V I T

(b).

SCORES Initl: 540 Initn: 540 Opt:
71.7% identity in 120 aa overlap

540

10 20 30 40 50 60

465521: MMNGRPGHEPLKFLPDEARSLPPPKLNDPRLVYMGLLGYCTGLMDNMLRMRPVMRAGLHR

Q02 87: MMTGRQGRATFQFLPDEARSLPPPKLTDPRLAFVGFLGYCSGLIDNAIRRRPVLLAGLHR
10

70

20

80

30

90

40

100

50

110

60

120

465521: QLLFVTSFVFAGYFYLKRQNYLYAVKDHDMFGYIKLHPEDFPEKEKKTYAEILEPFHPVR

Q02 87: QLLYITSFVFVGYYLLKRQDYMYAVRDHDMFSYIKSHPEDFPEKDKKTYGEVFEEFHPVR
70 80 90 100 110 120

Figure 4.9: Amino acid sequence comparison of bovine NADHB14.5b and
IMAGE cDNA 465521. (a) the cDNA sequence for mouse IMAGE clone 465521
(accession AA033116) was translated using the Expasy program
(http://www.expasy.ch/tools/dna.html), which predicted the presence of one
significant ORF (initiation and termination positions underlined) (b) amino acid
sequence comparison of the predicted protein product of IMAGE cDNA clone
465521 against the bovine NADH ubiquinone oxidoreductase protein (Swissprot
accession Q0287) reveals that both proteins are 120 amino acids in length and are
71.7% identical. Conservative amino acid substitutions are indicated by colons.
The sequence analysis data presented in Figures 4.7, 4.8 and 4.9 strongly suggest
that IMAGE cDNA clone 465521, and DDRT-PCR candidate 2, is the murine
homolog ofbovine NADH ubiquinone oxidoreductase subunit B 14.5b.
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4.2.3.4 Candidate 3 (Cytochrome C Oxidase subunit I and tRNASe7tRNAAsp).
As can be seen from Figure 4.10, the d(T)12MA/R18 DDRT-PCR primer

combination resulted in the identification of a cDNA candidate (candidate 3),

representing a transcript which appeared very subtly down-regulated in Prn-p'1' P42
postnatal developing brain (see also DDRT-PCR autoradiographs 200, 203 and 231 in
Appendix C). Whilst such stage-specific changes in gene expression must be treated
with some degree of caution, Figure 4.10 illustrates that other cDNAs generated using
this primer combination appear almost identical in intensity between the Prn-p+l+ and
Prn-p'1' samples. This, together with the reproducibility of this apparent differential
expression on several different occasions, provides confidence that this particular
transcript is differentially expressed in Prn-p'1' brain, at least in the RNA source material
used for the DDRT-PCR analysis.

Candidate 3 cDNA was therefore, subjected to mSSCP purification (See Figure
4.10), PCR re-amplified for 5 cycles and cloned into pBluescript II KS. Plasmid DNA
was subsequently isolated from six transformants and the cloned cDNA sequenced. As
can be seen from Figure 4.11, computer-assisted homology search (BlastN) of the non-

redundant nucleic acid databases revealed that this particular candidate cDNA, 106 bp in
length, matched from positions 6845 to 6951 of the murine mitochondrial genome. This
sequence represents the 3' end of Cytochrome C oxidase subunit I, the entire
mitochondrial tRNASer and the 5' end of mitochondrial tRNAAsp transcripts.
Cytochrome C oxidase subunit I represents one of thirteen subunits which assemble to
form the functional enzyme, forming complex IV of the mitochondrial electron transport
chain (See Figures 5.1, 5.2 & Table 5.1). Three subunits of complex IV are encoded by
the mitochondrial genome and the remainder are nuclear-encoded.
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(a). d(T)i2MA/R18

Prn-p+!+ Prn-p'^'
1 2 3 4 1 2 3 4

Figure 4.10: Identification by DDRT-PCR, and mSSCP purification, of
Cytochrome C Oxidase subunit I. (a) using the d(T)12MA/R18 DDRT-PCR
primer combination, a transcript (candidate 3) was identified as being apparently
down-regulated in the Prn-p~'~ P42 brain (indicated by the arrow), (b) cDNA from
the P42 lanes was subsequently recovered and purified by mSSCP prior to PCR re-
amplification, using d(T)12Ext' and R18ext' as primers (incorporating EcoK\ sites),
and cloning into die EcoRl site of pBluescript II KS (the arrow on the mSSCP
autoradiograph indicates the mSSCP cDNA selected for further analysis). Plasmid
DNA was isolated from six transformants and sequenced. Figure 4.11 presents
results from computer-assisted homology searches of the nucleic acid databases that
identifies this particular cDNA candidate as a fragment of the mitochondrial genome
encoded Cytochrome C oxidase subunit I/tRNASertRNAAsp transcript.
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(a).

1 tttttttttt ttgagaaaga catataggat atgagattgg cttgaaacca

51 attttagggg gttcgattcc ttcctttctt attttacttt tacatagatt

101 ggttcc

(b).
Smallest

Sum

High Probability
Sequences producing High-scoring Segment Pairs: Score P (N) N

emb|V00711|MITOMM Mouse mitochondrial genome. /gb|J0142.. 451 4. Oe-28 1

gb|L07095 |MUSMTHYPA Mus domesticus strain NZB/B1NJ mitoch.. 451 4. Oe-28 1

gb|L07096|MUSMTHYPB Mus domesticus strain MilP mitocondri.. 442 2. 3e-27 1

emb|V01574|MIRN05 Rat mitochondrial genome fragment fro.. 361 1.2e-20 1

emb|V00711|MITOMM: Mouse mitochondrial genome, gb|J01420|MUSMTCG Mouse
mitochondrion, complete genome. Length = 16,295

Score = 451 (124.6 bits), Expect = 4.0e-28, P = 4.0e-28
Identities = 99/106 (93%), Positives = 99/106 (93%), Strand = Minus / Plus

Query: 106 GGAACCAATCTATGTAAAAGTAAAATAAGAAAGGAAGGAATCGAACCCCCTAAAATTGGTTT 44
llllllll I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I

Sbjct: 6845 GGAACCAACCTATGTAAAAGTAAAATAAGAAAGGAAGGAATCGAACCCCCTAAAATTGGTTT 6906

Query: 43 CAAGCCAATCTCATATCCTATATGTCTTTCTCAAAAAAAAAAAA 1
I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I II II II

Sbjct: 6907 CAAGCCAATCTCATATCCTATATGTCTTTCTCTCAATAAGATAT 6951

Figure 4.11: BlastN comparison of candidate 3 cDNA sequence against the
non-redundant nucleic acid databases. cDNA representing the transcript
presented in Figure 4.10 was cloned, transformed and plasmid DNA from six
transformants sequenced. DNA sequencing analysis revealed all clones were
identical. The resulting cDNA sequence is shown (a), with the anchored and
random DDRT-PCR primer sequences underlined (reversed in anchored primer).
Computer-assisted homology search of the non-redundant nucleic databases
(BlastN) revealed the cDNA was 93% identical to positions 6845 to 6951 of the
murine mitochondrial genome (b), which corresponds to the 3' region of
Cytochrome C oxidase subunit I and tRNASer/tRNAAsp transcription products.
Excluding the DDRT-PCR primers, candidate 3 cDNA has a 100% match to this
sequence.
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4.2.3.5 Candidate 4 (mitochondrial 16S rRNA).
As can be seen from Figure 4.12, the d(T)12MG/R4 DDRT-PCR primer

combination resulted in the identification of a cDNA candidate (candidate 4), which
represents a transcript which appeared subtly down-regulated in Prn-p'1' P20 and P42
postnatal developing brain compared to Prn-p+l+ stages. With the exception of PrP and
candidate 1 cDNA (apparently Prn-p+,+-specific), candidate 4 cDNA represents the most
dramatic difference identified between Prn-p" and Prn-p'1" developing brain identified
during the course of the entire DDRT-PCR analyses.

Candidate 4 cDNA was therefore recovered, subjected to mSSCP purification (See
Figure 4.12), PCR re-amplified for 5 cycles and cloned into pBluescript II KS. Plasmid
DNA was subsequently isolated from six transformants and the cloned cDNA
sequenced. As can be seen from Figure 4.13, computer-based homology search
(BlastN) of the non-redundant nucleic acid databases revealed that this particular
candidate cDNA (290 bp in length) matched from positions 1210 to 1500 of the murine
mitochondrial genome. This sequence represents a fragment of the mitochondrial 16S
ribosomal RNA (16S rRNA) transcription product. The mitochondrial 16S rRNA
transcript is one of two rRNAs encoded by the mammalian mitochondrial genome,

forming part of the mitochondrial ribosome, a translation system distinct from the
cytoplasmic system (Bibb etal., 1981). All mitochondrial encoded proteins function in
the mitochondrial ETC (See Figures 5.1, 5.2 & Table 5.1). The mitochondrial genome,
its transcription and the ETC is discussed in greater detail in Chapter 5.
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(a). d(T)i2MG/R4
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Figure 4.12: Identification by DDRT-PCR, and mSSCP purification, of 16S
rRNA. (a) using the d(T)12MG/R4 primer combination, a transcript (candidate 4)
was identified as being apparently down-regulated in the Prn-p'1' P20 and P42 brain
(indicated by arrows), (b) cDNA from all lanes was recovered and purifed by
mSSCP prior to PCR re-amplification, using d(T)12Ext' and R4ext' as primers, and
cloning into pBluescript II KS (arrow on mSSCP indicates cDNA selected for
further analysis; asterisks indicate potential co-migrating species). Plasmid DNA
was isolated from six transformants and sequenced, (c) use of cloned DNA as a
probe to Southern-blotted DDRT-PCR products formally proves that the correct
cDNA clone has been isolated. Figure 4.13 presents results from computer-assisted
homology searches of the nucleic acid databases that identifies this cDNA candidate
as a fragment of the mitochondrial genome encoded 16S ribosomal RNA (16S
rRNA).

124 Chapter 4: DDRT-PCR Analysis OfGene
Expression In Prn-p+/+ And Prn-p'1'

PostnatalDeveloping Brain.



(a).
1 AGGACCGCTA GGAAAGATGA AAGACTAATT AAAAGTAAGA ACAAGCAAAG

51 ATTAAACCTT GTACCTTTTG CATAATGAAC TAACTAGAAA ACTTCTAACT
101 AAAAGAATTA CAGCTAGAAA CCCCGAAACC AAACGAGCTA CCTAAAAACA
151 ATTTTATGAA TCAACTCGTC TATGTGGCAA AATAGTGAGA AGATTTTTAG
201 GTAGAGGTGA AAAGCCTAAC GAGCTTGGTG ATAGCTGGTT ACccaaaaaa

251 TGAATTTAAG TTCAATTTTA AACTTGCTAA AAAAAAAAAA

(b).
Smallest

Sum

High Probability
Sequences producing High-scoring Segment Pairs: Score P(N) N

emb | V0 0 6 6 5 | MIMM01 Mouse mitochondrial genes coding for. .. 1090 3.8e-81 2

embjV00711jMITOMM Mouse mitochondrial genome. /gb|j014. .. 1090 1.9e-80 2

gb|L07096|MUSMTHYPB Mus domesticus strain MilP mitocondr. . . 1090 1.9e-80 2

gb|L07095|MUSMTHYPA Mus domesticus strain NZB/B1NJ mitoe. . . 1081 l.le-79 2

emb|V00711|MITOMM Mouse mitochondrial genome. Length = 16 ,295

Score = 1090 (301.2 bits), Expect = 1.9e-80, Sum P(2) = 1. 9e-80
Identities = 286/290 (99%), Positives = 286/290 (99%), Strand = Plus / Plus

Query: 1 AGGACCGCTAGGAAAGATGAAAGACTAATTAAAAGTAAGAACAAGCAAAGATTAAACCTT
II 1 1 1 1 1 1 1 1 1 1 II II 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 II II 1 1 1 1 1 1 1 1 1 II 1 II 1 1 1

60

Sbj ct: 1210
II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
AGTACCGCAAGGAAAGATGAAAGACTAATTAAAAGTAAGAACAAGCAAAGATTAAACCTT 1270

Query: 61 GTACCTTTTGCATAATGAACTAACTAGAAAACTTCTAACTAAAAGAATTACAGCTAGAAA
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

120

Sbjct: 1271
1 1 1 1 1 1 II 1 II 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
GTACCTTTTGCATAATGAACTAACTAGAAAACTTCTAACTAAAAGAATTACAGCTAGAAA 1330

Query: 121 CCCCGAAACCAAACGAGCTACCTAAAAACAATTTTATGAATCAACTCGTCTATGTGGCAA
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

180

Sbjct: 1331
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
CCCCGAAACCAAACGAGCTACCTAAAAACAATTTTATGAATCAACTCGTCTATGTGGCAA 1390

Query: 181 AATAGTGAGAAGATTTTTAGGTAGAGGTGAAAAGCCTAACGAGCTTGGTGATAGCTGGTT
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1

240

Sbjct: 1391
1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1
AATAGTGAGAAGATTTTTAGGTAGAGGTGAAAAGCCTAACGAGCTTGGTGATAGCTGGTT 1450

Query: 241 ACCCAAAAAATGAATTTAAGTTCAATTTTAAACTTGCTAAAAAAAAAAAA 290
1 1 1 1 1 1 1 1 II 1 II 1 1 1 1 1 II 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1

Sbjct: 1451
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 II II 1 1 1 II 1 1 1 1 1 1 1 1 1 II 1
ACCCAAAAAATGAATTTAAGTTCAATTTTAAACTTGCTAAAAAAACAACA 1500

Figure 4.13: BlastN comparison of candidate 4 cDNA sequence against the
non-redundant nucleic acid databases. cDNA representing the transcript
presented in Figure 4.11 was cloned, transformed and plasmid DNA from six
transformants sequenced. DNA sequencing analysis revealed all clones were
identical. The resulting cDNA sequence is shown (a), with the anchored and
random DDRT-PCR primer sequences underlined (reversed in anchored primer).
Computer-assisted homology search of the non-redundant nucleic databases
(BlastN) revealed the cDNA was 99% identical to positions 1210 to 1500 of the
murine mitochondrial genome (b), which corresponds to the 5' region the 16S
rRNA transcription product. The underlined lower-case nucleotides indicate the
position of d(T)12MG priming for the smaller cDNA species shown in Figure 4.12.
Excluding the DDRT-PCR primers, candidate 4 cDNA has a 100% match to this
sequence.
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4.2.3.6 Candidate 5 (X-inactive specific transcript, Xist).
As can be seen from the example shown in Figure 4.14, the d(T)12MC/P3 DDRT-

PCR primer combination resulted in the identification of a cDNA candidate (candidate
5), which represents a transcript which appeared to be expressed at subtly different
levels in Prn-p+,+ and Prn-p'1' brain at different developmental stages.

Candidate 5 cDNA was therefore recovered, subjected to mSSCP purification (See
Figure 4.14), PCR re-amplified for 5 cycles and cloned. The potential of the mSSCP
procedure to the overall DDRT-PCR technique is exemplified in Figure 4.14, with co-

migrating cDNAs clearly present (indicated by asterisks) in addition to the candidate
cDNA of interest. Plasmid DNA was subsequently isolated from six transformants and
the cloned cDNA sequenced. Figure 4.15 shows the results of computer-assisted
homology search (BlastN) of the non-redundant nucleic acid databases, which revealed
that this particular candidate cDNA (176 bp in length) matched from positions 355 to
531 at the 5' end of the mouse X-inactive specific transcript (Xist, 14.7 Kb in length).
Xist, which contains no significant ORF is expressed in mammalian female somatic
cells as part of a mechanism aimed at mediating inactivation, or silencing, of one X
chromosome to ensure equal expression of X-linked genes in both sexes, a process

referred to as dosage-compensation (Borsani et al., 1991).
The implications of the identification of Xist by DDRT-PCR during the course of

this thesis is discussed in detail in Chapter 5.
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Figure 4.14: Identification by DDRT-PCR and mSSCP purification of Xist.
(a) using the d(T)12MC/P3 DDRT-PCR primer combination, a transcript (candidate
5) was identified as being apparently down-regulated in the Prn-p1' P20 and P42
hrain (indicated by the arrow), (b) cDNA from all lanes was subsequently recovered
and purified by mSSCP prior to PCR re-amplification, using d(T)12Exf and P3exf
as primers (incorporating EcoRl sites), and cloning into the CcoRI site of
pBluescript II KS (the arrow on the mSSCP autoradiograph indicates the mSSCP
cDNA selected for further analysis, and asterisks indicate potential co-migrating
cDNA species). Plasmid DNA was isolated from six transformants and sequenced,
(c) use of this cDNA as a probe to Southern-blotted DDRT-PCR products formally
proves the correct cDNA has been isolated. Figure 4.15 presents results from
computer-assisted homology searches of the nucleic acid databases that identifies
this particular cDNA candidate as a fragment of mouse inactive X-specific transcript
(Xist).
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(a).

1 GCCGTTCCAT GCCCAACGGG GTTTTGGATA CTTACCTGCC TTTTCATTCT

51 TTTTTTTTCT TATTATTTTT TTTTCTAAAC TTGCCCATCT GGGCTGTGGA

101 TACCTGCTTT TATTCTTTTT TTCTTCTCCT TAGCCCATCG GGGCCATGGA

151 TACCTGCTTT TTGTAAAAAAAAAAAA

(b).
Smallest

Sum

High Probability
Sequences producing High-scoring Segment Pairs: Score P (N) N

gb|L04961|MMXISTA Mouse inactive X-specific transcript. 614 3.le-41 1

gb|L10726|MUSXISTAC Mouse (clone pC3Hmp27) DNA sequence. 614 3.le-41 1

gb|L10728|M(JSXISTAD Mouse (clone pBlkmp27) DNA sequence. 614 3.le-41 1

gb|L10725|MUSXISTAB Mouse (clone pBalmp27) DNA sequence. 614 3.le-41 1

gb|L04961|MMXISTA Mouse inactive X-specific transcript. Length = 14 739

Score = 614 (169.7 bits), Expect = 3.1e-41, P = 3.1e-41
Identities = 175/176 (99%), Positives = 175/176 (99%), Strand = Plus / Plus

Query: 1 GCCGTTCCATGCCCAACGGGGTTTTGGATACTTACCTGCCTTTTCATTCTTTTTTTTTCT 60
111 I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I II

Sbjct: 355 GCCATTCCATGCCCAACGGGGTTTTGGATACTTACCTGCCTTTTCATTCTTTTTTTTTCT 1571

r ±572 1631

Query: 121 TTCTTCTCCTTAGCCCATCGGGGCCATGGATACCTGCTTTTTGTAAAAAAAAAAAA 163
llllllllllllllllllllllllllllllllllllllllllllllllllllllll

sbjct: 1632 TTCTTCTCCTTAGCCCATCGGGGCCATGGATACCTGCTTTTTGTAAAAAAAAAAAA 531

Figure 4.15: BlastN comparison of candidate 5 cDNA sequence against the
non-redundant nucleic acid databases. cDNA representing the transcript
presented in Figure 4.14 was cloned, transformed and plasmid DNA from six
transformants sequenced. DNA sequencing analysis revealed all clones were
identical, (a) The resulting cDNA sequence is shown, with the anchored and
random DDRT-PCR primer sequences underlined (reversed in anchored primer).
(b) Computer-assisted homology search of the non-redundant nucleic databases
(BlastN) revealed the cDNA was 99% identical to positions 355 to 531 of the
mouse X-inactive specific transcript (Xist), representing a cDNA fragment of the
5' end of the transcript. Excluding the DDRT-PCR arbitrary 10-mer P3 primer,
candidate 5 cDNA has a 100% match to this sequence.
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4.3 Summary.
As discussed in Section 4.2.1, the maximum number of individual transcripts

visualised at each developmental timepoint can be crudely estimated to be approximately
21 000 to 32 400. This would represent a maximum possible coverage of
approximately 70% to 108%.

It is clear from the DDRT-PCR analyses performed during the course of this thesis,
that the vast majority of these transcripts appear identical in expression profile between
Prn-p+ + and Prn-p'1' brain. Consequently, it is clear that the ablation of PrPc does not
have a dramatic effect on general gene expression, despite the 8-fold upregulation of
PrP during the developmental period studied (See Chapter 2). This is consistent with
the lack of an overt phenotype in NPU Prn-p'1' mice, which are viable, develop and
reproduce apparently normally and have no obvious anatomical or morphological
defects (Manson et al., 1994). However, the possibility that functional compensation is
occurring in NPU Prn-p'1' mice, whereby other proteins may be assuming the function
of in its absence, cannot be confirmed or excluded. While this still presents a

reasonable hypothesis to account for the lack of an overt phenotypic effect of the
ablation ofPrPc, no evidence for such a mechanism was detected at the level ofmRNA
expression during the course of this thesis. Although NADH ubiquinone
oxidoreductase subunit B 14.5b was identified by DDRT-PCR as being upregulated in
Prn-p'1' brain, it is unlikely that this represents the detection of a compensation
mechanism.

As discussed in the preceding sections of this chapter, six cDNAs were selected,
which represented transcripts which appeared differentially expressed in Prn-p'1'
developing brain compared to Prn-p+l+ brain. As can be seen from the summary

presented in Figure 4.16, these represented PrP, an apparently Prn-p+,+-specific
transcript, the murine homolog ofbovine mitochondrial ETC complex I subunit B 14.5b
(NADH Ubiquinone oxidoreductase), the mitochondrial genome encoded subunit I
transcript of the mitochondrial ETC complex IV (Cytochrome C oxidase; COX), the
mitochondrial genome encoded 16S rRNA, and Xist. It is noteworthy to mention here
that no DDRT-PCR cDNA candidate representing neomycin phosphotransferase, which
is known to be expressed in Prn-p'1' postnatal- developing brain (See Chapter 2), was
detected during the course of the DDRT-PCR analyses. This clearly indicates that,
whilst the DDRT-PCR analyses performed throughout the course of this thesis was

certainly comprehensive, it was by no means exhaustive. The possibility remains that
some differentially expressed transcripts were not visualised by this DDRT-PCR
analysis.
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Figure 4.16: DDRT-PCR panels summarising identified differential
expression of six transcripts in Prn-p'1' postnatal developing brain. Panels
from selected DDRT-PCR autoradiographs identifying the differential expression of
various transcripts in Prn-p'1' postnatal developing brain are shown, (a) PrP, which
was detected on several different occasions and by different DDRT-PCR primers,
(b) an apparently Prn-p+,+-specific transcript (candidate 1 cDNA), identified on
several occasions using the d(T)12MA/P3 primer combination, which remains
uncloned and unidentifed, despite exhaustive efforts, (c) the murine homolog
(candidate 2 cDNA) of the previously identified nuclear genome encoded bovine
NADH Ubiquinone oxidoreductase subunit B 14.5b of the mitochondrial electron
transport chain complex I. (d) mitochondrial genome encoded subunit I of the
mitochondrial electron transport chain complex IV, Cytochrome C oxidase, and
tRNASer/tRNAAsp transcripts (candidate 3 cDNA). (e) mitochondrial genome
encoded 16S ribosomal RNA (candidate 4 cDNA). (f) mouse X-inactive specific
transcript, Xist (candidate 5 cDNA).

It should be explained here that the only transcripts displaying significantly different
levels ofexpression, between Prn-p+,+ and Prn-p1' brain, were PrP and candidate 1. The
remaining candidates showed very subtle differences in expression, and only the
sensitivity and reproducibilty of the DDRT-PCR performed permitted the detection of
these differences.

While it was determined that the apparently Prn-p+-specif\c cDNA did not

represent a fragment ofPrP exons 1, 2 or 3, and although it is clear that this particular
cDNA candidate is present in the PCR re-amplification product, this particular candidate
unfortunately remains unidentified, despite intensive efforts. However, it is clear that
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this cDNA may represent a transcript, other than PrP, which is not expressed in Prn-p'1'
brain. The failure to successfully clone this cDNA, suggests that it may in fact be toxic
to the JM109 cells used for transformation of ligation products. Future research should
therefore focus on the use ofalternative cloning methods, such as yeast cloning vectors
and transformation, and/or restriction digestion of the cDNA followed by cloning into
standard vectors to attempt to gain even a small amount of sequence information for this
candidate cDNA.

Three of the transcripts which were isolated by DDRT-PCR as being differentially
expressed in Prn-p'1' brain, successfully cloned and their identity determined by
comparison to the nucleic acid databases (NADH B 14.5b, Cytochrome C oxidase I and
16S rRNA). These transcripts may provide valuable clues to the physiological function
ofPrPc, particularly in light of recent results reported by others. The remainder of this
thesis will be devoted to discussion of the relevance of these genes identified as being
differentially expressed in Prn-p'1' brain. These transcripts are all ultimately involved in
the function of oxidative phosphorylation (OXPHOS), via the mitochondrial ETC and,
as such, discussion of these transcripts, attempts to confirm their differential expression,
the mitochondrial ETC and its transcription, with particular reference to PrP and its
normal physiological function is presented in Chapters 5 & 6. The implications of the
identification of Xist by DDRT-PCR as being apparently differentially expressed in
Prn-p'1' brain is also discussed in Chapter 5.
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Chapter 5

Northern Analysis OfDDRT-PCR
Candidates.

5.1 Introduction.

DDRT-PCR comparison of gene expression between Prn-p+,+ and Prn-p~'~ postnatal
developing brain identified five transcripts, in addition to PrP, which appeared to be
differentially expressed. Three of these are genes involved in mitochondrial biogenesis
and function, two being encoded by the mitochondrial genome. These results tentatively
suggest that the ablation of PrPc might result in downstream effects on normal
mitochondrial function. This remainder of this thesis is therefore dedicated to the study
of the significance of these findings.

While DDRT-PCR is capable of detecting extremely slight differences in gene

expression between samples, it gives no indication as to the absolute level of expression,
nor can it be used to quantitate the extent of the observed differences. For these
reasons, and for details such as size of transcript, it is standard practice to examine
expression by alternative methods such as Northern analysis.
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5.2 Results And Discussion.

5.2.1 DDRT-PCR Candidate 1.

As discussed in Chapter 4, the DDRT-PCR analysis presented in this thesis
identified a transcript which appeared apparently specific to Prn-p+/+ postnatal
developing brain. While the PCR re-amplification product of the representative cDNA
was determined not to contain PrP sequences, exhaustive attempts to clone and identify
this particular candidate proved unsuccessful. However, the use of the radiolabelled
mSSCP PCR product as a probe to Southern-blotted DDRT-PCR products clearly
confirmed the presence of a Prn-p+,+-specific cDNA (See Figure 4.4). The same

radiolabelled PCR product was therefore used as a probe to Northern-blotted Prn-p+'+
and Prn-p'1' RNA. Unfortunately, extended periods of exposure of Northern blots to
sensitive autoradiography film failed to result in any detectable signal. This is either a
result of low specific activity or a low level of the target transcript. It is noteworthy to
mention here that the 2.4 Kb PrP mRNA transcript was not detected, further lending
weight to indications outlined in Chapter 4 that this apparently Prn-p+,+-specific
transcript does not represent PrP mRNA.5.2.2 The Identification Of Xist (by DDRT-PCR) As Appearing

Differentially Expressed In Prn-p"1' Postnatal Developing Brain.
As discussed in Section 4.2.3.6, DDRT-PCR analysis of gene expression in

Prn-p+,+ and Prn-p'1' postnatal developing brain identified the Xist transcript as being
apparently differentially expressed in PO to P20 brain. Xist RNA is expressed only in
female somatic cells as part of a dosage compensation mechanism to ensure equal
expression ofX-linked genes in both sexes (Borsani et al., 1991). In light of this, the
identification of Xist as differentially expressed in PO to P20 brain raised concerns

about the source material used for the DDRT-PCR analysis, specifically that total RNA
may have been extracted from pooled brain tissue from unequal numbers of male and
female Prn-p+i+ and Prn-p1' mice. To investigate this, a PCR strategy was devised to

genotype archived genomic DNA from Prn-p+/+ and Prn-p'1' PO to P42 mice used in this
study. This was based on the Y-chromosome specific gene Sry. The PCR strategy was

designed such that male DNA would result in the amplification of both a 241bp (Sry)
and a 134 bp product, while female DNA would result in the amplification of the 134 bp
product alone (134 bp being the product of amplification from an autosomal gene (see
chapter 8).

Figure 5.1 demonstrates that, for the PO to P20 Prn-p+l+ and Prn-p'1' mice used for
isolation of total RNA, the pools ofbrain tissue were not correctly sex-matched. While
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this result raises obvious concerns regarding the remaining candidate transcripts, it also
illustrates the incredible sensitivity of the DDRT-PCR approach. DDRT-PCR is clearly
able to discriminate differences in expression level equivalent to one animal in a pool of
six. As regards the remaining four candidate transcripts, it must be stressed that all
these were identified by DDRT-PCR as being differentially expressed in P42 brain. As
can be seen from Figure 5.1, P42 brain RNA was isolated from six male Prn-p+!+ and
six male Prn-p~'~ mice. The P42 Prn-p+l+ and Prn-p'1' stages of brain development are
therefore directly comparable, in that the RNA source material here was derived from
sex-matched mice. As the results shown in Figure 5.1 indicate, Xist RNA is not

differentially expressed in Prn-p'1' mice as a result of the ablation of PrPc and was

therefore excluded as a potential candidate differentially expressed transcript. However,
in addition to studying the expression of the remaining candidate transcripts in the
orginal brain RNA, it was absolutely necessary to also analyse expression levels in
further batches ofRNA. Extensive analysis of expression of the remaining transcripts
was therefore also studied in RNA derived from the following materials; pools of sex-
matched PO to P42 Prn-p+/+ and Prn-p'1' brain, male and female P20 and P42 Prn-p
and Prn-p' ' brain, various tissues from male P42 Prn-p+,+ and Prn-p'1' mice, and in
individual male Prn-p+,+ and Prn-p'1' P42 brains. The results of these analyses are

presented in the following sections.
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Figure 5.1: Multiplex PCR sexing of Prn-p+l+ and Prn-p1' tail DNA.
(a) a multiplex PCR strategy was devised, based on Sry and an autosomal gene, to
allow genotyping by sex of archived genomic tail DNA. Amplification from male
DNA results in PCR amplification of a 241 bp product (Sry) and a 134 bp product
(autosomal gene), whereas amplification from female DNA results the amplification of
the 134 bp product alone, (b) a panel from a DDRT-PCR autoradiograph in which
Xist was identified as being differentially expressed in Prn-p'1' PO to P20 brain. The
proportion of females from which Prn-p+/+ and Prn-p'1' brain RNA was isolated for
each stage is indicated. The apparent differential expression ofXist is therefore not as
a result of the ablation of PrP .
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The following sections of this chapter deal with Northern analysis of candidate
differentially expressed transcripts, identified by the DDRT-PCR analysis, which all
code for subunits involved in the mitochondrial electron transport chain (ETC). Two of
these, COXI and 16S rRNA, are encoded by the mitochondrial genome. Prior to
discussion of the expression of these transcripts, it is necessary to describe some

general aspects ofmitochondrial biology.

5.2.3 mtDNA Genetics And Oxidative Phosphorylation.
The murine mtDNA genome is a 16 295 bp closed circular molecule that codes for

thirteen essential genes of the oxidative phosphorylation (OXPHOS) pathway, and the
structural rRNAs and tRNAs necessary for their expression (See Figure 5.2). The
mitochondrion has an independent replication, transcription and translation system.

5.2.3.1 Mitochondrial Biogenesis.
The two strands of the mitochondrial genome are referred to as the heavy (H) and

light (L)-strands. The H-strand functions as the template for the small (12S) and large
(16S) rRNAs, twelve of the OXPHOS polypeptides and fourteen of the tRNAs. The L-
strand is the template for only one polypeptide (ND6) and 8 tRNAs (Wallace, 1992).
Two of the differentially expressed transcripts, COXI and 16S rRNA, are therefore both
encoded by the H-strand (Shoffher and Wallace 1994).

Mitochondrial DNA transcription utilises two origins, one for each of the H- and L-
strands. The H-strand origin is located in the region delineated by the displacement
(D)-loop. The D-loop contains two mtDNA promoters, one for the H-strand and one

for the L-strand. The transcription ofH- and L-strands ofmtDNA, which is initiated at

separate origins, is bi-directional. Each strand is therefore transcribed as a polycistronic
message, encompassing the entire genome. The tRNAs fold into their three-
dimensional structures as they are transcribed and are cleaved out of the primary
transcript by processing enzymes comparable to RNAseP (Doersen et al., 1985).
Cleavage of tRNAs also releases the remaining transcripts (Wallace, 1992).

As can be seen from Figure 4.11 in Chapter 4, cDNA for DDRT-PCR candidate 3
encompasses the 3' end of COXI, the entire tRNASer and part of tRNAAsp. This
indicates that this DDRT-PCR cDNA is a product of amplification from the primary H-
strand transcript, prior to any processing of tRNAs and mRNAs. This suggests that
perhaps other H-strand transcripts might also be down-regulated in Prn-p'~ brain, with
transcription of the mitochondrial H-strand polycistronic message as a whole affected
by the ablation ofPrPc. Consequently the identification of 16S rRNA may be a result
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1 - 68: tRNAPhe 5160 - 5191: ORL 9805 - 9872: tRNAAr8
70 - 1024: 12S rRNA 5192 - 5257: tRNACys 9874 - 10167: ND4L

1025 - 1093: tRNAVal 5260 - 5326: tRNATyr 10161 - 11585: ND 4

1094 - 2675: 16S rRNA 5328 - 6872: COX I 11539 - 11606: tRNAHis
2676 - 2750: tRNA1^11 6869 - 6939: tRNASer 11607 - 11735: tRNASer
2760 - 3707: ND 1 6942 - 7011: tRNAAsP 11665 - 11735: tRNA1x11
3706 - 3774: tRNAIle 7013 - 7696: COX II 11736 - 13559: ND 5

3772 - 3842: tRNAGln 7700 - 7764: tRNALys 13546 - 14064: ND 6

3845 - 3913: tRNAMet 7766 - 7969: ATPase8 14065 - 14133: tRNAGlu
3914 - 4951: ND 2 7927 - 8607: ATPase 6 14139 - 15317: Cytochrome B
4950 - 5016: tRNATrP 8607 - 9443: COX III 15283 - 15349: tRNAThr
5018 - 5086: tRNAAla 9391 - 9458: tRNAG1y 15350 - 15416: tRNAPro
5089 - 5159: tRNAAsn 9459 - 9803: ND 3

Figure 5.2: Organisation of the mouse mitochondrial genome. Adapted from
Bibb et al(1981), Wallace (1992) and Shoffner and Wallace, 1994. Distances (in
Kb) are shown on the inside of the circle. Shaded bars: tRNA genes, identified by
the single letter amino acid code. Polarity of genes indicated by arrows.
Abbreviations are as followed: COX, cytochrome c oxidase subunit; ND, NADH
ubiquinone oxidoreductase subunit; OH and OL, H- and L-strand origins of DNA
replication. Red asterisks indicate transcripts encoded on the L-strand. Positions of
cDNA fragments isolated by DDRT-PCR are indicated in blue. The precise
positions of each gene and origin is also indicated.
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of downregulation of the entire H-strand in Prn-p " brain. This scenario would
complicate attempts to confirm the differential expression ofboth 16S rRNA and COXI
by standard expression studies.

A unique feature of the mtDNA genome is its compactness. It lacks introns, and
most of the mitochondrial mRNAs lack 5' and 3' UTR (Wallace, 1992). Consequently,
the mRNAs start and end with initiation and termination codons respectively. Poly-A
tails are added to the mRNAs post-transcriptionally (Anderson et al., 1981; Ojala et al.,
1981).

5.2.3.2 Mitochondrial OXPHOS Complexes And Their Synthesis.
The mitochondrial OXPHOS pathway is derived from five enzyme complexes,

designated I to V, which are located in the mitochondrial inner membrane, plus the
adenine nucleotide translocator (ANT)(Shoffner and Wallace, 1994). As shown in
Figure 5.3, the mitochondrial ETC is composed of complex I (NADH: Ubiquinone
oxidoreductase), complex II (Succinate: ubiquinone oxidoreductase), complex III
(Ubiquinol: ferrocytochrome c oxidoreductase) and complex IV (ferrocytochrome c:

oxygen oxidoreductase, or Cytochrome C oxidase or COX), complex V being ATP-
synthase. Complexes I and II receive electrons from the catabolism of fats, proteins and
carbohydrates (via NADH and FADH2)(Shoffiier and Wallace, 1994). NADH donates
electrons to complex I, which then traverse the flavin mononucleotide and multiple iron-
sulphur centres of complex I and are then passed on to coenzyme Q (ubiquinone or

CoQ). CoQ can also be reduced by electrons donated from FADH2-containing
complex II. Electrons from reduced CoQ are then transferred to complex II, which
contain cytochromes b and cl, and are then passed through cytochrome c, and
cytochrome c oxidase to molecular oxygen (Wallace, 1992). Cytochrome C oxidase,
which catalyses the reduction of molecular oxygen to water, contains cytochromes a +

a3 and, notably, two copper atoms constituting the redox centre of the COX enzyme

(Mazumdar, 1994). COX is therefore (like the cytosolic antioxidant enzyme Cu/Zn-
SOD for example) a member of the copper-dependent family of enzymes.

As electrons traverse complexes I, III and IV, protons are pumped out of the
mitochondrial matrix across the mitochondrial inner membrane. This creates an

electrochemical gradient that is utilised by complex V to synthesise ATP (from ADP
and inorganic phosphate (Pi)) which is then exchanged for cytosolic ADP by ANT
(Wallace, 1992).

All of themtDNA genes encode either OXPHOS subunits (the precise function of
many of which remains obscure)(Wallace and Shoffher, 1994) or necessary structural
molecules, required for the synthesis of the OXPHOS complexes.
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Figure 5.3: Oxidative phosphorylation and the mitochondrial ETC.
Adapted from Wallace (1992) and Shoffner & Wallace (1994). Cellular respiration
involves a series of electron transfer enzymes which catalyse the flow of electrons
through the ETC, ending with the reduction of molecular oxygen to water, and
thereby generating a proton gradient which catalyses the synthesis of ATP by ATP
synthase (complex V). Compexes I and II collect electrons from the catabolism of
fats, proteins and carbohydrates and transfer them to CoQ. The electrons then
move sequentially through complex II, cytochrome c and complex IV and finally
react with molecular oxygen, the terminal electron acceptor in the chain. The flow
of electrons through the ETC is indicated by red arrows. As electrons traverse
complexes I, II and IV, protons are pumped across the inner mitochondrial
membrane, producing a proton gradient. Complex V utilises this gradient to
synthesise ATP from ADP and inorganic phosphate. The resulting ATP is then
exchanged across the inner membrane for cytosolic ADP by the adenine nucleotide
translocator (ANT).
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As can be seen from Table 5.1, complex I consists of approximately 39
polypeptides (seven of which are encoded by mitochondrial genome), complex II
consists of ten polypeptides (one of which is encoded by the mitochondrial genome),
complex III ofapproximately four polypeptides (all nuclear-genome encoded), complex
IV of thirteen polypeptides (three ofwhich, COXI, COXII and COXIII, are encoded by
themtDNA genome), complex V of twelve polypeptides (ATPase 6 and 8 encoded by
mtDNA). ANT is a homodimer of nuclear-encoded products.

Subunits

Complex I
NADH

Ubiquinone
Oxidoreductase

Complex II
Succinate

Ubiquinone
Oxidoreductase

Complex III
Ubiquinol

Cytochrome C
Oxidoreductase

Complex IV
Cytochrome

C
Oxidase

Complex V
ATP

Synthase

ANT

Adenine
Nucleotide
Translocator

mtDNA 7 1 0 3 2 0

nDNA approx.32 approx.9 4 10 10 1

Total approx.39 approx.10 4 13 12 1

Table 5.1: Subunit contributions of mtDNA and
mitochondrial ETC. Adapted from Wallace (1992).

nDNA to the

5.2.4 Analysis Of NADH B14.5b mRNA Expression In Prn-p+l+ And

Prn-p'1' Tissues.

DDRT-PCR comparison of gene expression in Prn-p+l+ and Prn-p'1' postnatal
developing brain identified the murine homolog of bovine NADH ubiquinone
oxidoreductase subunit B 14.5b as being subtly upregulated in Prn-p'1' brain (See
Chapter 4). The NADH B 14.5b cDNA fragment isolated by DDRT-PCR was used as

a probe in Northern hybridisation studies ofNADH B 14.5b expression in Prn-p+,+ and
Prn-p'1' tissues. As can be seen from Figure 5.4, use of this radiolabelled cDNA as a

probe to postnatal developing brain RNA detects the expression of a transcript,
approximately 580 b, and which replicates the general profile of expression observed by
DDRT-PCR. However, although it appears from Figure 5.4a that this transcript is
subtly upregulated in the Prn-p'1' postnatal developing brain RNA (as predicted by
DDRT-PCR), expression studies using a separate batch of RNA, do not convincingly
substantiate this finding (Figure 5.4 b).

140 Chapter 5: Northern Analysis Of
DDRT-PCR Candidates.



(a).

Prn-p
+/+

i

Prn-p

i

r

MW
(b1

PO

P10
P20
P42
PO

P10
P20
P42

1869-115-1

NADUB14.5b(580
b)

18S

Brain
Stage

Pm-p-1'
(%

oiPrn-p+,+)

PO

110.32%

P10

102.25%

P20

128.47%

P42

124.39%

(b).

Prn-p
+/+

i

Prn-p

i

r

MW
lb11869-
ru

riu
rzu
r̂z
ru

JP1U
rzu
Jr4Z

1
«
1
§
*

115-

•

NADUB14.5b(580
b)

18S

Brain
Stage

Prn-p'1-
(%
of

Prn-p+l+)

P0

92.43%

P10

103.21%

P20

120.41%

P42

97.32%

Figure
5.4:

Northern
analysis
of

NADH
B14.5b

expression
in

Prn-p+l+
and

Prn-p1'
postnatal
developing
brain,
(a)
&

(b)

Northern

blots
of
10
|ig
of

total
RNA
from
Prn-p
h

and

Prn-p1'
PO
to

P42

postnatal
developing
brain,

hybridised
with
an

NADH
B

14.5b
cDNA
probe

and

exposed
to

BiomaxMR
film
for
72

hours
and
48

hours
at

-80°C
(a
&
b

respectively).
Blots

were

stripped
and

re-probed
with
an

18S

rDNA
probe
to

allow

normalisation
for

loading
variations

(exposed
to

Cronex
film
for
20

minutes
at

room

temperature).
Expression
levels

are

presented
as

Prn-p'''
percentages
of

corresponding
Prn-p

stages,
(a)

Northern
blot
of

RNA
used
for

DDRT-PCR
analysis
(only
P42

stages
correctly
sex-matched),
(b)

Northern
blot
of

RNA
isolated
from
a

separate
batch
of

animals
(pooled
brain

material
from
four

male

animals
per

lane).



It is possible that the failure to exactly replicate the original expression pattern of
this transcript between Prn-p+,+ and Prn-p'1' brain may be a result of individual
variations in expression levels. Therefore, to investigate this, a Northern blot of
individual P42 Prn-p++ and Prn-p'1' brain RNA was probed with radiolabeled NADH
B 14.5b cDNA (See Figure 5.5).

Figure 5.5 indicates that NADH B 14.5b mRNA expression levels are similar in P42
Prn-p+,+ and Prn-p~'~ brain, at least as determined by Northern analysis. The possibility
that the differential expression ofNADH B 14.5b observed by DDRT-PCR was simply
due to improper sex-matching of the source material was therefore investigated (See
Figure 5.6). Figure 5.6 demonstrates that, surprisingly, the NADH B 14.5b transcript is
expressed at twice the level in female brain as in male brain. This may indicate that it is
an X-linked gene and therefore having the potential to be expressed at twice the level in
females (XX) compared to males (XY). However, if this was the case, it would perhaps
be expected to be subject to dosage-compensation, whereby one of the male X-
chromosomes is silenced to avoid expression of X-linked genes in females at twice the
level as in males. Even although NADH B14.5 appears to be differentially expressed
between male and female brain, it is unlikely that this accounts for the identification of it
by DDRT-PCR as being differentially expressed in Prn-p'1' brain. As discussed
previously, all source P42 source RNA used for the DDRT-PCR was isolated from
sex-matched animals. From Figure 5.6, it is clear that no reproducible difference in
expression levels could be detected between Prn-p+l+ and Prn-p'1' brain, at least as

determined by Northern analysis.
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Figure 5.5: Northern analysis of NADH B14.5b expression in individual
Prn-p11 and Prn-p'1' P42 brains, (a) Northern blot of 10 jig of total RNA from
individual Prn-p+l+ and Prn-p'' P42 brain, hybridised with an NADH B 14.5b cDNA
probe and exposed to BiomaxMR film for 72 hours at -80°C. The blot was stripped and
re-probed with an 18S rDNA probe to allow normalisation for loading variations
(exposed to Cronex film lor 20 minutes at room temperature), (b) Expression levels are
presented as averaged IBS-normalised phosphorimager values.
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Prn-p'1' P20 and P42 male and female brain, (a) Northern blot of 10 (tg of total RNA
from Prn-p+ + and Prn-p ' P20 and P42 postnatal developing brain (pools of RNA from
four brains per lane), hybridised with an NADH B 14.5b cDNA probe and exposed to
BiomaxMR film for 72 hours -80°C. Blots were stripped and re-probed with an 18S
rDNA probe to allow normalisation for loading variations (exposed to Cronex film for
20 minutes at room temperature). Expression levels are presented as Prn-p
percentages of corresponding Prn-p+ + stages. The ratio of NADH B 14.5b expression
inmale and female brain is also indicated.
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The expression of NADH B14.5 was also studied in various Prn-p+l+ and Prn-p~'~
P42 tissues (See Figure 5.7). While again it was determined that expression levels of
this transcript were similar in most Prn-p+,+ and Prn-p'1' tissues, it is interesting to note
from Figure 5.7 that NADH B 14.5b appears to be expressed in Prn-p'1' liver and heart
at approximately 58% and 79% respectively of Prn-p+l+ levels. Therefore, whilst it was
not possible to demonstrate the differential expression of this transcript in Prn-p'1' brain
by Northern analysis, the data presented in Figure 5.7 indicates that the ablation of PrPc
results in the downregulated expression ofNADH B 14.5b mRNA in liver, and heart.

The failure to convincingly confirm the subtle differential expression of NADH
B 14.5b in Prn-p'1' postnatal developing brain is disappointing. However, there are

possible reasons which may account for the identification of this transcript by DDRT-
PCR as being differentially expressed in Prn-p'1' brain, and the subsequent failure to
demonstrate this by Northern analysis. These are discussed in Section 5.2.7.
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Lung (Lu) 96.32% (SD = 20.28)

Testis (T) 89.76% (SD= 12.57)

Kidney (K) 115.12% (SD = 11.29)
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Liver (L) 58.44% (SD= 10.33)

Muscle (M) 114.26% (SD= 13.10)
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Figure 5.7: Northern analysis of NADH B14.5b expression in Prn-p+l+ and
Prn-p'1' P42 tissues, (a) Northern blot of 10 jig of total RNA from Prn-p+/+ and Prn-
p'~ P42 tissues (pooled from 2 male animals per lane) hybridised with an NADH
B 14.5b cDNA probe and exposed to BiomaxMR film for 72 hours at -80°C. The blot
was stripped and re-probed with an 18S rDNA probe to allow correction for loading
variations (exposed to Cronex film for 20 minutes at room temperature), (b)
Expression levels in Prn-p tissues compared to corresponding Prn-p tissue
(following normalisation and phosphorimager quantitation). For analysis of
expression in tissues, 3 separate blots were prepared (using the same RNA), the
average expression level determined and presented as percentage of expression level in
Prn-p'1' tissue compared to Prn-p+,+ tissue, together with the calculated standard
deviation (SD). NADH B 14.5b mRNA expression appears downregulated in Prn-p'1'
liver, and heart, but could not be demonstrated as being differentially expressed in
brain, kidney, spleen, lung, testis or skeletal muscle.
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5.2.5 Analysis Of COXI/tRNA Expression In Prn-p+,+ And Prn-p'1'
Tissues.

DDRT-PCR comparison of gene expression in Prn-p+!+ and Prn-p~'~ postnatal
developing brain identified the mitochondrial genome encoded COXI/tRNASer/Asp
transcript as being apparently downregulated in Prn-p'1' brain (See Chapter 4). The
COXI/tRNASer/Asp cDNA fragment isolated by DDRT-PCR was therefore used as a

probe in Northern hybridisation studies ofCOXI/tRNASer/Asp expression in Prn-p+,+ and
Prn-p'1' tissues. Use of this probe would be expected to detect tRNASer and tRNAAsp
transcripts (70 b and 69 b respectively), the processed COXI transcript (1544 b),
precursor COXI/tRNASer/Asp transcript prior to cleavage of the structural tRNAs
(1683 b) and perhaps the mitochondrial H-strand polycistronic transcript (16 295 b).

As can be seen from Figure 5.8, use of this radiolabelled cDNA as a probe to

postnatal developing brain RNA detects the expression of three transcripts. These are

approximately 1500 b, 700 b and 70 b in size. The 1500 b transcript most likely
represents COXI. However, it may also represent the COXI/tRNASer/Asp precursor RNA
which would be expected to be approximately 1683 b, and which may not be
distinguishable, by Northern analysis, from the 1544 b COXI transcript. The identity of
the 700 b transcript detected using this cDNA probe is unknown. It may represent an
uncharacterised further processed form of the COXI RNA. Alternatively, it has been
reported that mitochondrial DNA sequences, including COXI, have integrated into the
nuclear genome in humans (Kamimura et al., 1989) and, if this is also the case in mice,
this 700 b transcript may represent a nuclear COXI psuedogene. This is formally
possible for both the COXI/tRNASer/Asp and 16S mitochondrial cDNAs isolated by
DDRT-PCR. It was not possible to accurately quantitate the 700 b transcript, due to the
high level ofbackground hybridisation signal within each lane.

Figure 5.8a suggests that the expression of COXI/tRNASer/Asp might be subtly
downregulated in Prn-p'1' brain RNA used as source material for the DDRT-PCR
analysis. However, studies of expression in a separate batch of RNA do not appear to
substantiate this finding (See Figure 5.8b). As was the case for NADH B 14.5b, it was
possible that the failure to convincingly confirm the differential expression of this
transcript may be a result of individual variations in expression levels. Therefore, to
investigate this, a Northern blot of individual P42 Prn-p+h and Prn-p'1' brain RNA was

probed with radiolabelled COXI/tRNASer/Asp cDNA (See Figure 5.9). Figure 5.9
indicates that COXI/tRNA expression levels are similar in P42 Prn-p+l+ and Prn-p'1'
brains, at least as determined by Northern analysis. The possibility that the differential
expression of COXI/tRNASer/Asp observed by DDRT-PCR was simply due to improper
sex-matching of the source material was therefore investigated (See Figure 5.10).
Again, it must be stressed that this is unlikely as COXI/tRNASer/Asp was identified by
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Figure 5.9: Northern analysis of COXI/tRNA expression in individual
Prn-p+l+ and Prn-p'1 P42 brains, (a) Northern blot of 10 jag of total RNA from
individual Prn-p+'+ and Prn-p'1' P42 brain, hybridised with a COXI/tRNA cDNA probe
and exposed to BiomaxMR film for 72 hours at -80°C. The blot was stripped and re-
probed with an 18S rDNA probe to allow correction for loading variations (exposed to
Cronex film for 20 minutes at room temperature), (b) Expression levels are presented
as averaged 18S normalised phosphorimager values.

DDRT-PCR as being downregulated in Prn-p'1' P42 brain, the Prn-p+l+ counterparts of
which were properly sex-matched. Figure 5.10 indicates that COXI/tRNASer/Asp
expression levels do not differ significantly between male and female brains. Figure
5.10 also indicates that there is no obvious differential expression of COXI/tRNASer/Asp
in these Prn-p'1' P20 or P42 brains compared to Prn-p+,+ brains, at least as determined
by Northern analysis.
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Figure 5.10: Northern analysis of COXI/tRNA expression in Prn-p+l+ and
Prn-p'' P20 and P42 male and female brain, (a) Northern blot of 10 |Tg of total
RNA from Prn-p+l+ and Prn-p'1' P20 and P42 postnatal developing brain (pools of
RNA from four brains per lane), hybridised with a COXI/tRNA cDNA probe and
exposed to BiomaxMR film for 72 hours -80°C. Blots were stripped and re-probed
with an 18S rDNA probe to allow correction for loading variations (exposed to Cronex
film for 20 minutes at room temperature). Expression levels are presented as Prn-p'1'
percentages of corresponding Prn-p+,+ stages. The ratio of COXI/tRNA expression in
male and female brain is also indicated.
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The expression of COXI/tRNASer/Asp was also studied by Northern analysis in
Prn-p+l+ and Pm-pP42 tissues and, as indicated by Figure 5.11, expression levels
appear similar in all tissues examined.

Again, the failure to convincingly demonstrate the subtle differential expression of
COXI/tRNASer/Asp is disappointing. As is the case for NADH B 14.5b, there are several
possible reasons which may account for the identification of this transcript by DDRT-
PCR as being differentially expressed in Prn-p'~ brain, and the subsequent failure to
demonstrate this difference by Northern analysis. These are discussed in Section 5.2.7.
It remains unclear whether the COXI/tRNASer/Asp cDNA isolated by DDRT-PCR
represents a fragment of the mitochondrial H-strand polycistronic RNA or the
processed RNA, containing the tRNASer/Asp message. It is noteworthy to mention that,
during the Northern studies of COXI/tRNASer/Asp presented here, no transcript was

detected which might have represented the polycistronic H-strand message, even after
longer exposure times of Northern blots, indicating that its expression is perhaps
transient and that it rapidly processed into the mature RNAs. If the cDNA fragment
isolated by DDRT-PCR represents differential expression of either the precursor H-
strand polycistronic message or the COXI/tRNASer/Asp partially processed RNA, it is
unlikely that Northern studies would successfully distinguish these. To further
investigate this, oligonucleotide primers specific for the polycistronic message could be
designed such that Taqman real-time PCR (Perkin Elmer) studies could be performed
to determine if expression of the polycistronic message is altered in Prn-p~ ~ brain.
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Figure 5.11: Northern analysis of COXI/tRNA expression in Prn-p+,+ and
Prn-p ~ tissues, (a) Northern blot of 10 |ig of total RNA from Prn-p+l+ and Prn-p~'~
P42 tissues (pooled from 2 male animals per lane) hybridised with a COXI/tRNA
cDNA probe and exposed to BiomaxMR film for 48 hours at -80°C. The blot was
stripped and re-probed with an 18S rDNA probe to allow normalisation for loading
variations (exposed to Cronex film for 20 minutes at room temperature), (b) Expression
levels in Prn-p''" tissues compared to corresponding Prn-p+l+ tissue (following correction
and phosphorimager quantitation). For analysis of expression in tissues, 3 separate
blots were prepared (using the same RNA), the average expression level determined and
presented as percentage of expression level in Prn-p " tissue compared to Prn-p + tissue,
together with the calculated standard deviation (SD). COXI and tRNAAsp/Ser expression
levels appear similar in ail (issues studied.
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5.2.6 Analysis Of 16S rRNA Expression In Prn-p+l+ And Prn-p'1'
Tissues.

DDRT-PCR comparison of gene expression in Prn-p+,+ and Prn-p'1' postnatal
developing brain identified the mitochondrial genome encoded 16S rRNA transcript as
being apparently downregulated in Prn-p'1' brain (See Chapter 4). Use of the 16S
rRNA cDNA fragment, isolated by DDRT-PCR, as a radiolabelled probe to Southern -

blotted DDRT-PCR products formally confirmed the authenticity of this cDNA
candidate (See Figure 4.12). It was therefore used as a probe in Northern hybridisation
studies of 16S rRNA expression in Prn-p+,+ and Prn-p'1' tissues. The use of this cDNA
fragment as a probe would be expected to detect a single transcript of 1581 b (and
perhaps a partially processed message consisting of 16S rRNA/tRNALeu; 1655 b), and
possibly the mitochondrial polycistronic H-strand transcript. The position of this
cDNA fragment in the 16S rRNA gene is such that it would not detect cleaved tRNAUu.

As can be seen from Figure 5.12, use of this radiolabelled cDNA as a probe to

postnatal developing brain RNA detects the abundant expression of two main
transcripts, readily detectable after relatively short autoradiographic exposure times.
These are approximately 1500 b and 500 b. In addition, several intermediate-sized
transcripts were detected using this probe. No evidence was obtained during these
expression studies for the detection of a transcript which might represent the
mitochondrial polycistronic H-strand message. The 1500 b transcript most likely
represents mitochondrial 16S rRNA. However, the identities of the lower molecular
weight transcripts are unclear. It is possible that they represent uncharacterised further-
processed, or specific degradative, forms of 16S rRNA. Alternatively, they may

represent abundantly expressed homologous transcripts. The expression profile of the
500 b transcript throughout the P0 to P42 developmental period appears to replicate the
profile of expression observed by DDRT-PCR.

Figure 5.12 demonstrates that Northern analysis also failed to confirm the
differential expression of this candidate transcript in Prn-p'1' brain, even using the RNA
source material used for the DDRT-PCR study from which it was isolated. 16S rRNA
expression also appears similar between Prn-p+/+ and Prn-p''' mice in individual P42
brains (Figure 5.13), male and female P20 and P42 brains (Figure 5.14) and other, non-
CNS, tissues (Figure 5.15), at least by Northern analysis. More sensitive exposures of
these blots did not detect the presence of any additional transcripts which were not

initially observed. Due to the abundance of the 16S rRNA message, it was possible that
by using standard high specific activity probes (ie. 25ng, 1 X 109 cpm/pg) the probe
may not have been in excess of the target sequence.
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Figure 5.13: Northern analysis of 16S rRNA expression in individual
Prn-p+l+ and Pm-p~'~ P42 brain, (a) Northern blot of 10 (ig of total RNA from
individual Prn-p+,+ and Prn-p'1' P42 brain, hybridised with a 16S rRNA cDNA
probe and exposed to Cronex film for (i) 7 hours and (ii) 18 hours at room
temperature. Hybridisation signal was quantitated as whole lanes. The blot was
stripped and re-probed with an 18S rDNA probe to allow correction for loading
variations (exposed to Cronex film for 20 minutes at room temperature), (b)
Kxpression levels are presented as averaged 18S-normalised phosphorimager
values.
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Figure 5.14: Northern analysis of 16S rRNA expression in Prn-pH+ and Prn-p'
P20 and P42 male and female brain, (a) Northern blot of 10 fig of total RNA from
Prn-p+'+ and Prn-p'1' P20 and P42 postnatal developing brain (pools ofRNA from four
brains per lane), hybridised with a 16S rRNA cDNA probe and exposed to Cronex
film for 18 hours at room temperature. Blots were stripped and re-probed with an 18S
rDNA probe to allow correction for loading variations (exposed to Cronex film for 20
minutes at room temperature). Expression levels are presented as Prn-p'1' percentages
of corresponding Prn-p+/+ stages. The ratio of 16S rRNA expression in male and
female brain is also indicated.
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Figure 5.15: Northern analysis of 16S rRNA expression in Prn-p+l+ and Prn-p'1
P42 tissues, (a) Northern blot of 10 jig of total RNA from Prn-p+/+ and Prn-p'1' P42
tissues (pooled from 2 male animals per lane) hybridised with a 16S rRNA cDNA probe
and exposed to Cronex film for 18 hours at room temperature. The blot was stripped
and re-probed with an 18S rDNA probe to allow correction for loading variations
(exposed to Cronex film for 20 minutes at room temperature), (b) Expression levels in
Prn-p'1' tissues compared to corresponding Prn-p " tissue (following normalisation and
phosphorimager quantitation). For analysis of expression in tissues, 3 separate blots
were prepared (hybridisation signal quantitated as whole lane), the average expression
level determined and presented as percentage of expression level in Prn-p ' tissue
compared to Prn-p+l+ tissue, together with the calculated standard deviation (SD). 16S
rRNA expression levels appear similar in all tissues studied.
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To overcome potential problems of target sequence being in excess of probe,
abundant quantities of low specific activity probes were also used, but did not result in
noticeable advantages over the use of high specific activity probes.

It was also possible that the apparent downregulation of 16S rRNA observed by
DDRT-PCR might actually have represented increased degradation of the transcript.
However, no evidence to support this was obtained from the expression studies
presented in this chapter.

Potential reasons for the failure to confirm the differential expression of 16S rRNA
by Northern analysis are discussed further in Section 5.2.7.

5.2.7 Inability To Replicate Original Differential Expression Of
DDRT-PCR Candidates By Northern Analyses.

As previously discussed, attempts to confirm, by Northern analyses of brain RNA,
the differential expression of NADH B 14.5b, COXI/tRNASer/Asp and 16S rRNA
identified by DDRT-PCR were unsuccessful. Interestingly, analysis of expression
levels in Prn-p+,+ and Prn-p'1' tissues indicated that the nuclear encoded NADH B 14.5b
transcript is downregulated by approximately 40% in Prn-p'1' liver, and by 20% in Prn-
p~ ~ heart. This observation considerably strengthens DDRT-PCR indications that the
ablation of PrPc affects the expression of OXPHOS mRNA subunits, and perhaps
mitochondrial physiology. However, the fact remains that the differential expression of
transcripts in Prn-p'1' brain which were identified by DDRT-PCR could not be
convincingly confirmed by Northern analysis, in RNA source material other than that
used for the DDRT-PCR study. This observation requires discussion.

As outlined in Section 4.2.1, a total of approximately 21 000 to 32 400 individual
bands were visualised during the entire DDRT-PCR analyses, the vast majority
appearing identical in intensity and profile between Prn-p+,+ and Prn-p'1' lanes. With the
exception ofPrP, only four of these (approximately 0.019% to 0.0123%) were selected
as potential candidate Prn-p'1' differentially expressed transcripts. It therefore seems

highly unlikely that they represent artefactual differences or false positives. In fact, the
demonstration of NADH B14.5 expression as being downregulated in Prn-p'1' liver
strongly argues that the differential expression ofNADH B 14.5b at least is affected by
the ablation ofPrPc. As discussed at the beginning of this chapter, there is substantial
data to support the suggestion of a possible link between PrPc and normal
mitochondrial physiology. These include the demonstration of interactions between
PrPc and HSP60 and Nrf-2 proteins, elevated levels of Mn-SOD activity in Prn-p'1'
brain, the copper binding properties of PrP( and the copper-dependence of cytochrome
c oxidase, the identification by DDRT-PCR of three OXPHOS subunits as being
apparently differentially expressed in Prn-p'1' brain. However, there are several
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possiblities which may account for the apparent failure to confirm the differential
expression in Prn-p~'~ brain of these three OXPHOS subunits.
(1) It is possible that these isolated cDNAs may in fact represent fragments of the
mitochondrial polycistronic H-strand transcript and not the mature processed RNAs.
The isolation of a cDNA encoding partially processed COXI/tRNASer/Asp strongly
suggests that this is a possibility. While no evidence was obtained during these
expression studies for differential expression of the mitochondrial H-strand in Prn-p
mice, this would not be unexpected and this possibility could be specifically
investigated. The use of Taqman real-time quantitative PCR (Perkin-Elmer) and
oligonucleotide primers designed specifically to amplify only a fragment of the H-
strand polycistronic message, and not further processed RNAs, would allow
determination of expression levels of the H-strand transcript in Prn-p+/+ and Prn-p"
tissues.

(2) It is clear from the DDRT-PCR data that the differential expression of these
OXPHOS subunits is subtle. Therefore, while they are readily detectable by DDRT-
PCR technology, the relative difference in expression levels between Prn-p+,+ and
Prn-p'1' mice might be outwith the sensitivity limits of the Northern hybridisation and
quantitation procedures. Subtle differences apparent by eye are clearly not discernible
by phosphorimager quantitation.
(3) The identification of NADH B 14.5b, COXI/tRNASer/Asp and 16s rRNA might
actually represent differential expression in Prn-p'1' brain sub-regions. Differential
expression in the hippocampus for example might be detectable by DDRT-PCR
technology, but 'masked' by the use of total RNA isolated from whole brain material.
The use of in situ hybridisation procedures on sectioned brain material may help to
resolve this.

(4) The procedure utilised for preparation of RNA material for the DDRT-PCR
analyses should be considered. It is possible that RNA isolated by the procedure
outlined in 8.14.2 contains minor quantities of genomic DNA. Total RNA was not

DNAse-treated, to avoid the introduction of artefactual differences in the DDRT-PCR
reactions which may result from additional processing of the RNA. It is therefore,
formally possible that the cDNA fragments isolated by DDRT-PCR actually result from
amplification of mitochondrial genome DNA. However, although this is unlikely, the
possibility that Prn-p+l+ and Prn-p'1' brains contain different levels of mitochondrial
DNA was investigated by Southern analysis with a mitochondrial DNA-specific probe.
Although the data presented in Figure 5.16 indicates that there is individual variation in
mtDNA levels, there are no statistically significant differences in the levels ofmtDNA in
Prn-p'1' brain when average individual levels are analysed.
(5) It is formally possible that the cDNA fragments isolated by DDRT-PCR represent
nuclear psuedogenes, whereby segments of the mitochondrial genome have integrated
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into the nuclear genome. Due to the abundant expression of mitochondrial genome
encoded transcripts, use of these cDNAs as probes in expression studies would
consistently detect high copy number mitochondrial transcription products, thereby
precluding the detection of potential lower copy number nuclear transcripts.
(6) A final possibility worthy of investigation resulted from the observations of elevated
Mn-SOD activity in Prn-p'1' brain (Brown et al., 1997a; Brown & Besinger, 1998).
Elevated Mn-SOD levels are perhaps indicative of increased levels of oxidative stress
within Prn-p'1' mitochondria, mediated through the increased generation of reactive
oxygen species. In this situation, it might be expected that these ROS may damage
mitochondrial DNA, and that there might be accumulation with age of DNA mutations
in Prn-p'1' brain mitochondrial DNA. If this were the case, it would then be possible that
the identification of transcipts by DDRT-PCR may reflect differential PCR
amplification of transcripts as a result of altered primer/template homology and not
differential mRNA expression levels. As a preliminary investigation of this possibility,
genomic DNA pooled from Prn-p+,+ and Prn-p'1' P42 brains was treated with various
restriction endonucleases, Southern-blotted and probed with a radiolabelled
COXI/tRNASer/Asp/16S cocktail. Figure 5.17 demonstrates that, while gross banding
patterns are identical in Prn-p1 + and Prn-p'1' DNA, the intensity of some Prn-p'1' AcoRI
restriction fragments differs from corresponding Prn-p+/+ fragments. This might
indicate an increase in the number of EcoRA restriction sites in some Prn-p'1'
mitochondrial genomes, which may in turn be a result of DNA damage mediated
through increased ROS. This could be investigated further, and more suitably, by
generating fragments of mitochondrial DNA, by PCR, isolated from Prn-p+,+ and
Prn-p''' tissues from individual mice of different ages and subjecting them to SSCP
analysis to determine whether mitochondrial DNA polymorphisms accumulate in
Prn-p'1' mice with age.

160 Chapter 5: Northern Analysis Of
DDRT-PCR Candidates.



(a).

Mitochondrial
Genome.

Pstl BamRl

16S rRNA Gene.

DDRT-PCR
cDNA Probe

(b).

Nuclear
Genome
(Prn-p).

Kpnl 2.4 Kb Kpnl

MT/NEO

Pstl XbaI Pstl Xbal

1 ORF 1 1 1

[,6Kb-HExon 3 H-i

(c).
BamHI/Pstl Digested.

I 1
+/+ ./. +/+ -/- +/+ -/- +/+ -/-+/+ -/- +/+ -/- +/+ -/- +/+ -/-+/+ -/-

jful *>&&■ miMl, ML
wW IP™wm m ip ** w

16S mtDNA

(7.28 Kb)

PrP (1.6 Kb)

P42 Prn-p+/+ BrainmtDNA =

P42 Prn-p~/~ BrainmtDNA =

n = 9.

1 823 762 (SD = 564 591).

1 809 183 (SD = 394 335).

Figure 5.16: Southern analysis of mitochondrial DNA levels in Prn-p+l+ and
Prn-p'1' P42 brain, (a) positions of the 16S cDNA fragment (isolated by DDRT-
PCR) and the Prn-p DNA fragment (used to normalise for loading variations) used as
probes to Southern-blotted Prn-p+l+ and Prn-p'1' genomic DNA. (b) genomic DNA
isolated from nine individual Prn-p+,+ and Prn-p'1' P42 brains was restriction digested
(such that the use of the 16S and Prn-p probes would result in a single band) and
transferred to Hybond-N by Southern blotting. The blot was probed first with a 16S
rDNA probe, the hybridisation signals quantitated and stripped and re-probed with a
Prn-p probe to normalise for loading variations. Figures represent normalised and
averaged phosphorimager values. The standard deviation (SD) are indicated.
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Figure 5.17: Southern analysis of restriction-digested Pm-p+l+ and Prn-p'"
brain mtDNA. Genomic DNA isolated from four Prn-p+/+ and Prn-p" P42 brains
was pooled and treated with various restriction endonucleases. Following
electrophoresis, the restriction fragments were transferred to Hybond-N by Southern-
blotting and the membrane hybridised with a COXI/tRNASer/Asp/16S probe cocktail.
The membrane was subsequently exposed to Cronex film for 18 hours at room
temperature. The gross banding patterns of mitochondrial restriction fragments
appears identical in Prn-p"* and Prn-p' brain. However, the intensity ot some
Prn-p EcoKl restriction fragments appears different (indicated by asterisks). This
might represent an increased number of fscoRl restriction sites m some Prn-p " bram
mitochondrial genomes.
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5.3 Summary.

DDRT-PCR comparison of gene expression in Prn-p+l+ and Prn-p'1' postnatal
developing brain identified three OXPHOS subunit transcripts as being apparently
differentially expressed. These transcripts encoded the murine homolog of bovine
NADH ubiquinone oxidoreductase subunit B 14.5b, COXI/tRNASer/Asp and 16S rRNA.
Both COXI/tRNASer/Asp and 16S rRNA are products of the mitochondrial H-strand
polycistronic transcript. NADH B14.5 is encoded by the nuclear genome. While
DDRT-PCR analysis clearly identified these transcripts as being differentially
expressed in Prn-p'1' brain, Northern analyses failed to convincingly replicate the
differential expression between Prn-p+,+ and Prn-p'1' brain observed by DDRT-PCR.
There are several possible reasons for this failure, and these are discussed at length in
Section 5.2.7, although it is likely that the identification of the mitochondrial genes

represents differential expression of the polycistronic H-strand. It is unlikely that they
represent artefactual differences, considering that they were selected from approximately
30 000 DDRT-PCR cDNAs which were identical in expression profile between
Prn-p+l+ and Prn-p'1' brain samples. In contrast to brain, it is interesting to note that the
differential expression of the NADH B 14.5b transcript could be convincingly
demonstrated to be downregulated in Prn-p'1' liver, and heart, being expressed at

approximately 60% and 80% respectively of Prn-p+,+ levels. This lends weight to the
DDRT-PCR observations, in that this clearly demonstrates that the ablation of PrPc has
downstream effects on the expression of OXPHOS subunits, at least in liver. It
therefore follows from these observations that, PrPc perhaps exerts some effect on

normal mitochondrial physiology.
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Chapter 6

PrPc, Oxidative Stress, And
Mitochondria.

6.1 Introduction.

There are several possible reasons which might account for the failure to replicate
the DDRT-PCR expression profiles of NADH B 14.5b, COXI/tRNASer/Asp and 16S
rRNA in brain. These are discussed at length in the preceding chapter. However, their
identification by DDRT-PCR (and the demonstration of reduced levels of expression of
NADH B 14.5b mRNA in Prn-p'1' liver and heart) is strongly suggestive of an effect of
the ablation of PrPc on normal mitochondrial physiology and function, and on the
function of the ETC in particular.

This chapter will therefore focus on research which arose primarily as a result of the
findings presented in Chapters 4 & 5, in context of recent literature which appears to

support the possibility that some aspects of normal mitochondrial function may be
perturbed in Prn-p'1' mice.

6.1.1 PrPc And Mitochondrial Biogenesis.

Superficially, it is perhaps difficult to envisage how PrPc, a predominantly cell
membrane-bound glycoprotein, can exert effects at the level of mitochondrial
physiology, biogenesis or transcription. However, as discussed in Chapter 1, as a result
of phage expression studies, it was determined that PrPc interacts with the nuclear
transcription factor Nrf-2 (Yehiely et al., 1997). Nrf-2 is one of many trans-acting
factors which are required for biogenesis ofmitochondria (Larsson and Clayton, 1995).
Nrf-2 is involved in the transcriptional regulation of several nuclear genome encoded
respiratory ETC proteins, and the mitochondrial transcription factor A (mtTFA) gene

(Evans and Scarpulla, 1990; Virbasius and Scarpulla, 1994). mtTFA is in turn known to
be involved in the regulation of mitochondrial biogenesis (Larrson et al., 1998). It is
interesting to note that mice homozygous for a TFA null mutation die after E8.5; the
stage at which the embryo shifts from anaerobic to aerobic metabolism usage (and
therefore a requirement for oxidative phosphorylation) and at which PrP is
transcriptionally activated (See Chapter 2).
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In addition, PrPc has been demonstrated in a phage expression screen to interact
with Hsp60 (Edenhofer et al., 1996), a chaperone known to be involved in the import of
nuclear-encoded cytosolic proteins into the mitochondria (Itoh et al., 1995).

The question of whether PrPc can be detected in sub-cellular compartments which
might therefore allow interaction to occur in vivo between PrPc and the mitochondrial
protein Hsp60, is addressed in this chapter.

6.1.2 PrPc And OXPHOS Complex IV.

It is conceivable that the ablation ofPrPc might in turn affect the normal expression
ofETC and OXPEIOS subunits, either through NRF-2 or mtTFA. As such, this might
explain the apparent differential expression of two OXPHOS subunits identified by
DDRT-PCR. As can be seen from Figure 6.1, mitochondrial complex IV, cytochrome c

oxidase, is composed of thirteen polypeptide subunits, three of which are encoded by
the mitochondrial genome (H-strand) and ten ofwhich are nuclear encoded.

As discussed in Chapter 1, PrPc is known to bind copper both in vitro (Horneshaw
et al., 1995; Horneshaw et al., 1995a; Stockel et al., 1998) and in vivo (Brown et al.,
1997). The ability of PrPc to bind copper, and the decreased activity of the cytosolic
copper-dependent Cu/Zn-SOD enzyme in Prn-p~'~ brain (Brown et al., 1997a; Brown et

al., 1998), suggests that PrPc might perhaps be involved in the intracellular trafficking
of copper. In addition, PrPc is rapidly endocytosed in cultured cells following the
addition of copper (Pauly et al., 1998). The ablation of PrPc might therefore affect
cellular copper homeostasis. This could exert downstream effects on other copper-

dependent enzymes, such as cytochrome c oxidase. The expression of COX subunits
(Medeiros et al., 1997) and the activity of COX (Lawrence et al., 1985; Davies et al.,
1985) has already been demonstrated to be reduced in rodents fed a copper-deficient
diet. This may be due to effects on COX15 and/or COX17 for example, two proteins
which are required for the assembly of functional COX (See Figure 6.1). COX15 and
COX17 are known to be essential for the mitochondrial recruitment of copper into the
redox centre of the enzyme at subunits I and II (Mazumdar, 1994; Amaravadi et al.,
1996; Glerum et al., 1997). The mtDNA encoded COX polypeptide subunits form the
functional core of the enzyme (Mazumdar, 1994). Thus, in addition to the possibility
that differential expression of COXI might affect the proper assembly and function of
the enzyme, the potentially reduced copper trafficking in Prn-p~'~ mice might also affect
its activity, and consequently the function of the ETC in general. The implications of
this possibility are discussed in the next section, and are experimentally investigated in
this chapter.
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Figure 6.1: Assembly of Cytochrome C oxidase. Poyton (1998). The
mitochondrial complex IV enzyme, COX, is composed of thirteen polypeptide subunits,
three of which are encoded by the mitochondrial genome. COXI, COXII and COXIII
form the functional redox centres of the enzyme, the core of which consists of copper
and heme moieties (Mazmumdar, 1994). Assembly of functional COX requires several
genes, two of which (COXI 5 and COX 17) are essential for the recruitment of copper to
the mitochondrion and, subsequently, into COXI and COXII polypeptide subunits,
forming the redox centre of the enzyme.
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6.1.3 PrPc, The ETC And Oxidative Stress.
A widely recognised consequence of aerobic metabolism in eukaryotic cells is the

production of reactive oxygen species (ROS) by mitochondria (Kwong and Sohal,
1998). Most of the oxygen consumed by aerobic respiration is reduced to water by
COX in the mitochondrial ETC (Turrens, 1996). Oxidation of mitochondrial ETC
components is believed to lead to the production of superoxide anion radicals, which are

then dismutated by the mitochondrial Mn-SOD to form hydrogen peroxide, a precursor
to the highly reactive hydroxyl free radical (Kwong and Sohal, 1998). The two main
sites ofROS generation by the mitochondrial ETC have been determined to be Complex
I and III (Turrens etal., 1985; Turrens, 1997). Additionally, the reduction of oxygen to
water by COX occurs via a series of highly reactive oxygen intermediates (Poyton,
1998). Under normal circumstances, only a small proportion of the oxygen used by
COX (approximately 3 - 5%) leads to superoxide anion formation, for example due to

leakage of electrons on the ETC (Michiels et al., 1994). ROS generation, by the ETC
for example, is therefore an inherent feature of oxidative metabolism usage. Eukaryotic
cells have developed mechanisms to deal with this oxidative stress, such as the
mitochondrial enzymes Mn-SOD (which dismutates two superoxide anions into water
and hydrogen peroxide), and catalase (which transforms hydrogen peroxide into water
and oxygen)(Michiels et al, 1994).

Both from the literature and from the data presented here, it is possible that the
ablation ofPrPc may lead to perturbations in the expression of mitochondrial ETC and
OXPHOS subunits. As a consequence, mitochondrial biogenesis might be affected,
especially the proper assembly of OXPHOS enzymes, such as COX. In addition, the
ablation of PrPc may lead to a reduction in the levels of intracellular copper, which is
required to form the active redox centre of COX. Improperly assembled COX could,
under these circumstances, lead to the leakage of ROS from the active site of the
enzyme, thereby promoting oxidative stress (Poyton, 1998). With this in mind, it is
interesting to consider recent reports in which it has been determined that the activity of
Mn-SOD is elevated in cultured Prn-p'1' cortical and cerebellar cells (Brown and
Besinger, 1998; Brown et al., 1997a), indicating that Prn-p'1' cells experience greater
levels of oxidative stress. While this increased oxidative stress could be as a result of

the reduced activity of the cytosolic copper-dependent antioxidant enzyme Cu/Zn-SOD,
it is perhaps as likely that this may be mediated via dysfunctional mitochondrial ETC
components. Indeed, elevated levels of activity of the mitochondrial antioxidant enzyme
Mn-SOD suggests that Prn-p'1' cells are experiencing greater oxidative stress within the
mitochondrion itself. The elevation of mitochondrial Mn-SOD activity in all Prn-p "
brain regions tested (Brown et al., 1997a) may itself lead to increased levels of oxidative
stress within the mitochondrion via increase of hydrogen peroxide levels (unless
catalase activity is also elevated in Prn-p'1' cells, which has not yet been determined). It

167 Chapter 6: PrPc, Oxidative
Stress AndMitochondria.



is therefore of considerable interest to note that, during studies of gene expression
changes induced by the induction of oxidative stress, mitochondrial rRNAs were found
to be down-regulated (Crawford et al., 1997). It has been suggested that this may

represent part of a general mechanism by which cells initiate protection against oxidative
stress (Crawford et al., 1997). The observation, by DDRT-PCR, that mitochondrial 16S
rRNA is down-regulated in Prn-p'1' brain further supports findings that Prn-p'1' cells
experience greater levels of oxidative stress in vivo. It is possible that down-regulation
of mitochondrial 16S rRNA could alleviate oxidative stress generated by the ETC by
reducing its activity, via suppressed transcription and translation ofOXPHOS subunits.

It is clearly possible that the increased levels of oxidative stress experienced by
Prn-p'1' cells (as indicated by the elevated levels of Mn-SOD and, in chapter 4, by the
apparent down-regulation of 16S rRNA) may be a result of dysfunctional ETC
components. This possible dysfunction may present as a result of improper assembly
of OXPHOS components which, in turn, might occur as a result of alterations in
expression of OXPHOS subunits and/or reduction in the incorporation of copper into
COX. Attempts to further investigate the activity of COX in Prn-p'1' tissues, and the
relationship between PrPc and oxidative stress, is discussed in greater detail later in this
chapter. Abnormal mitochondrial morphology is highly suggestive of dysfunctional
ETC function and therefore, it is possible that indications of abnormal mitochondrial
ETC function might be observed at the morphological level, for example by electron
microscopy (Ghadialy, 1982; Larsson et al., 1998). Attempts to investigate this are

described and discussed in this chapter.
The demonstrated relationship between PrPc and antioxidant superoxide dismutase

enzymes (Brown et al., 1997; Brown etal, 1997a; Brown and Besinger, 1998), together
with data presented in chapter 2 concerning the point of transcriptional activation of PrP
mRNA, tentatively suggests that PrPc may function as part of a cellular antioxidant
mechanism, perhaps specifically in response to superoxide radicals. In this respect, it is
interesting to note data published by Brown et al (1997a), which clearly demonstrates
that cultured cells lacking PrPc are more susceptible to oxidative assault, specifically
mediated via superoxide radicals. Further investigation of the relationship between PrPc
and oxidative stress and gene expression of antioxidant enzymes is presented in this
chapter.
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6.1.4. Aims OfChapter 6.
The primary aims of chapter 6 were therefore as follows

1. To investigate the expression of candidate genes (for example, Cu/Zn-SOD, Mn-
SOD, Nrf-2 & Hsp60) in Prn-p+,+ and Prn-p'1' tissues, by Northern analysis.

2. To investigate the possibility that PrPr is associated with subcellular organelles
such as mitochondria.

3. To assess the effect of the ablation of PrPc on mitochondrial number and

morphology in Prn-p+!+ and Prn-p'1' brain.

4. To assess the effects of the ablation ofPrPc on the activity of cytochrome c oxidase
in various murine tissues.

5. To test the hypothesis that PrP forms part of a cellular antioxidant mechanism and
that the expression of PrP may be affected by the onset of oxidative assault, via
superoxide radicals.
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6.2 Results And Discussion.

6.2.1 PrPc And Superoxide Dismutase mRNA Expression.
As previously discussed, it has been determined that activities of the antioxidant

enzymes Cu/Zn-SOD and mitochondrial Mn-SOD differ in IFMB Prn-p+,+ and Prn-p'1'
adult brain (Brown et al., 1997a; Brown & Besinger, 1998). Cu/Zn-SOD activity is
reduced and Mn-SOD activity is elevated in all brain regions studied. While it was
determined that levels of Cu/Zn-SOD mRNA were similar in Prn-p+/+ and Prn-p'1' brain,
for Mn-SOD, an approximate 3 700 b alternatively spliced transcript was reported to be
upregulated in Prn-p'' brain (Brown et al., 1997a; Brown & Besinger, 1998).
Therefore, Brown and colleagues (1997a, 1998) reported that elevated levels of Mn-
SOD activity in Prn-p'1' brain might be attributed to upregulation of Mn-SOD mRNA,
while reduced levels of Cu/Zn-SOD probably results from decreased copper-binding
capabilities in Prn-p'1' mice (Brown et al., 1997). To extend these studies, the
expression of Cu/Zn-SOD and Mn-SOD mRNA was studied in various NPU P42
Prn-p+,+ and Prn-p'1' tissues (See Figures 6.2 and 6.3).

As can be seen from Figure 6.2, Northern analysis of Cu/Zn-SOD mRNA in P42
Prn-p+,+ and Prn-p'1' tissues detects the presence of an approximate 600 b transcript in
all tissues studied. In agreement with previous studies (Brown et al., 1997a; Brown &
Besinger, 1998), Cu/Zn-SOD mRNA is not differentially expressed between Prn-p''
and Prn-p+/+ adult brain. Expression levels are also similar in lung, kidney, spleen, testis
and skeletal muscle of Prn-p+/+ and Prn-p'1' mice. However, Figure 6.2 clearly
demonstrates that Cu/Zn-SOD mRNA is differentially expressed between Prn-p+ + and
Prn-p'1' mice in both heart and liver. Cu/Zn-SOD is expressed in Prn-p'1' heart and liver
at approximately 67% and 73% respectively ofPrn-p+,+ heart and liver.

Northern analysis ofMn-SOD mRNA detects the presence of an approximate 900
b transcript in all tissues studied, with the exception of spleen (See Figure 6.3). Only in
brain could the alternatively spliced Mn-SOD transcripts of 2740 b and 5600 b be
reliably quantitated by phosphorimaging. In contrast to previous reports (Brown et al,
1997a; Brown & Besinger, 1998) neither of these alternatively spliced transcripts were

upregulated in Prn-p' ' adult brain compared to Prn-p+,+ brain. As can be seen from
Figure 6.3, comparison of Mn-SOD mRNA expression in kidney, testis, liver and
skeletal muscle revealed similar levels in Prn-p+,+ and Prn-p'1' mice. However, it is clear
from these studies that the 900 b Mn-SOD transcript is in fact downregulated by
approximately 50% in Prn-p'1' heart and lung.

These experiments show that while the ablation ofPrPc does not affect Cu/Zn-SOD
or Mn-SOD mRNA in Prn-p'1' brain, kidney, testis, spleen or skeletal muscle, it results
in the downregulation ofCu/Zn-SOD mRNA expression in heart and liver, and of the
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Figure 6.2: Northern analysis of Cu/Zn-SOD expression in Prn-p+l+ and Prn-p'1' P42
tissues, (a) Northern blot of 20 jag of total RNA from Prn-p+l+ and Prn-p'1' P42 tissues
(pooled from 2 male animals per lane) hybridised with an Cu/Zn-SOD cDNA probe and
exposed to BiomaxMR film for 48 hours at -80°C. The blot was stripped and re-probed with
an 18S rDNA probe to allow correction for loading variations (exposed to Cronex film for 20
minutes at room temperature), (b) Cu/Zn-SOD expression in Prn-p'1' tissues compared to
corresponding Prn-p /+ tissue (following normalisation and phosphorimager quantitation).
For analysis of expression in tissues, 3 separate blots were prepared, the average expression
level determined and presented as percentage of expression level in Prn-p'1' tissue compared to
Prn-p'n tissue, together with the calculated standard deviation (SD). Expression levels in five
individual Prn-p /+ and Prn-p'1' P42 brains was also studied (presented as normalised
phosphorimager value). Cu/Zn-SOD is downregulated in Prn-p'1' heart and liver, but is not
differentially expressed in brain, kidney, spleen, lung, testis or skeletal muscle.

171 Chapter 6: PrPc, Oxidative
Stress And Mitochondria.



(a). B H Lu T K L M

+/+ -/- +/+ -/- +/+ -/- +/+ -/- +/+ -/- +/+ -/- +/+ -/- +/+ -/-

28S

(4712b) *4**

18S -

(1869b) UiMat, JSt

1It
s

Jjjfe)|Hpf
-amnm• "f «

18S

(b).

Tissue

900b Mn-SOD in -/- Tissue

(% Of Prn-p+!+ Tissue).

Brain (B) 105.40% (SD= 10.16)

Heart (H) 53.30% (SD = 6.27)

Lung (Lu) 51.54% (SD= 10.01)

Testis (T) 108.05% (SD - 14.83)

Kidney (K) 92.65% (SD - 13.31)

Spleen (S) -

Liver (L) 99.23% (SD = 10.22)

Muscle (M) 103.05% (SD-6.65)

n = 3 separate Northern blots.

(c).
P42 Individual Brains

Wt Null

5600b
Mn-SOD

408855

(SD = 29 494)
424997

(SD = 43 516)

3740b
Mn-SOD

405871

(SD= 12 187)
428263

(SD = 44 421)

900b

Mn-SOD
410392

(SD = 18 235)
441239

(SD = 21 119)

n = 5 individualWt/Null P42 brains.

Figure 6.3: Northern analysis of Mn-SOD expression in Pm-p+l+ and Prn-p~'~ P42
tissues, (a) Northern blot of 20 |4g of total RNA from Prn-p+/+ and Prn-p'1' P42 tissues
(pooled from 2 male animals per lane) hybridised with an Mn-SOD cDNA probe and exposed
to BiomaxMR film for 72 hours at -80°C. The blot was stripped and re-probed with an 18S
rDNA probe to allow correction for loading variations (exposed to Cronex film for 20 minutes
at room temperature), (b) Mn-SOD expression in Prn-p''" tissues compared to corresponding
Prn-p+l+ tissue (following normalisation and phosphorimager quantitation). For analysis of
expression in tissues, 3 separate blots were prepared, the average expression level determined
and presented as percentage of expression level in Prn-p'1' tissue compared to Prn-p+,+ tissue,
together with the calculated standard deviation (SD). Expression levels in five individual Prn-
p ' and Prn-p' ' P42 brains was also studied (presented as normalised phosphorimager value).
The 900 b Mn-SOD alternatively spliced transcript is downregulated in Prn-p'1' heart and lung,
but is not differentially expressed in brain, kidney, liver, testis or skeletal muscle.
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These studies represent the first report of differential expression of any transcript in
Prn-p'1' tissues other than brain. Previous reports have documented SOD activity only
in Prn-p+/+ and Prn-p'1' brain (Brown et al., 1997; Brown et al., 1997a; Brown &
Besinger, 1998). In light of the findings presented in this thesis, it will be of
considerable interest to determine the activities of these antioxidant enzymes in other
Prn-p'1' tissues, to determine for example if Mn-SOD activity is elevated in Prn-p'1'
tissues, even when mRNA level is reduced. While elevated mitochondrial Mn-SOD
levels may reflect compensation for reduced cytosolic Cu/Zn-SOD levels (Brown et al.,
1997a), an alternative explanation could be that Prn-p'1' mice experience greater levels of
oxidative stress, specifically within the mitochondrion. It will be of interest to determine
if this is the case in Prn-p1' tissues other than the brain. Determination of Cu/Zn-SOD
and Mn-SOD activity in NPU Prn-p'1' tissues is presently being performed as a

collaborative effort with Irfan Raman (Dept. of Respiratory Medicine, Edinburgh
University).

6.2.2 Expression Levels OfBcl2, Nrf-2 & mtTFA.
The anti-apoptotic mitochondrial protein Bcl-2 has been reported as interacting with

PrPc in a yeast 2-hybrid screen (Kurschner & Morgan, 1995; Kurschner & Morgan,
1996). More recently, it has been demonstrated that cultured NUSM Prn-p'1'
hippocampal cells survive in serum-free media only when overexpressing Bcl-2
(Kuwahara et al., 1999), perhaps indicating a potential functional interaction between
these two proteins in vivo. It was therefore of interest to establish whether or not Bcl-2
mRNA was differentially expressed in NPU Prn-p'1' brain. Unfortunately, the Bcl-2
transcript could not be detected by hybridisation ofNorthern blots of 20 (ig total RNA,
using sensitive film and exposing blots for up to two weeks. Using similar
methodology, mtTFA could also not be detected. Although an extremely weak signal
could be detected for the Nrf-2 transcript, signal to noise ratios were such that band
intensities could not be reliably determined using phosphorimager technology.
Determination of whether these transcripts are differentially expressed in Prn-p'1' brain
would provide clues to whether some aspects of mitochondrial function, such as

transcription of OXPHOS subunits, might result from altered expression via the
ablation of PrPc. Future research should therefore focus on the detection of these

transcripts by the use of Northern blots using poly(A)-purified mRNA and/or Taqman
real-time quantitative PCR (Perkin-Elmer). Alternatively, the availability of antibodies
would allow the determination of differences in the translation products of these
transcripts by Western analysis.

173 Chapter 6: PrPc, Oxidative
Stress AndMitochondria.



6.2.3 Analysis Of Expression Of Hsp60 In Prn-pH+ And Prn-p1
Postnatal Developing Brain.

The mitochondrial protein chaperone Hsp60 has been identified, in expression
library screening, as a protein which interacts with PrPc (Edenhofer et al., 1996). If
this interaction occurs in vivo, it is reasonable to assume that the ablation of PrPc might
exert some downstream effect on aspects of normal mitochondrial function, for example
via abnormal import of proteins into the mitochondrion. As can be seen from Figure
6.4, Northern analysis of Hsp60 expression in Prn-p+'+ and Prn-p'1' postnatal
developing brain reveals the presence of a 2120 b transcript, which is downregulated
during postnatal brain development. However, Hsp60 was determined not to be
differentially expressed in Prn-p j~ brain, compared to Prn-p+l+ brain.

(a). Prn-p+/+
i

Prn-p~/~
P0 P10 P20 P42 P0 P10 P20 P42

4712b- mSi ' i

1869b-
mm «, , mm 4g&gr

HSP60

(2120 b)

18S

(b).
Tissue

(Developing brain).
Prn-p Tissue

(% of Prn-p +!+ tissue).

P0 Null 101.84%

P10 Null 108.98%

P20 Null 106.31%

P42 Null 112.12%

Figure 6.4: Hsp60 mRNA Expression In Prn-p+l+ And Prn-p'1' Postnatal
Developing Brain, (a) Northern blot of 20 pg Prn-p+l+ and Prn-p'1' postnatal
developing brain RNA (pooled from 6 animals per lane) hybridised with an Hsp60
cDNA probe and exposed to BiomaxMR film for 48 hours at -80°C. The blot was
stripped and re-probed with an 18S rDNA probe to allow normalisation for loading
variations (exposed to Cronex film for 20 minutes at room temperature), (b) Hsp60
expression in Prn-p'1' brain compared to corresponding Prn-p+l+ tissue (following
normalisation and phosphorimager quantitation). Hsp60 mRNA does not appear to
be differentially expiessed in Prn-p'1' brain.

174 Chapter 6: PrPc, Oxidative
Stress AndMitochondria.



While the ablation of PrPc does not appear to have any effect on Hsp60 mRNA
expression, it is possible that expression of Hsp60 protein may be affected in Prn-p'1'
mice. Western analysis of Hsp60 expression in Prn-p1' tissues would be required to

investigate this possibility. Alternatively, it is also a possibility that ablation of PrPc will
have no direct effect on either Hsp60 transcription or translation. It is possible that
ablation of PrPc may lead to perturbations in mitochondrial physiology specifically
through the absence of a functional Hsp60/PrPc complex. If such an in vivo interaction
occurs, it may require the presence of PrPc in cellular mitochondrial fractions.
Consequently, the subcellular location ofPrPc was investigated.

6.2.4 Subcellular Localisation Of PrPc In Murine N2a Cells.

To investigate whether interaction of PrPc with proteins such as mitochondrial
Hsp60 is possible, subcellular fractions from neuroblastoma cells were examined for the
presence of PrPc by Western analysis. As can be seen from Figure 6.5, PrPc is
detectable, by Western analysis, in mitochondrial fractions (purified by two different
procedures) from cultured murine N2a cells. The detected proteins range from 33 -

35Kda, and these most likely represent different glycoforms ofPrPc. The two different
fractionation techniques ofBimie etal. (1972) and Bronfman et al (1998) were utilised
to determine ifPrPc could be detected in, for example, the mitochondrial fraction. The
detection ofPrPc in enriched mitochondrial fractions tentatively suggests that a physical
interaction between PrPc and proteins which occupy cellular sites other than the cell
membrane is possible. However, whilst suggesting that PrPc is associated with
mitochondria, these experiments are not conclusive.

Future research of the subcellular localisation of PrPc should focus on testing each
of these subcellular fractions for enrichment of marker enzymes characteristic of
microsomal and mitochondrial fractions. It is of course possible that the presence of
PrPc in fractions other than membrane fractions could merely indicate the detection of
the protein during its normal biogenesis and recycling. However, the data presented in
Figure 6.5 clearly indicate that it is at least a possibility that PrPc might be able to
interact with proteins such as Hsp60, and perhaps even nuclear proteins such as Nrf-2
in vivo. Indeed, as discussed in Chapter 1, evidence has recently been provided to

suggest that PrPc might 'shuttle' copper to the cytosolic antioxidant enzyme Cu/Zn-
SOD (Brown and Besinger, 1998; Pauly & Harris, 1998). If indeed PrPc does interact
in some manner with Nrf-2 and Hsp60, then it is conceivable that the ablation of PrPc
may in turn lead to downstream perturbations of normal mitochondrial function. These
could range from transcription of the mtDNA genome and biogenesis of the organelle
to normal function of the ETC and OXPHOS pathway.
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To investigate whether the ablation of PrPc affects mitochondrial morphology and
number, transmission electron microscopy was performed on Prn-p+/+ and Prn-p'1'
hippocampal sections (in collaboration with Martin Jeffrey, VLA, Penicuik).

(b).

Figure 6.5: Subcellular location of PrPc in murine N2a cells. Murine N2a
neuroblastoma cells were fractionated using two distinct protocols, (a) Birnie et al.,
1972 and (b) Bronfman et al., 1998. Proteins were solubilised from each fraction
as described in Section 8.24. Of each fraction, 75 jig of protein was loaded onto a
10% SDS-PAGE and electrophoresis performed as described in Section 8.17.
Proteins were subsequently transferred to PVDF membrane by Western blotting as
described in Section 8.17. PrPc was detected by incubating the membrane with a
1:1000 dilution of a rabbit anti-mouse PrPc polyclonal antibody (IB3, kindly
provided by Christine Farquhar, Neuropathogenesis Unit) for 2 hours at room
temperature and subsequently with a 1:1000 dilution ofHRP-linked anti-rabbit IgG
polyclonal for 2 hours at room temperature. Secondary antibody was detected
using ECL chemiluminesence as described in Section 8.17.
Abbreviations are as followed; U, untreated/crude cell suspension; 1,
nuclei/unbroken cells; 2, mitochondria/lysosomes/microbodies; 3, microsomes
(ribosomes, endoplasmic reticulum); 4, final supernatant (soluble and cytoplasmic
proteins); C, cytosolic fraction; N, nuclear fraction/membranes; M, heavy
mitochondrial fraction; L, light mitochondrial fraction; P, microsomal fraction; S,
final supernatant..
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6.2.5 Transmission Electron Microscopy Analysis Of Prn-p+l+ And

Prn-p'' Hippocampal Mitochondria.
A preliminary electron microscopy (EM) analysis of P42 Prn-p+l+ and Prn-p1'

hippocampal mitochondria was performed (all tissue processing and electron
microscopy performed by Martin Jeffrey, VLA, Penicuik). This analysis indicated that
approximately 20% ofPrn-p'1' mitochondria were abnormal with respect to morphology,
with apparent loss of internal structure, poorly defined cristae and being swollen in size
(Martin Jeffrey, personal communication). These apparently abnormal mitochondria
could be found in the same EM field as normal Prn-p'1' mitochondria, which appeared
packed with cristae. This suggested that mitochondrial morphology may be affected in
Prn-p'1' brain (Martin Jeffrey, personal communication). To extend this analysis, one
male P42 Prn-p" + and one male Prn-p'1' animal was processed for EM analysis.
Animals were perfused with fixative, brains removed, and the hippocampus trimmed into
1 mm cubes and post-fixed. Particular care was taken to ensure the hippocampal CA1
region was processed for both the Prn-p+l+ and Prn-p'1' brain. Ultrathin sections (65
nm) were collected and stained with a combination of uranyl acetate and lead citrate,
which produces excellent contrast and staining of a wide range of structures (Lewis &
Knight, 1982), and EM analysis performed. Micrographs of homogenous neuropils
were prepared, avoiding neuronal perikarya and blood vessels, and supplied coded (by
M.Jeffrey). On receipt, micrographs were scored for mitochondrial number, size and
presence of abnormal mitochondria (presenting with poorly defined cristae). Size of
each mitochondrion was determined with a micrometer and subsequently corrected for
EM magnification. All mitochondria touching the edge of the micrograph field were

discounted from the analysis. On completion of the analysis, micrographs were

decoded and the data compiled.
A representative Prn-p+,+ and Prn-p" P42 hippocampal CA1 micrograph is

presented in Figure 6.6 (a & b respectively). The micrographs presented in Figure 6.6 a

& b show good overall preservation of morphology, with intact myelin structures and
mitochondria and structures such as synapses, dendrites and microtubules being clearly
visible. These findings indicate satisfactory perfusion and fixation of tissue (Martin
Jeffrey, personal communication). Higher magnification of a selected Prn-p~ +
mitochondrion is presented in Figure 6.6c. The vast majority of Prn-p+,+ mitochondria
appeared normal with respect to morphology, having normal internal structure and being
packed with cristae. In contrast to Prn-p+,+ fields, the presence of numerous abnormal
mitochondria were found in Prn-p'1' micrographs. These abnormal Prn-p'1'
mitochondria, and a small number found in Prn-p+,+ micrographs, were clearly visible as

having apparent loss of internal structure, with cristae being sparse and poorly defined
(See Figure 6.6d). These abnormal mitochondria were clearly visible in the same EM
field as normal mitochondria in Prn-p'1' micrographs (normal internal structure, packed
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with cristae), strongly suggesting that they were not the result of poor perfusion or

fixation.

A summary of the compiled data from this EM analysis is presented in Table 6.1.
As can be seen from Table 6.1, Prn-p~'~ P42 hippocampal CA1 neuropil appears to
contain approximately 40% less mitochondria than the Prn-p+,+ counterpart. In addition,
of the Prn-p'1' mitochondria total counted, approximately 28% of these were classified as

being abnormal (loss of internal structure and poorly defined cristae) compared to only
3.37% in the Prn-p+!+ micrographs. With respect to the sizes of Prn-p'1' abnormal
mitochondria compared to normal, while the standard deviation indicates that there is a

degree of overlap, the data is suggestive of these abnormal mitochondria being slightly
larger, and more swollen, than normal mitochondria. The presence of these abnormal
mitochondria is strongly indicative of dysfunctional ETC physiology in Prn-p~~ brain
(Ghadialy, 1982; Larsson et al., 1998). While this data therefore strongly suggests that
the ablation of PrPc has a downstream effect on mitochondrial biogenesis and/or
physiology, it must be viewed with some degree of caution. This EM analysis was

performed with only one Prn-p+/+ and one Prn-p'1' animal, although the initial
preliminary EM study in which similar abnormal mitochondria were visible in Prn-p~'~
brain strongly suggests that this is not an artefactual phenomenon. Additionally, while
particular attention was made to ensure identical hippocampal areas were processed for
both Prn-p+/+ and Prn-p'1' animals, it is formally possible, although unlikely, that slightly
different areas which differ with respect to mitochondrial density may have been
studied. This EM analysis of mitochondrial density and morphology in Prn-p+l+ and
Prn-p'1' mice is therefore currently being extended to include heart and liver, and
additional animals, in collaboration with Martin Jeffrey (VLA, Penicuik). As discussed
earlier, mitochondrial Mn-SOD and NADH B 14.5b mRNA levels were determined to

be downregulated in heart and liver respectively. Additionally, PrP mRNA is expressed
at a much lower level in these tissues compared to brain and it will therefore be of
interest to determine the extent of this apparent mitochondrial phenotype in tissues in
which PrP expression is not abundant.
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Figure 6.6: Electron micrographs of Prn-p+l+ and Prn-p'1' P42 Hippocampal CA1
region. Male P42 mice were perfused with 2% paraformaldehyde/2.5% gluteraldehyde,
brains dissected and hippocampal CA1 regions trimmed and post-fixed in 1% osmium
tetroxide. 65 nm ultrathin sections were prepared and stained with uranyl acetate and lead
acetate. Micrographs indicate good preservation of morphology, (a) & (b) Prn-p+l+ and
Prn-p'1' CA1 neuropil respectively, avoiding neuronal perikarya. (c) representative Prn-p+l+
mitochondria showing mitochondrion with good preservation of morphology and internal
structure, (d) example of Prn-p1 abnormal mitochondria found in addition to normal
mitochondria (see 6.6a & c for normal mitochondria), showing loss of internal structure
and poorly defined cristae. Abbreviations are as followed:- a, unmyelinated axon; d,
dendrite; ad, axo-dendritic spine; g, glial process; m, microtubules; mt, mitochondria; ms,
myelin sheath; s, synapse. Asterisks indicate examples of abnormal mitochondria.
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6.2.6 Preliminary Analysis Of COX Activity In Prn-p+ + And Prn-p'1'
Mice.

As discussed earlier, the apparent presence of mitochondria with abnormal
morphology (sparse cristae and loss of internal structure) in Prn-p1' brain is suggestive
of dysfunctional mitochondrial ETC physiology (Ghadialy, 1982; Larsson et al., 1998).
This possibility is of particular interest considering the potential links between between
PrPc and normal mitochondrial physiology outlined earlier in this chapter. These
include the differential expression in Prn-p'' brain ofNADH B 14.5b, COXI and 16S
rRNA transcripts, increased activity of mitochondrial Mn-SOD, the interaction of PrPc
with Hsp60 and Nrf-2 proteins and the enrichment of PrPc in neuroblastoma cell
mitochondrial fractions for example. In addition, PrPc has copper-transporting
properties and affects the activity of at least one cytosolic copper-dependent enzyme
(Brown et al., 1997; Brown & Besinger, 1998). Accordingly, it would be of interest to
determine whether this is a specific relationship between PrPc and Cu/Zn-SOD or if
other copper-dependent cellular enzymes, such as COX, will be affected following
ablation of PrPc.

A preliminary study aimed at assessing whether COX activity is compromised in
Prn-p'1' mice as a result of the ablation of PrPc was performed. Cryostat sections were

prepared from male P42 Prn-p+l+ and Prn-p'1' cerebellum and various other tissues.
Sections were incubated with cytochrome c and DAB (catalase was added to prevent the
build up of any hydrogen peroxide which would act as a substrate for peroxidases and
also react with DAB). COX oxidises the cytochrome c substrate and DAB acts as the
electron acceptor (Seligman, 1968). Subsequent reduction of DAB converts it to a

brown-coloured precipitate and therefore the level of this precipitate is directly
proportional to levels ofCOX activity.

Figures 6.7 and 6.8 demonstrate COX histochemistry of Prn-p+l+ and Prn-p'1'
cerebellum, and of heart, spleen and skeletal muscle respectively. It can be seen from
Figure 6.7 that the brown reduced DAB precipitate appears to be slightly lighter in
Prn-p'1' cerebellum compared to the Prn-p+ + counterpart, indicating lower levels of
activity ofCOX in Prn-p' ' cerebellum. Figure 6.8 indicates that COX activity may also
be reduced in Prn-p~'~ heart and skeletal muscle. This preliminary COX histochemistry
data therefore suggests that the ablation ofPrPc may also affect COX activity in Prn-p'1'
mice. Whether this effect is due to improper copper trafficking in Prn-p'1' mice or the
loss of functional interactions, with for example NRF-2 or HSP60, remains to be
established. As discussed earlier, it is possible that dysfunctional COX activity may in
fact lead to leakage of highly reactive oxygen species intermediates (ROS). This
potential increase in oxidative assault, specifically within the mitochondrion, may be
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responsible for elevated levels of the antioxidant mitochondrial Mn-SOD observed by
others (Brown and Besinger, 1998; Brown etal., 1997a).

Figure 6.7: Preliminary analysis of COX activity in P42 Prn-p+l+ and Prn-p'1'
cerebellum. 10 micron cryostat sections were prepared from Prn-p+l+ and Prn-p'1'
cerebellum and incubated with cytochrome c and DAB as substrate. Sites of
cytochrome c oxidase activity are represented by brown colour deposit, the intensity of
which is directly proportional to COX activity levels, (a) Prn-p+l+ and Prn-p'1'
cerebellum stained for COX alone, (b) sections counterstained with hematoxylin to
demonstrate nuclei. Prn-p+l+ and Prn-p'1' sections were processed simultaneously.
Negative control sections (omitting cytochrome c from the incubation medium)
produced only barely visible colour deposits in Prn-p+l+ and Prn-p'1 brain. Scale bars
represent 0.1 mm. Abbreviations are as followed:- w, white matter; m, molecular layer;
g, granular layer.

Prn-p +/+ Prn-p
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Figure 6.8: Preliminary analysis of COX activity in various P42 Prn-pf/+ and
Prn-p'' non-CNS tissues. Prn-p+l+ and Prn-p1' 10 micron cryostat tissue sections were
prepared, and cytochrome activity demonstrated, as outlined in Figure 6.7. All sections
were processed simultaneously. Scale bars represent 0.1 mm. Negative control sections
(omitting cytochrome c from the incubation medium) resulted in no visible colour deposit
in these tissues.
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It must be noted however that, while this preliminary study is suggestive of reduced
levels ofCOX activity in some Prn-p'1' tissues, this observation may have resulted from
individual variation (only one Prn-p+,+ and one Prn-p'1" animal was studied) or from
artefactual differences. To address these possibilities, this analysis is presently being
repeated in collaboration with Professor Doug Tumbull (Dept. ofNeurology, Newcastle
University). In addition to determining COX activity, this extended analysis is also
aimed at investigating whether activity levels of ETC enzyme complexes I, II and III in
various Prn-p'1' tissues differ from Prn-p+,+ counterparts. It will be of significant
interest to determine, for example, the effect of the approximate 40% downregulation of
NADH B 14.5b on ETC complex I activity in Prn-p'1' liver. The results of the EM
analysis were strongly suggestive of dysfunctional ETC function in Prn-p'1' brain.
Extending the EM analysis to various other tissues, together with determination of
complex I, II, III and IV activities will further investigate the potential link, raised
throughout the course of this thesis, between PrPc and normal mitochondrial
physiology. Additionally, it will be of significant interest to determine whether
mitochondrial Mn-SOD activity, an indicator of changes in mitochondrial oxidative
assault, is altered in these Prn-p'1' tissues. As previously stated, determination of SOD
activity in Prn-p ' tissues is being performed in collaboration with Irfan Rhaman (Dept.
ofRespiratory Medicine, Edinburgh University).
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6.2.7 Oxidative Assault And PrP mRNA Expression.
Elevated levels ofMn-SOD activity in Prn-p~'~ brain (Brown et al., 1997a; Brown &

Besinger, 1998) strongly suggest that the ablation of PrPc leads to increased levels of
oxidative stress. As discussed earlier, it is possible that this increased oxidative stress

may occur as a result of dysfunction within the mitochondrion, perhaps as a result of
reduced copper-trafficking, and therefore dysfunctional COX activity, in Prn-p~'~ mice.
However, an alternative hypothesis could be that PrPc itself perhaps functions as part of
a cellular antioxidant mechanism. In addition to regulating the activity of the cytosolic
antioxidant Cu/Zn-SOD, through the provision of copper, PrPc may respond directly to
the onset of oxidative stress. As discussed in Chapter 2, PrP mRNA is transcriptionally
activated during a period of murine embryogenesis in which there is a shift from
anaerobic to aerobic metabolism. This shift almost certainly results in the generation of
ROS and a requirement for the onset of antioxidant mechanisms to deal with this
oxidative stress. This would tentatively lend weight to the hypothesis that PrP forms
part of an antioxidant mechanism. If correct, it might be expected that Prn-p'1' cells
would be less tolerant of oxidative assault mediated through reactive oxygen species.
Indeed, it has been demonstrated that cultured Prn-p'1' cortical and cerebellar cells are

more susceptible to oxidative stress mediated through superoxide radicals than Prn-p++
cells (Brown etal., 1997a; Brown & Besinger, 1998). In these experiments superoxide
radicals were produced as a by-product of the conversion of xanthine substrate by
xanthine oxidase (provided in the culture medium) to uric acid and hydrogen peroxide
as illustrated in Figure 6.9.

. . ~ Xanthine oxidase . . , „ „ „

Xanthine + 02 — ► Uric acid + • Qr + H2O2

Figure 6.9: The production of superoxide radicals by xanthine oxidase.

A summary of the data published by Brown et al (1997a) with respect to the relative
susceptibilities of cultured Prn-p*" and Prn-p'1' cells to treatment with xanthine/xanthine
oxidase is presented in Table 6.2. It can be seen from Table 6.2 that treatment with
increasing doses of xanthine oxidase (ie. increasing oxidative stress) results in higher
percentages ofnon-viable cells compared to Prn-p+l+ cells. Although the effect of uric
acid was not tested by these researchers, the possibility that hydrogen peroxide is
responsible for this effect has been discounted (Brown et al., 1997a; Brown &
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Besinger, 1998). It is therefore likely that the ablation of PrPc results in the reduced
ability of Prn-p'1' cells to deal with oxidative assault mediated through superoxide
radicals. While this may indicate that Prn-p+/+ cells are less susceptible to oxidative
assault simply as a result of the presence of PrPc, it was hypothesised here that this
increased survival of Prn-p+l+ cells might be mediated via upregulation of PrP
expression directly in response to elevated levels of oxidative stress.

Percentage non-viable Cerebellar cells

Xanthine Oxidase Prn-p +/+ Prn-p
2 pU/ml 0% 0%

20 pU/ml 0% 15%

200 (lU/ml 5% 25%

2000 (lU/ml 20% 45%

Table 6.2: Susceptibility of Prn-p+l+ and Prn-p'1' cultured cerebellar cells to
increasing doses of superoxide radicals mediated through xanthine oxidase.
Data compiled from Brown et al. (1997a). Cultured cerebellar cells were treated with
increasing doses of xanthine oxidase (a source of superoxide radicals). Prn-p'1' cells
were more susceptible to oxidative stress.

It was therefore of interest to investigate the possibility that PrP expression is
upregulated in response to increasing levels of superoxide radicals. Prn-p+/+ murine
neuroblastoma cells (kindly provided by Herbert Baybutt, Neuropathogenesis Unit,
Edinburgh) were treated with xanthine/xanthine oxidase, using procedures similar to
Brown et al. (1997a) and the expression ofPrP mRNA assessed by Northern analysis.
As can be seen from Figure 6.10, PrP mRNA appears to be upregulated in murine N2a
cells in a dose-response manner. In contrast, Northern analysis of Cu/Zn-SOD
expression reveals that there is no detectable change in expression levels by the same

treatment in N2a cells (See Figure 6.11). Similarly, identical treatment of other cultured
cell types derived from Prn-p+,+ brain shows a similar dose-response upregulation of
PrP mRNA expression in response to xanthine/xanthine oxidase treatment (See Figure
6.12). These cultured cells (kindly provided by Herbert Baybutt, NPU, Edinburgh)
have been shown to express the astrocytic cell marker GFAP and can therefore be
assumed to be composed predominantly of astrocytes (Herbert Baybutt, personal
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communication). Although the effects of uric acid produced by these treatments is
unknown, it is apparent from Figures 6.10 and 6.12 that treatment of both
neuroblastoma and astrocyte cultured cells with xanthine oxidase results in the dose-
response upregulation of PrP mRNA. This data lends weight to the hypothesis
presented in Chapter 2, with respect to the timing of transcriptional activation of PrP
mRNA during murine embryogenesis. It is possible that the upregulation of PrP
mRNA is mediated directly as a result of the production of superoxide radicals and, it
therefore seems plausible that the increased survival of Prn-p+/+ cells in response to
xanthine/xanthine oxidase treatment observed by other researchers (Brown et al., 1997a;
Brown & Besinger, 1998) is a direct result of this upregulation ofPrP expression.

These studies should be extended to investigate the effects of xanthine/xanthine
oxidase treatment on PrPc expression in cultured Prn-p+,+ cells. The lack of effect of
these treatments on Cu/Zn-SOD mRNA expression is surprising. However, this may in
fact indicate that oxidative assault in these experiments is occurring specifically in the
extracellular space and not in the cytosol. In addition to the demonstrated gene-dosage
effect of PrP expression on cytosolic Cu/Zn-SOD activity, the data presented here
suggests that PrP may in fact function more directly as part of a cellular antioxidant
mechanism. While PrP expression might be upregulated to increase provision of
copper to Cu/Zn-SOD protein, it is a strong possibility that PrP itself may in fact
possess antioxidant activities. PrPc could then deal directly with extracellular oxidative
stress in addition to controlling, in part, cytosolic antioxidant Cu/Zn-SOD activity. The
data presented in this chapter, and in the literature, suggests that PrPc may 'monitor',
and respond to, the redox status of the cell. This could occur through direct
extracellular antioxidant activity, control of cytosolic Cu/Zn-SOD antioxidant activity
and indirect control ofmitochondrial ETC activity; the mitochondrion being a major site
ofoxidative stress within the cell.
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Figure 6.10: Effect of Xanthine oxidase treatment on PrP mRNA expression in
murine N2a cells. N2a cells were seeded at equal concentrations in 10 cm3 dishes in
UMhM medium, supplemented with 10% fetal calf serum, and grown to approximately
50-60% confluence at 37°C/5% C02. The medium was replaced with 10ml of fresh
medium either ommitting or containing the substrate xanthine and varying
concentrations of xanthine oxidase (a source of superoxide radicals), and the cells
incubated for a further 24 hours. After a brief wash with PBS, the cells were harvested
and total RNA extracted. 20|ig of RNA was size fractionated through a 1%
formaldehyde agarose gel, and transferred to a Hybond-N nylon membrane, (a) The
membrane was subsequently probed with a 930 bp PrP Kpnl-EcoRl probe (18 hour
exposure, BiomaxMS). (a) After quantitation by phosphorimager, the membrane was
stripped and re-probed with an 18S rRNA probe to correct for loading variations (15
minute exposure at room temperature, Cronex blue film, (b) Graphical representation
ofPrP phosphorimager values, corrected for loading variations.
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Figure 6.11: Effect of Xanthine oxidase treatment on Cu/Zn-SOD mRNA
expression in murine N2a cells. N2a cells were seeded at equal concentrations in
10 cm3 dishes in DMEM medium, supplemented with 10% fetal calf serum, and
grown to approximately 50-60% confluence at 37°C/5% C02. The medium was
replaced with 10ml of fresh medium either ommitting or containing the substrate
xanthine and varying concentrations of xanthine oxidase (a source of superoxide
radicals), and the cells incubated for a further 24 hours. After a briefwash with PBS,
the cells were harvested and total RNA extracted. 20|ig ofRNA was size fractionated
through a 1% formaldehyde agarose gel, and transferred to a Hybond-N nylon
membrane, (a) The membrane was subsequently probed with a Cu/Zn-SOD probe
(18 hour exposure, BiomaxMS). After quantitation by phosphorimager, the
membrane was stripped and re-probed with an 18S rRNA probe to correct for
loading variations (15 minute exposure at room temperature, Cronex blue film),
(b) Graphical representation of PrP phosphorimager values, corrected for loading
variations.

189 Chapter 6: PrPc, Oxidative
Stress And Mitochondria.



24 hours

5 jjM Xanthine:
Xanthine oxidase

("|uU/mD:

1

+ + + + + +

1

+

- 2 6 10 30 50 100

11 < 1 1 | «
""i "

1s t> c c 1 mm

PrP

(2.4 Kb)

18S rRNA
(1.87 Kb)

tj
*
l.
*
a.

E
o
o
e
o
•p~

w
w
it
k.

J=
O

*

80

70

60

<
Z
at
L

(0
00

SO-

IO

30

20"

10

-10J

r~~i
K>
«£•

Xanthine

(5|aM)

«?
2 6 10 30 50 100

Xanthine OxidasefoU/ml)

F igure 6.12: Effect of Xanthine oxidase treatment on PrP mRNA expression in
cultured cells derived from murine brain. Cells at passage 10 (representing
predominantly astrocytes) were seeded at equal concentrations in 6-well dishes (in
triplicate) in DMEM medium, supplemented with 10% fetal calf serum, and grown to
approximately 50-60% confluence at 37°C/5% C02. The medium was replaced with 2 ml
of fresh medium either ommitting or containing the substrate xanthine and varying
concentrations of xanthine oxidase (a source ot superoxide radicals), and the cells
incubated for a further 24 hours. After a brief wash with PBS, the cells were harvested,
pooled and total RNA extracted. 15 |ig ot RNA was size fractionated through a 1%
formaldehyde agarose gel, and transferred to a Hybond-N nylon membrane. The
membrane was subsequently probed with a 930 bp PrP Kpnl-EcoRl probe (6 hour
exposure, BiomaxMS). After quantitation by, the membrane was stripped and re-probed
with an 18S rRNA probe to correct for loading variations (15 minute exposure at room
temperature, Cronex blue film. Graphical representation of PrP phosphorimager values,
corrected for loading variations, is also presented.
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6.3 Summary.

Initially, it is difficult to envisage how a predominantly membrane-bound
glycoprotein could exert effects at the mitochondrial level. However, as discussed
earlier in this chapter, PrPc has been determined, in previous reports, to interact with two

proteins known to be involved in mitochondrial biogenesis and physiology, Hsp60 and
Nrf-2. In addition, cell-fractionation studies presented in this chapter suggest the
presence of PrPc within mitochondrial fractions, at least demonstrating that
interaction(s) between PrPc and proteins associated with mitochondrial function is a

possibility in vivo.
In contrast to studies by other researchers (Brown et al., 1997a; Brown & Besinger,

1998), Northern analysis of Mn-SOD expression determined that expression levels in
Prn-p+,+ and Prn-p'1' brains were similar. The elevated levels of Mn-SOD activity in
Prn-p'1' brain reported in the literature cannot therefore be attributed to upregulation at
the transcriptional level. It will be of significant interest to determine the levels of both
Cu/Zn-SOD and Mn-SOD activity in Prn-p+l+ and Prn-p'1' tissues other than brain,
particularly in heart, liver and lung, where expression of SOD has been demonstrated in
this chapter to be downregulated in Prn-p'~ mice. This work is currently being
performed (in collaboration with Irfan Rhaman, Dept. of Respiratory Medicine,
Edinburgh University). It is interesting to note that, paradoxically, the effect of the
ablation of PrPc on SOD (and NADH B 14.5b) expression appears to be greatest in
those tissues in which PrP mRNA is expressed at much lower levels than the CNS.

The observation of differential expression of OXPHOS subunits in Prn-p'1' mice is
highly suggestive of dysfunctional mitochondrial physiology. The elevated levels of
mitochondrial Mn-SOD in Prn-p ' brain, indicating increased mitochondrial oxidative
stress (perhaps via dysfunctional ETC function), lends weight to this suggestion. In
order to investigate this possibility it was decided to examine the effect of the ablation of
PrPc on mitochondria at the morphological level by electron microscopy analysis.
These analyses showed that the Prn-p'1' hippocampal CA1 region contained
approximately 40% less mitochondria than corresponding Prn-p+,+ fields. In addition,
of the Prn-p' ' mitochondria, approximately 28% were scored as being abnormal, having
loss of internal structure and poorly defined cristae. These abnormal Prn-p'1'
mitochondria also tended to be slightly larger than Prn-p+,+ counterparts. This EM
study is currently being extended to include heart and liver; two tissues where
differences in expression of mitochondrial Mn-SOD and ETC complex I NADH
B 14.5b transcripts has been demonstrated in this thesis. It will be of particular interest
to determine the extent of this mitochondrial phenotype in these tissues, in which PrP
mRNA is expressed at far lower levels than in the CNS.

191 Chapter 6: PrP°, Oxidative
Stress And Mitochondria.



Considering the reduction of mitochondrial numbers in Prn-p'1' brain, the apparent
lack of a dramatic phenotype in Prn-p'1' mice is puzzling, until data published by
Larsson et al. (1998) are considered. These researchers generated mice heterozygous
for a null mutation in the transcription factor TFA. Surprisingly, these mice were found
to be healthy, despite having approximately 34% less mtDNA than wild-type
counterparts in all tissues studied. Indeed, the only biochemical defect that could be
demonstrated in these mice was a reduction of COX activity in the heart. All other
tissues appeared normal with respect to ETC enzyme activity. This therefore
demonstrates the primacy ofpost-transcriptional regulation of ETC complexes in other
tissues, indicating that these mice are capable of compensating for dramatically reduced
mitochondrial genome copy number with respect to normal OXPHOS capacity.
Perhaps Prn-p'1' mice can compensate for reduced numbers of, and abnormal,
mitochondria by increased capacity of the remaining normal mitochondria. Considering
the effect of the ablation ofPrPc on reduced mitochondrial number in Prn-p'1' brain, it
is noteworthy to mention here early experiments ofWestaway et al. (1994), in which
skeletal muscle mitochondrial hyperplasia was observed in transgenic mice
overexpressing PrPc. Together, these observations strongly suggest a gene-dosage
effect ofPrP on mitochondrial biogenesis.

Observations of abnormal mitochondrial morphology in Prn-p'1' brain (perhaps
indicative ofdysfunctional mitochondrial ETC function) and the fact that PrPc has been
determined to bind, and traffic copper to cytosolic Cu/Zn-SOD (Brown et al., 1997;
Brown etal., 1997a; Brown & Besinger, 1998), make it reasonable to hypothesise that
other copper-dependent enzymes might be affected in Prn-p'1' mice. For example, the
activity of COX, being a mitochondrial copper-dependent enzyme and being identified
as differentially expressed in the DDRT-PCR analysis, may be affected. Dysfunctional
COX, and/or other ETC enzyme, activity might lead to leakage or increased generation
of ROS within the mitochondrion. If this was the case, it would perhaps explain the
elevated levels of the mitochondrial antioxidant Mn-SOD which have been reported in
Prn-p'1' brain. In turn, the apparent downregulation of mitochondrial encoded 16S
rRNA may represent part of a control mechanism to suppress mitochondrial activity,
further reducing the levels of oxidative stress within the mitochondrion. Indeed,
preliminary analysis, presented in this chapter, indicates that COX activity may in fact be
reduced in Prn-p'1' brain, heart and skeletal muscle. These studies are currently being
extended to include all four ETC enzyme complexes in various Prn-p'1' tissues, in
collaboration with Doug Turnbull (Dept. of Neurology, University of Newcastle). It
will be important to correlate the findings ofETC complex I - IV activities with activities
ofCu/Zn-SOD, and mitochondrial Mn-SOD in particular, in Prn-p'1' tissues.
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The preliminary study of COX activity presented in this thesis was performed by
histochemical staining techniques. Spectrophotometric determination of COX activity
would allow expression of specific enzymatic activity (ie. activity per unit of protein).
However, it is noteworthy to consider here that if, as suggested earlier, normal Prn-p'1'
mitochondria can compensate for reduced numbers and a degree of abnormal
mitochondria, expression as specific activity, rather than determination by histochemical
staining, may prove misleading (ie. reduced total mitochondrial protein but elevated
levels ofenzyme activity).

The data discussed so far indicates that PrPc may exert some function(s) with
respect to controlling and/or responding to the redox state of the cell. As previously
discussed, data published by other researchers (Brown et al., 1997a; Brown &
Besinger, 1998) have indicated that Prn-p1' cells are more susceptible to oxidative
assault mediated through superoxide radicals. With this in mind, it is of considerable
interest to note that exposure of both Prn-p+l+ transformed murine neuroblastoma cells,
and cultured astrocytes to superoxide, results in a dose-response upregulation of PrP
expression, as demonstrated in this chapter. Superoxide radical treatment (in culture
medium) appears to have no effect on the expression of Cu/Zn-SOD. Assuming that
this upregulation of PrP mRNA in response to superoxide radicals also results in
increased PrPc expression, this may simply reflect a requirement for increased copper

trafficking to cytosolic antioxidant Cu/Zn-SOD. However, an attractive alternative
hypothesis could be that PrP mRNA is upregulated in order to produce increased
amounts of PrPc, specifically to deal with increasing levels of extracellular superoxide
radicals directly. This would, in turn, indicate that PrPc itself possesses extracellular
superoxide dismutase antioxidant enzyme activity. Indeed, recombinant PrPc has very

recently been demonstrated to possess SOD activity in vitro when 'charged' with
copper (David Brown, University of Cambridge, personal communication). These
observations may have significant implications for the manner in which we view the
TSE diseases. For example, if PrPSc still possesses some degree of functionality, with
respect to SOD activity, a gain-of-function scenario can be envisaged in TSE diseases.
During disease pathogenesis, accumulating levels of PrPSc may result in elevated levels
ofhydrogen peroxide production, as a result of the dismutation of superoxide. Elevated
levels of glutathione peroxidase has been reported in transgenic mice overexpressing
PrPc (Brown & Besinger, 1998), and the authors attributed this observation to elevated
levels of Cu/Zn-SOD in these mice. However, it is possible that this increased
glutathione peroxidase activity (indicating increased production of hydrogen peroxide)
results from elevated PrPc-SOD activity. If, on the other hand, activity of glutathione
peroxidase (or catalase) in TSE-infected animals, are not similarly elevated in level of
activity, it is possible that this PrPSc accumulation may result in increasing levels of

193 Chapter 6: PrPc, Oxidative
Stress AndMitochondria.



oxidative stress throughout the course of TSE disease pathogenesis. However, this
would be expected to perhaps result in neuropathology localised to sites of PrPSc
accumulation in TSE disease, and such a correlation is not always the case.

Neuropathology, and transmissibility, of TSE disease can be demonstrated in the
absence of detectable PrPSc (Jean Manson, personal communication).

Nonetheless, the determination of whether PrPSc possesses SOD activity, and the
investigation of the levels of antioxidant enzyme activity throughout disease
pathogenesis, might represent a significant step forward in our current understanding of
the TSE diseases and the underlying mechanisms governing disease neuropathogenesis.
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Chapter 7

Summary And Conclusions

7.1 Introduction.

Prior to commencement of this project, two lines of mice homozygous for a null
mutation in the Prn-p gene had been generated independently by different laboratories,
with the specific aim of elucidating the normal physiological function of PrPc. Both
these lines ofmice are phenotypically and anatomically normal, and develop apparently
normally (Bueler et al., 1992; Manson et al., 1994). The primary aim of this thesis was

therefore to perform a comprehensive comparison of gene expression in Prn-p+ + and
Prn-p'1' mice to identify genes which might be differentially expressed as a direct or
indirect result of the ablation of PrPc. The rationale for this approach was that the
identification of such genes may provide valuable clues to the in vivo function ofPrPc.

Subsequently, two other lines of Prn-p'1' mice, produced by different targeting
strategies, have been reported to undergo extensive cerebellar atrophy and loss of
Purkinje cells, and present with ataxia at approximately 70 weeks of age (Sakaguchi et
al., 1996; Moore, 1997). The contrasting phenotypes of these four lines ofmice are, at

present, difficult to reconcile, but may be a result of the different targeting strategies.
Exclusively in the IFMB and NPU Prn-p'1' mice, it has been demonstrated that the

ablation of PrPc leads to alterations in synaptic activity, circadian rhythms and sleep
patterns. These are physiological phenotypes which are rescued with the introduction of
human PrPc transgenes (Collinge et al., 1994; Whittington et al., 1995; Manson et al.,
1995; Tobler etal., 1996). However, these are complex physiological phenotypes and,
as such, are unlikely to result from the action of any single gene. It is therefore difficult
to assign functional properties to PrPc on the basis of these observations alone.

Since the inception of this study, recently published data has provided important
clues to the function of PrPc. Determination that PrPc can interact with Bcl2, Hsp60
and Nrf2, at least in vitro (Kurschner and Morgan, 1995; Kurschner and Morgan, 1996;
Edenhofer et al., 1996; Yehiely et al., 1997) tentatively indicates that PrPc may be
involved in some respect with normal mitochondrial physiology. Indeed, these in vitro
observations have recently been demonstrated to be of relevance in vivo, where Prn-p'1'
cells overexpressing Bcl2 survive in serum-free conditions, in contrast to control Prn-p' '
cells which undergo apoptosis (Kuwahara et al., 1999).
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The demonstration that PrPc binds copper in vivo, and that Prn-p" brain contains
significantly less membrane-bound copper, reduced levels of cytosolic Cu/Zn-SOD and
elevated levels of mitochondrial Mn-SOD (Brown et al., 1997; Brown et al., 1997a)
represents a significant advance in our understanding of the possible role of PrPc in
vivo. This data indicates that PrPc may respond to cellular oxidative stress via
regulation of cellular antioxidant enzyme activity, or by binding free copper and thereby
aiding prevention of metal-catalysed oxidation of copper (and therefore the generation
of ROS at the cell surface). Indeed, cultured cerebellar and cortical Prn-p1' cells are

known to be more susceptible to oxidative assault mediated through superoxide radicals
(Brown et al., 1997a; Brown & Besinger, 1998).

Most of the data discussed here was not available on commencement of this study.
This study was aimed at gaining valuable clues to the in vivo function of PrPf via the
identification of genes differentially expressed between Prn-p+,+ and Prn-p'1' mice.
Particularly in light of the biochemical phenotypes discussed here, the primary rationale
of this thesis is validated, in that loss of these properties assigned to PrPc would be
expected to exert some downstream effects on gene expression as a result of its ablation
in Prn-p'1' mice. All data accumulated during this study, and detailed in the following
section, supports the suggestion that PrPc forms part of a cellular control mechanism
which deals with oxidative stress mediated through reactive oxygen species.

7.2 Gene Expression In Prn-p+l+ And Prn-p'1' Mice.
Although it had been determined that PrP mRNA is expressed as early as E10

during murine embryogenesis (Jean Manson, personal communication), the exact stage

during murine embryogenesis at which the PrP gene is transcriptionally activated was

unknown. A significant outcome of the research presented in this thesis is that PrP
mRNA expression is first detectable in the developing brain between E8.5 and E9 of
murine embryogensis. In the context of data which supports indications of antioxidant
properties of PrPc, it is interesting to note that the onset of PrP mRNA expression
coincides with a switch from primarily anaerobic to aerobic bioenergy production
(Tanimura& Shepard, 1970; Mackler et al., 1971; Clough & Whittingham, 1983; Miki
et al., 1988; Hunter & Tugman, 1995). The onset of aerobic metabolism naturally
results in the production ofpotentially damaging reactive oxygen species, and therefore
requires the development of mechanisms with which to deal with ROS. PrP mRNA
transcriptional activation during this period may represent the onset of part of a cellular
antioxidant mechanism by which superoxide radicals can be dealt with via trafficking of
copper by PrPc to cytosolic Cu/Zn-SOD. The increased sensitivity of Prn-p" cells to

superoxide radicals (Brown et al., 1997a; Brown & Besinger, 1998), and the
demonstration of the upregulation of PrP mRNA in cultured Prn-p+,+ cells exposed to

superoxide radicals lends weight to this hypothesis.
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In agreement with other studies of the developmental regulation of PrP expression
(Lazarini et al., 1991), studies presented in this thesis determined that PrP mRNA
expression was significantly upregulated during murine postnatal brain development,
although to a greater extent than previously reported. It was also demonstrated that PrP
mRNA expression was detectable in all tissues studied, with lowest levels in liver and
spleen. With respect to potential antioxidant activities of PrP, observations of low PrP
expression in a metabolically active tissue such as the liver is curious. It is possible that
PrP represents part of an antioxidant mechanism specific to nervous system cell
populations, although the demonstration of PrP expression in many non-CNS derived
cell lines would argue against such a scenario.

As a result of the approximate 8-fold upregulation ofPrP mRNA expression, the PO
to P42 period of murine brain development was chosen to provide material for the
DDRT-PCR comparison of gene expression in Prn-p'1' and Prn-p+/+ mice.

Following significant optimisation of the DDRT-PCR technique, and the
introduction of procedures specifically aimed at the reduction of false positives, a

comprehensive analysis of gene expression in Prn-p+,+ and Prn-p'1' PO to P42 postnatal
developing brain, by DDRT-PCR, was performed. Assuming that each individual
DDRT-PCR band represents an individual transcript, it can be estimated that the study
presented in this thesis visualised the expression profiles of approximately 21 000 - 32
400 expressed genes in Prn-p+/+ and Prn-p'1' postnatal developing brain. Of these, six
candidate transcripts were identified as being differentially expressed between Prn-p+ +
and Prn-p '~ brain. One transcript was shown to represent PrP, formally proving that the
DDRT-PCR technique is applicable and capable of identifying differentially expressed
transcripts. A transcript which appeared specific to Prn-p+,+ brain RNA represented the
most dramatically differentially expressed transcript identified during the course of this
thesis. As a result of significant technical problems, the identity of this candidate cDNA
has not been established. However, alternative analyses of this cDNA indicated that it
was unlikely to represent PrP and, as such, future research here should focus on novel
means of isolating and retrieving this cDNA. The remaining four differentially
expressed transcripts exhibited only subtle differences in expression between Prn-p+l+
and Prn-p'1' mice. The identification ofXist by DDRT-PCR as a candidate differentially
expressed transcript revealed a fundamental error in the initial experimental design. It
was subsequently determined that RNA source material for the analysis had been
prepared from pooled brains of animals which were not sex-matched in the P0 to P20

Prn-p and Prn-p~'~ groups. However, it must be emphasised that this is unlikely to
have affected the analysis as the remaining three candidate transcripts were identified as

being differentially expressed at least in the sex matched P42 brains. In addition, this
error was subsequently rectified during expression studies. The remaining three
candidate cDNAs were determined to represent transcripts involved in mitochondrial
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oxidative phosphorylation, further strengthening the potential link between PrPc and
normal mitochondrial physiology.

In the context of relevant data from the literature, the observed differential

expression of these transcripts was extremely interesting, particularly considering that
the differential expression of mitochondrial OXPHOS genes has been suggested to

represent part of a mechanism which may occur in response to increased levels of
mitochondrial oxidative stress (Crawford et al., 1997), perhaps by reducing overall
mitochondrial activity. That Prn-p'1' mice may be experiencing greater levels of
oxidative stress within the mitochondrion is suggested by the demonstration of elevated
levels ofMn-SOD in Prn-p'1' brain (Brown et al., 1997a; Brown & Besinger, 1998). It
has been proposed that this elevated Mn-SOD activity in Prn-p'1' brain may represent
compensation for reduced cytosolic Cu/Zn-SOD activity (Brown et al., 1997a).
However, an alternative hypothesis may be that elevated Mn-SOD activity could indicate
that Prn-p'1' mitochondria experience greater levels of oxidative stress, perhaps as a

result of abnormal respiratory chain enzyme activity. It will therefore be of significant
interest to focus future research on determining the activity of mitochondrial ETC
enzyme complexes, and SOD activity (particularly Mn-SOD), in various Prn-p'1' tissues.
As previously mentioned, this is currently in progress in collaboration with Doug
Tumbull (Dept. of Neurology, Newcastle University) and Irfan Rahman (Dept. of
Respiratory Medicine, Edinburgh University) respectively.

It is interesting to note that analysis of expression of NADH B 14.5b in murine
tissues determined that this transcript was significantly downregulated in Prn-p'1' liver
and heart. In the absence of formal proof of differential expression of DDRT-PCR
candidate transcripts in brain, this at least proves that the ablation of PrPc does exert

effect(s) on the expression ofmitochondrial OXPHOS genes. It is likely therefore that
the identification of these candidates as differentially expressed in brain is not a result of
an artefactual phenomenon associated with the DDRT-PCR procedure. It is probable
that it is due to the level of differential expression of these falling below the sensitivity
limits of techniques such as Northern analysis.

Associated studies on Cu/Zn-SOD and Mn-SOD expression revealed that these
transcripts are downregulated only in heart and liver, and heart and lung respectively. In
addition to enzyme activity data for brain provided by Brown and colleagues (1997a,
1998), this study formally proves that the ablation ofPrPc results in downstream effects
on the expression of antioxidant genes in other Prn-p'1' tissues. This further provides
evidence for the suggestion that PrPc forms part of cellular antioxidant mechanism.

A curious paradox of the gene expression studies in Prn-p+/+ and Prn-p'1' tissues is
that the most obvious differential expression of NADH B 14.5b, Cu/Zn-SOD and Mn-
SOD transcripts was in tissues in which it has been shown that PrP mRNA is expressed
at levels significantly lower than in the CNS.
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The demonstration of, differential expression of NADH B 14.5b in liver and heart,
the physical presence of PrPc in enriched mitochondrial fractions from murine N2a
cells, reports of elevated levels of mitochondrial Mn-SOD activity in Prn-p'1' brain
(Brown et al., 1997a; Brown & Besinger, 1998) and reports in the literature of
interaction in vitro between PrPc and HSP60 and NRF2 all strongly suggest that the
ablation ofPrPc might result in altered mitochondrial physiology.

In an attempt to further investigate the possible relationship between PrPc and
normal mitochondrial function, an electron microscopy study of Prn-p+/+ and Prn-p'1'
hippocampal CA1 regions was performed, in collaboration with Martin Jeffrey (MAFF
VLA, Penicuik). This study demonstrated that there is a significant reduction in
mitochondrial number in Prn-p'1' hippocampus compared to Prn-p hippocampus. It is
possible that this results from a loss of interaction of PrPc in Prn-p'1' mice with NRF2
and/or HSP60, potentially affecting the expression of genes involved in mitochondrial
biogenesis and/or import of proteins into the organelle. In addition, approximately 28%
of the remaining Prn-p'1' hippocampal mitochondria appeared abnormal with respect to

morphology, presenting with poorly defined cristae and perhaps being slightly larger
than corresponding normal mitochondria. These observations are consistent with
indications of perturbed respiratory chain function in Prn-p'1' mice. It is interesting to
note here that mitochondrial hyperplasia has been documented in skeletal muscle of
transgenic mice which overexpress PrPc (Westaway et al., 1994).

These studies lend significant weight to indications of a role for PrPc in normal
mitochondrial function, and are currently being extended to include heart and liver. In
this respect, it will be of considerable interest to correlate ETC, and Mn-SOD
antioxidant, enzyme activities with EM mitochondrial data in these tissues.

On more detailed consideration, it appeared possible that this potential respiratory
chain defect, indicated by EM analysis, may in fact result in part from dysfunctional
activity of copper-containing mitochondrial cytochrome oxidase. If, as suggested by
others (Brown et al., 1997), PrPc is involved in the intracellular trafficking of copper,
with at least one copper-dependent enzyme being affected in Prn-p'1' mice, it is
reasonable to assume that COX activity may also be affected. Differential expression of
COX subunits and reduced activity of the enzyme has been demonstrated in rodents fed
a copper-deficient diet, as has reduced Cu/Zn-SOD activity (Smith, 1983; Lawrence et

al., 1985; Davies et al., 1985; Medeiros et al., 1997). Dysfunctional COX activity could
result in overall dysfunctional ETC function, and therefore abnormal mitochondrial
morphology and elevated levels of oxidative stress. Increased oxidative stress might
partly account for elevated mitochondrial Mn-SOD activity in Prn-p'1' mice. Indeed,
preliminary analysis indicated that COX activity may be reduced in some Prn-p'''
tissues. This reduction appeared most significant in Prn-p'1' skeletal muscle. Although
this analysis has yet to be confirmed and investigated in more detail (in collaboration
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with Doug Turnbull), at this stage these results provide yet more evidence for a

relationship between PrPc and normal mitochondrial physiology. It is also indicative
that the ablation ofPrPc may affect other copper-dependent cellular enzymes in Prn-p'1'
mice. However, that there is reduction, and not absence, of Cu/Zn-SOD and COX

activity in Prn-p " mice perhaps indicates that copper trafficking is not a function
provided solely by PrPc.

Considering the apparent effects of the ablation of PrPc on mitochondrial function,
it is surprising that these Prn-p'' mice do not present with a dramatic phenotype.
However, it may be necessary to subject these mice to various treatments in order to
effectively force a phenotype to manifest. For example, it would be interesting to

subject Prn-p+ + and Prn-p'1' mice to periods of strenuous exercise and compare such
factors as ADP/ATP ratios and oxygen consumption during rest and exercise
conditions, as well as overall performance.

7.3 PrPc Function And Oxidative Stress.

That PrPc may respond to, regulate or even exert a degree of control over the redox
state of the cell is fascinating. In addition to perhaps affecting the overall function and
activity of the mitochondrion (directly or indirectly) and therefore the levels of ROS
generation within the organelle, there is accumulating evidence which suggests that PrPc
is in fact an antioxidant molecule itself. As previously discussed, the binding of copper
by PrPc may directly prevent ROS generation via metal-catalysed oxidation of free
copper at the cell surface. Parallel with this, copper trafficking by PrPc to the cytosolic
antioxidant Cu/Zn-SOD (Brown et al., 1997a) may represent a mechanism of
intracellular antioxidant control by PrPc in response to intracellular oxidative assault.
However, recent data suggests that PrPc may be more directly involved in the cellular
response to oxidative assault. As a result of studies by others (Brown et al., 1997a,
Brown & Besinger, 1998), in which cultured cortical and cerebellar Prn-p'1' cells were

demonstrated to be more susceptible to oxidative assault, the effect of superoxide radical
treatment on PrP mRNA expression in a neuronal cell line, and cultured astrocytes
derived from murine brain, was investigated. These studies showed that PrP mRNA is
upregulated in response to xanthine oxidase treatment in the culture medium ofboth cell
types, and in a dose-response manner. Conversely, expression of cytoslic Cu/Zn-SOD
mRNA remained unaltered. While these studies do not address expression at the
protein level, they suggest that the presence of superoxide radicals in the culture medium
results in elevated expression ofPrP mRNA. It is possible that this may simply reflect
the requirement for an increased level of trafficking of copper to Cu/Zn-SOD, the
activity ofwhich is known to be affected by PrP in a gene-dosage manner (Brown et al.,
1997a, Brown & Besinger, 1998). However, an attractive alternative hypothesis is that
PrPc itself deals directly with these superoxide radicals. Indeed, similar observations
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have been made by others, and recombinant PrPc has recently been determined to

possess superoxide dismutase activity when refolded in the presence of copper (cited in
Wong et al., 1999 & personal communication). It therefore seems plausible that in
addition to responding to elevated levels of cellular oxidative stress via the prevention of
metal-catalysed oxidation of free copper, by exerting a degree of control over Cu/Zn-
SOD activity and perhaps also mitochondrial activity, PrPc may represent a novel
superoxide dismutase enzyme which functions primarily at the cell surface. It would be
of interest to determine whether PrP expression is altered in mice in which Mn-SOD or

Cu/Zn-SOD has been ablated.

A summary of the known properties, and the effect of the ablation, of PrPc are

presented in Figure 7.1. Data accumulated from the literature and as a result of this
project which supports these suggestions are presented in Figure 7.2.

Considering this possibility, it would be of interest to focus future studies to include
experiments such as maintaining Prn-p+,+ and Prn-p'' mice on copper-rich and copper-

deficient diets. Prn-p'' mice fed copper-rich diets may be more susceptible to the
effects of oxidative stress at the cell surface via reduced capacity to chelate copper, and
therefore reduced metal-catalysed oxidation of the metal. Additionally, since Prn-p'1'
mice still appear to contain membrane bound copper, albeit reduced compared to

Prn-p brain, Prn-p'1' mice fed copper-deficient diets may express a more dramatic
phenotype through further reduction of copper trafficking.

7.4 PrPSc Accumulation And TSE Disease Pathogenesis.
With respect to the potential effects of the ablation of PrPc on hippocampal

mitochondrial morphology and on COX activity, it is interesting to note recent data
published by Choi et al. (1998). These authors reported reduction of COX activity and
structural abnormalities of mitochondria (loss of cristae) in brains of hamsters at the
terminal stage of disease pathogenesis following intracerebral inoculation with scrapie
agent. The similarities with the observations in Prn-p1' mice presented in this thesis,
suggests that neuropathogenesis ofTSE disease might, in part, be associated with a loss
of some aspect(s) of normal PrPc function. Interestingly, it was also reported that the
activities ofglutathione peroxidase was elevated in these animals (this enzyme catalyses
the reaction of the reduced form of glutathione with hydrogen peroxide and is therefore,
like catalase, essential in the removal ofhydrogen peroxide). Mn-SOD activity was also
determined to be reduced, as was mitochondrial ATPase.

The involvement of these antioxidant enzymes in TSE disease pathogenesis is
unclear at present. However, it is possible that reduction of ATPase activity, combined
with increased oxidative stress, and reduced Mn-SOD activity, may compromise the
physiological function of the cell, perhaps resulting in degeneration. These results
indicate that oxidative stress may underly the neurodegenerative process in TSE disease,
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as has been proposed for other neurodegenerative disorders such as Parkinson's
disease and Alzheimer's disease (Beal, 1985).

Regarding the potential SOD activity of PrPc, it will of significant interest to
determine whether or not purified PrPSc also possesses SOD activity in the presence of
copper. If this is the case, it is possible that a 'gain of function' phenotype could be
envisaged for TSE diseases, whereby the accumulation of PrPSc throughout TSE disease
pathogenesis may in fact promote neuronal oxidative stress via elevated levels of
hydrogen peroxide production.

7.5 Future Studies.

The research presented in this thesis has indicated that the ablation of PrPc in one

inbred line of Prn-p'1' mice may result in perturbations of various aspects of
mitochondrial physiology, at the transcriptional, morphological and enzymatic level. In
addition to research which is currently being performed through various collaborative
efforts, it would of course be of interest to determine if any of the effects discussed here
are also present in any of the other lines of Prn-p'1' mice, or mice overexpressing PrPc,
that are currently available. In addition, the use of lines of mice in which a wild-type
PrP transgene has been bred onto a Prn-p'1' background would allow investigation of
whether or not such effects as reduction of mitochondrial morphology and number can
be rescued.
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PrP FORMS PART OF A CELLULAR MECHANISM FOR

CONTROLLING OXIDATIVE STRESS ?

By: 1. Directly binding copper.
2. Direct antioxidant activity.
3. Control of Cu/Zn-SOD activity.
4. Indirect effects on mitochondrial biogenesis and activity.

Evidence.
• PrPc binds copper and possess SOD activity.
• ROS treatment increases PrP expression.
• Cu/Zn-SOD activity proportionally correlates with PrP gene-dosage.
• PrP0 can be detected in mitochondrial fractions.
• Prn-p1" cells are less tolerant of oxidative stress.
• Prn-p1' mice experience greater levels of mitochondrial oxidative stress.
• PrP0 interacts with Nrf-2 & Hsp60.
• Expression of ETC genes is altered in Prn-p1" mice.
• Expression of SOD genes is altered in Prn-p mice.
• Mice overexpressing PrPc have mitochondrial hyperplasia in muscle.
• Prn-p1" brain has reduced number ofmitochondria.
• Prn-p"'" brain has high levels of abnormal mitochondria.
• COX activity may be reduced in Prn-p'1' mice.

Focus For Future Research.

1. Confirm SOD activity of PrPc and determine whether PrPSc
retains activity (in progress).

2. Investigate the effect ofPrP ablation on mitochondria (number,
morphology &ETC activity) in different tissues (in progress).

3. Investigate SOD activity in Prn-p''" tissues (in progress).
4. Investigate SOD activity in tissues during course of

TSE disease.

Figure 7.2: Summary of evidence supporting suggested physiological role of
PrP0. Data both from the literature and this thesis are presented, in black and red text
respectively. Suggested areas of focus for related future research are also indicated.



Chapter 8

Methodology

Unless stated otherwise, procedures for general methodology, and the preparation of
all solutions and reagents, was adapted from Sambrook et al., 1989.

8.1 CENTRIFUGATION

All centrifugation steps were performed in a Sorvall® RMC 14 (Sorvall Ltd, UK) or
an IEC Micromax® RF (Hybaid Ltd, Middlesex, UK) refrigerated benchtop microfiige
for eppendorf tubes (for centrifugation requirements of up to 15 000 rpm).
Centrifugation of Nalgene 50ml tubes (React Scientific, Ayrshire, UK) was performed
in a J2-21M/E refrigerated centrifuge (Beckman, UK.) using a JA20 rotor.

Ultracentrifugation was performed in a TL-100 Ultracentrifuge (Beckman Ltd,
Buckinghamshire, UK) with a TLA100.3 rotor and using 2 ml ultraclear tubes
(Beckman Ltd, Buckinghamshire, UK).

8.2 CHEMICALS AND EQUIPMENT.

All chemicals used were ofmolecular biology or analytical grade and were obtained
from a variety of manufacturers: Sigma Chemical Company (Dorset, UK), Amersham
Pharmacia Biotech (Buckinghamshire, UK), Gibco BRL (Paisley, UK), BDH (Dorset,
UK), Fisher Scientific (Loughborough, UK), AMS Biotechnology (Oxon, UK) and
Boehringer Mannheim (East Sussex, UK). Oligonucleotides were purchased from
Oswell DNA service (Southampton, UK), MWG Biotech UK Ltd (Milton Keynes,
UK) or Gibco BRL (Paisley, UK). All commercial reagents and chemicals were stored
according to the manufacturers instructions.

All water used for the preparation of solutions was double distilled and deionised
obtained from a Purite Select Analyst purification system.

All radioactive isotopes were obtained from Amersham Pharmacia Biotech
(Buckinghamshire, UK) and stored at 4°C for [35S]a-dATP (redivue), [32P]a-dCTP
(redivue) and [32P]y-dATP (redivue), and at -20°C for [32P]a-dUTP, [33P]a-dATP.

Specific activities of radioisotopes were 3000 Ci/mmol for [32P]a-dCTP, [32P]a-
dUTP and [33P]a-dATP, 2500 Ci/mmol for [32P]y-dATP and 1000 Ci/mmol for [35S]a-
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dATP. All solutions and eppendorf tubes used for experiments involving RNA and/or
PCR were autoclaved twice (121°C, 45 minutes, 1 Bar).

For procedures involving DNA or protein, standard Gilson yellow pipette tips were

used, and for RNA or PCR experiments, plugged ART tips (Merck, Dorset, UK) and
dedicated Gilson pipettes were used.

8.3 RESTRICTION ENDONUCLEASE DIGESTION OF DNA.

All restriction endonucleases and appropriate buffers were purchased from Promega
Ltd (Southampton, UK), Boehringer Mannheim (East Sussex, UK) or New England
Biolabs (Hertfordshire, UK). Typically, 1-5 p,g plasmid DNA was digested with 10
units of restriction endonuclease in the appropriate IX reaction buffer and in a volume
of20-50 |il at 37°C for at least 1 hour.

Genomic DNA was digested with 10 U/jig DNA of appropriate restriction
endonuclease for 2 hours at 37°C in a 20-50 |il volume of IX reaction buffer. The
addition of a further 2 U/(lg DNA of restriction endonuclease and incubation for a

further 3 hours at 37°C typically ensured complete digestion of genomic DNA.

8.4 PHENOL/CHLOROFORM EXTRACTION AND ETHANOL

PRECIPITATION OF NUCLEIC ACIDS.

RNAse/DNAse-ffee Phenol/Chloroform/Isoamylalcohol solution (P:C:I, 25:24:1)
was purchased from AMS Biotechnology (Oxon, UK). One volume of P:C:I was

added to the solution containing nucleic acid and vortexed for approximately 10
seconds. The sample was then centrifuged at 13 000 rpm for 5 minutes at 4°C. The
upper aqueous phase was transferred to a fresh tube and one volume of chloroform
added and the sample vortexed and centrifuged as before. Nucleic acid was recovered
from the upper phase by transferring to a fresh tube and the addition of 0.1 volumes of
3M Sodium acetate pH 5.2 and 2.5 volumes of 100% ethanol. Following mixing by
inversion several times the sample was stored at -20°C for 1 hour to overnight. The
nucleic acid precipitate was recovered by centrifugation at 13 000 rpm for 20 minutes at
4°C. The ethanol was removed and the pellet washed with 200 (il of 70% ethanol. A
further centrifugation step was performed at 13 000 rpm for 5 minutes at 4°C. After
removal of ethanol, the pellet was air dried at room temperature for approximately 5
minutes and resuspended in either water or TE (see Appendix A).
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8.5 AGAROSE GEL ELECTROPHORESIS.

Agarose gels were prepared using molecular biology grade RNAse/DNAse-free
agarose purchased from Boehringer Mannheim (East Sussex, UK) and, unless
otherwise stated, were used at a concentration of 1% (w/v).

8.5.1 DNA Agarose Gel Electrophoresis.
An appropriate quantity of agarose was weighed, transferred to a conical flask and

the required volume of IX TBE added (see Appendix A). The mixture was heated in a

microwave on full power until the agarose had completely dissolved. After being
allowed to cool to approximately 60°C, ethidium bromide (10 mg/ml) was added to a

final concentration of 0.5 (J-g/ml and quickly mixed. The agarose solution was

subsequently poured into the casting unit of the appropriate gel electrophoresis
apparatus, the combs placed in position and the gel allowed to set at room temperature
for approximately 30 minutes. Once the gel had set, the combs were removed and a

volume of IX TBE sufficient to submerge the gel poured into the unit. Typelll loading
buffer (see Appendix A) was added to samples containing DNA to a final concentration
of IX and then loaded into the wells of the gel.

Typically, electrophoresis was performed at 80-100 Volts for 1-2 hours, with the
exception of electrophoresis of genomic DNA, which was performed at 40 Volts
overnight.

Two different DNA size marker sets were used depending on the DNA fragment
sizes being studied: (1) 0.5 |lg of 1 Hind lll/Eco RI digested X DNA (New England
Biolabs, Hertfordshire, UK) and (2) 100 bp ladder (New England Biolabs,
Hertfordshire, UK).

On completion of electrophoresis, DNA was visualised on an ultraviolet
transilluminator at a wavelength of 254 nm, exposed for approximately 20 seconds to
Polaroid black and white Type 55 film (Sigma, Dorset, UK) using a Polaroid MP.4
Land Camera (Polaroid, Massachusetts, USA).

8.5.2 RNA Formaldehyde Agarose Gel Electrophoresis.
Unless otherwise stated, RNA was fractionated by gel electrophoresis through 1%

denaturing formaldehyde agarose gels. To prepare the gels, 2 g of RNAse/DNAse-free
agarose (Boehringer Mannheim, East Sussex, UK) was added to 166 ml of a IX MOPS
solution (see appendix A) in a 250 ml sterile conical flask. The agarose was dissolved
by heating in a microwave on full power setting for approximately 3 minutes. Once
dissolved the solution was allowed to cool to approximately 60°C. Meanwhile, the gel
casting tray, electrophoresis unit and combs were cleaned with RNAseZap (Invitrogen,
Netherlands), followed by rinsing with water. In a fume hood, 34 ml of formaldehyde
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(Fisher Scientific, Leicestershire, UK) was added to the agarose solution, mixed and
poured into the gel casting unit. The combs were positioned and the gel allowed to set
over a period of approximately 30 minutes.

Unless otherwise stated, 10 jig of total RNA was prepared for gel electrophoresis.
An appropriate volume of RNA of known concentration, stored as an ethanolic
precipitate (see section 8.14.2), was transferred to 0.5 ml eppendorf tubes on ice. RNA
was pelleted by centrifiigation at 13 000 rpm for 20 minutes at 4°C. The ethanol was
removed by aspiration and the pellet washed with 100 |ll of chilled 85% ethanol.

Following a further centrifiigation step for 5 minutes at 13 000 rpm at 4°C the
ethanol was removed by aspiration, the last traces of ethanol removed with a Gilson P2
pipette tip and the tubes placed on ice. RNA was dissolved in 15 (J.1 of RNA sample
buffer (see Appendix A) by pipetting. To denature the RNA the samples were placed in
a Biometra Unoblock Thermal Cycler (Anachem, Bedfordshire, UK) and heated to 65 "C
for 10 minutes. To each sample, 1 jitl of a 10 mg/ml stock of ethidium bromide and 4 |il
ofTypelll loading buffer was added. The tubes were pulse centrifuged and placed on

ice.

The combs were removed from the set agarose gel, and the gel unit placed in the
electrophoresis apparatus and submerged in IX MOPS running buffer. The denatured
RNA samples were loaded into the appropriate wells of the gel. RNA molecular weight
markers (Gibco BRL, Paisley, UK) were used according to the manufacturers
instructions. Typically, electrophoresis was performed at 60 Volts for approximately 3
hours. On completion of electrophoresis, the gel was photographed in an identical
fashion to DNA agarose gels, with the exception that the UV transilluminator was first
cleaned with RNAseZAP (AMS Biotechnology, Oxon, UK) and rinsed with water.

8.6 RECOVERY OF DNA FROM AGAROSE GELS.

8.6.1 QIAquick™ Gel Extraction Method.
A QIAquick™ Gel Extraction Kit was purchased from Qiagen (West Sussex, UK).

The DNA to be recovered was visualised on a UV transillumator, excised from the gel
using a sterile scalpel and transferred to a 1.5 ml eppendorf tube. The gel slice weight
was determined and three volumes of Buffer QX1 added to the tube containing the gel
slice (eg. 100 |il of buffer QX1 per 100 mg of gel). The solution was heated to 50°C
until the gel had completely dissolved. One gel volume of isopropanol was added to the
solution, mixed briefly and applied to a QIAquick spin column (placed in a 2ml
collection tube) and centrifuged for 1 minute at 13 000 rpm. The flow-through was

discarded, 0.5ml buffer QX1 added to the column, centrifuged at 13 000 rpm for 1
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minute and the flow-through again discarded. To wash the DNA 0.75 ml of buffer PE
was added to the column, centrifuged for 1 minute at 13 000 rpm and the flow-through
discarded. To remove the last traces of buffer PE, the column was centrifuged once

more and then placed in a 1.5 ml eppendorf tube. To the centre of the column 30 pi of
water was added and the column allowed to stand at room temperature for 1 minute.

To elute the DNA, the column was centrifuged at 13 000 rpm for 1 minute, the
eluate transferred to a fresh 1.5 ml eppendorf tube and stored at -20°C. Yields of DNA
recovered using this method was typically 25-50%.

8.6.2 Spin-X Recovery Method.

Spin-X purification columns were purchased from Costar (Massachusetts, USA).
The DNA to be recovered was excised from the agarose gel in a similar manner as for
the QIAquick method. The gel slice was reduced to a slurry by passing it through a 1
ml syringe directly onto the Spin-X column. To wash remaining agarose from the
syringe, 200 pi ofTE buffer was passed through the syringe directly onto the column.
The columns, placed in 1.5 ml collection tubes, were centrifuged for 6 minutes at 13
000 rpm. The column was discarded and the DNA purified further by P:C:I extraction,
followed by chloroform extraction. The DNA was precipitated as described previously,
the pellet washed with 200 pi of 70% ethanol and then resuspended in 50 pi of water.
Yields ofDNA recovered using this method were typically 50-75%.

8.7 PURIFICATION OF PCR PRODUCTS.

PCR products were selectively purified from excess oligonucleotides, dNTPs and
protein using a QIAquick PCR Purification Kit purchased from Qiagen (West Sussex,
UK). Ten volumes of buffer PB was added to one volume of PCR reaction and
vortexed briefly. The solution was applied to a QIAquick spin column (placed in a 2 ml
collection tube) and centrifuged for 1 minute at 13 000 rpm. The flow-through was

discarded, 750 pi ofbuffer PE added to the column and centrifuged from 1 minute at 13
000 rpm to wash the DNA. Remaining traces of buffer PE were removed from the
column by a further centrifugation step, and the column transferred to a fresh 1.5 ml
eppendorf tube. To elute the DNA, 50 pi of water was added to the centre of the
column, which was subsequently allowed to stand at room temperature for 1 minute.
The column was then centrifuged for 1 minute at 13 000 rpm, the eluate collected,
transferred to a fresh 1.5 ml eppendorf tube and stored at -20°C.
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8.8 STANDARD DNA CLONING METHODS.

8.8.1 Bacteria Genotypes.

Competent JM109 bacteria were purchased from Promega Ltd (Southampton, UK)
at a competency of either 1 X 106 or 1 X 10s colony forming units (cfu)/pg DNA.
JM109: F" A," el4"(mcrA) recAl endAl gyrA96 thi-1 hsdR17 (rk, mk+) supE44
relAlA(lac-proAB) [F" traD36 proAB laclq ZAM15],

8.8.2 Preparation OfMedia For Propagation Of Bacteria.
Broth and agar solutions were prepared from dry powders purchased from Gibco

BRL (Paisley, UK). Bacteria were propagated in Luria-Bertani (LB) broth and plated
on L-agar plates (see Appendix A). For propagation in liquid LB and LB-agar, media
was supplemented with 100 pg/ml of ampicillin prior to use. For blue/white selection
on LB-agar, 5-bromo-4-chloro-3-indolyl (3-D-galactoside (X-gaF) and Isopropylthio-(3-
D-galactoside (IPTG) (see Appendix A) were added to the media prior to pouring to a

concentration of 0.5 mM IPTG and 80 pg/ml X-gal.

8.8.3 Dephosphorylation OfVector DNA.
Vector DNA linearised with a single restriction endonuclease was dephosphorylated

with Calf Intestinal Phosphatase (CIP) (Boehringer Mannheim, East Sussex, UK) prior
to ligation with insert DNA to prevent re-ligation of vector DNA.

An appropriate quantity of vector DNA (eg. 5 pg) was linearised with 20 units of
restriction endonuclease as previously described. 10% of the reaction was run on an

agarose electrophoresis gel to check that the vector DNA was completely linearised.
The remainder of the reaction was diluted to 200 pi and purified by extracting once with
P:C:I and once with chloroform as previously described. The DNA was precipitated,
washed with 75% ethanol and resuspended in 16 pi of water. To the DNA, 2 pi (2
units/pl) ofCIP and 2 pi of 10X reaction buffer was added, mixed briefly and incubated
at 37°C for 1 hour. To denature the CIP, the reaction was heated to 70°C for 10
minutes. The dephosphorylated DNA was purified by extracting once with P:C:I and
once with chloroform. The DNA was then precipitated, washed as previously described
and resuspended in water to a final concentration of 10 ng/pl. The dephosphorylated
DNA was aliquoted and stored at -20°C.

The quality of dephosphorylated vector DNA was assessed by performing test

ligation reactions and transformations with (a) vector alone and (b) positive control
vector and insert DNA.
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8.8.4 DNA Ligation Reactions.
DNA that was used as insert in ligation reactions was first purified by agarose gel

electrophoresis and recovered by one of the methods previously described, or by the
QIAquick PCR Purification method in the case ofPCR products.

Typically, 10 ng ofvector DNA was used for ligation reactions. An approximate 3-
fold molar excess of insert DNA was added to 10 ng of vector DNA and diluted to
15 pi with water. To the solution, 3 pi of T4 DNA Ligase (1 U/pl; Boehringer
Mannheim, East Sussex, UK) and 2 pi of supplied 1 OX ligation buffer was added.

The solution was mixed, pulse centrifuged and incubated at room temperature,

typically for 2 hours at room temperature, or overnight at 4°C. See Appendix B for
vectors used for standard DNA cloning.

8.8.5 Transformation OfCompetent Bacteria.

Competent JM109 bacteria, stored at -80°C in 25 pi aliquots (in 1.5 ml eppendorf
tubes) were thawed on ice. To the thawed JM109 cells, 2 pi of ligation reaction was

added, the suspension gently mixed by flicking the bottom of the tube, and incubated on

ice for 10 minutes. The cells were then heat shocked at 42°C for exactly 45 seconds in a

pre-heated water bath and subsequently incubated on ice for a further 2 minutes.
To this suspension, 450 pi of room temperature SOC medium (see Appendix A)

was added, mixed by inverting the tube several times and incubated at 37°C for 1 hour
on an orbital shaker at approximately 275 rpm.

Using sterile forceps, one 0.2 micron nitrocellulose circle (BDH, Dorset, UK) was

placed directly onto the media surface of a pre-prepared LB-agar plate containing X-
gal', IPTG and 100 pg/ml of ampicillin at least half an hour before plating of the
transformed cells.

To 15 ml Polypropylene tubes (Greiner Labortechnik, Gloucestershire, UK) 5 ml of
LB media was added, the 450 pi transformation solution added to this and mixed.

Typically, two dilutions of the transformed cells were set up at concentrations of
10% and 90% in 5 ml LB. A vacuum manifold apparatus was cleaned with ethanol and
then rinsed with LB. Using sterile forceps, the nitrocellulose circle was placed in the
manifold, the 5 ml transformation volume applied to the centre under vacuum. The
nitrocellulose circle was placed back in the LB-agar plate, which was subsequently
inverted and incubated at 37°C overnight.

8.9 ISOLATION OF PLASMID DNA FROM RECOMBINANT

COLONIES.

Using sterile toothpicks, white recombinant colonies were picked, placed in 3 ml of
LB in 15 ml polypropylene tubes (Greiner Labortechnik, Gloucestershire, UK),
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supplemented with 100 pg/ml of ampicillin and incubated overnight at 37°C on an

orbital shaker at approximately 275 rpm. In cases where light blue colonies were

present, these would also be picked. In some instances, recombinant clones were

isolated from blue colonies.

8.9.1 TENS Miniprep Method.
1 ml of overnight culture was dispensed into a 1.5 ml eppendorf tube and

centrifuged at 13 000 rpm for 10 seconds. The supernatant was decanted, leaving
approximately 50 jixl remaining along with the cell pellet. The tube was vortexed
vigorously until the cells were completely resuspended. To each tube 300 pi of TENS
solution (see Appendix A) was added, and the tubes vortexed for approximately 5
seconds. To the lysed cells, 150 pi of 3M sodium acetate (pH 5.2) was added. The
solution was mixed by vortexing for approximately 5 seconds and then centrifuged at
13 000 rpm at 20°C. The supernatant was transferred to a fresh 1.5 ml eppendorf tube,
1 ml of 100% ethanol (pre-cooled to -20°C) added and the solution mixed by inverting
the tube several times. The DNA was pelleted by centrifugation for 20 minutes at 13
000 rpm at 4°C. The supernatant was decanted and the pellet washed with 200 jllI of
70% ethanol (pre-cooled to -20°C). The 70% ethanol was removed by aspiration, the
tube pulse centrifuged, and the remaining traces of ethanol removed using a Gilson P2.
The DNA was resuspended in 50 pi of water containing 50 pg/ml of DNAse-free
RNAse A (Sigma, Dorset, UK; see Appendix A) and incubated at 37°C for
approximately 30 minutes. Typically, 10 pi of this was used for restriction
endonuclease digestion and 7 pi used for DNA sequencing using the fmol cycle
sequencing method (Promega Ltd, Southampton, UK).

8.9.2 Hybaid Miniprep Method.
For instances where nucleic acid of greater purity was required, DNA was isolated

using a miniprep kit purchased from Hybaid (Middlesex, UK). A 1.5 ml volume of
overnight culture was centrifuged for 5 minutes at room temperature. The supernatant
was decanted and the cells resuspended in 50 pi of Resuspension solution by repeated
pipetting. Once completely resuspended, 100 pi of Cell lysis solution was added and
mixed by repeated pipetting. To the cell lysate, 75 pi of Neutralisation solution was

added, mixed by vortexing for approximately 10 seconds and centrifuged at 13 000 rpm

for 10 minutes at 20°C. The supernatant was transferred to a Hybaid spin column
placed in a 2 ml collection tube. To the solution, 350 pi of Binding buffer was added,
mixed by repeated pipetting and centrifuged at 13 000 rpm for 1 minute at 20°C. To
wash the DNA, 350 pi ofWash buffer was added, and the spin column centrifuged for
1 minute at 13 000 rpm at 20°C. The flow-through was decanted, the column replaced
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in the collection tube and centrifuged again to remove the last traces ofwash buffer from
the column. To elute the DNA, 50 pi of water was added to the column, mixed by
vortexing for approximately 5 seconds, and centrifuged for 1 minute at 13 000 rpm at
20°C. The eluate containing the purified DNA was transferred to a fresh 1.5ml
eppendorf tube and stored at -20°C.

DNA prepared by this method could be used directly in a variety of downstream
procedures, such as restriction endonuclease digestion or DNA sequencing, without
further manipulation. Typically, 10-15 pg of plasmid DNA would be recovered from
1.5 ml of culture using this method.

8.9.3 Hybaid Midiprep Method.
In instances where quantities of plasmid DNA greater than that produced by the

miniprep method was required, 'midipreps' were prepared using a midiprep kit
purchased from Hybaid (Middlesex, UK).

A 30ml volume of LB, supplemented with 100 pg/ml of ampicillin, in a 100 ml
conincal flask was inoculated with 30 pi of a 3 ml culture grown overnight. The cells
were incubated at 37°C overnight on an orbital shaker at approximately 275 rpm. The
following day, Hybaid columns were equilibrated by the addition of 10 ml of
Equilibration buffer. The equilibration buffer was allowed to flow through the column
by gravity flow. To harvest the bacterial cells, 30 ml of culture was transferred to

Nalgene centrifuge tubes (React Scientific, Ayrshire, UK) and centrifuged at 7 500 rpm

for 10 minutes at 4°C. The culture medium was removed by aspiration and the cells
resuspended in 4ml of Resuspension solution. To lyse the cells, 4 ml of Cell lysis
buffer was added, the solution gently mixed by inverting the tube several times, and
allowed to stand at room temperature for 5 minutes. To the lysed cells, 4 ml of
Neutralisation solution was added and the solution immediately mixed by inverting the
tube several times. To pellet the precipitated potassium dodecyl sulphate complex
formed, the solution was centrifuged for 10 minutes at 10 500 rpm at 20°C. The
supernatant was applied directly to an equilibrated column and allowed to flow through
by gravity. Each column was washed twice with Wash solution, again being allowed to
run through by gravity. To elute the DNA, 5 ml of Elution buffer was applied to the
column, the eluate collected and transferred to 1.5 ml eppendorf tubes in 1 ml aliquots.
To precipitate plasmid DNA, 0.7 volumes of isopropanol was added and the solution
mixed by inverting the tube several times. Each aliquot was centrifuged at 13 000 rpm

for 20 minutes at 4°C to pellet the precipitated DNA. The pellets were washed with 500
pi of 70% ethanol, resuspended in 200 pi and 'pooled'. To ensure the complete
removal of potentially contaminating RNAseA (present in resuspension solution), the

213 Chapter 8: Methodology.



plasmid DNA was additionally purified by P:C:I extraction and ethanol precipitation as

previously described.
Typically, the yield of plasmid DNA recovered from 30ml of culture using this

method was 100-200 pg. With the additional purification step, the DNA was of
sufficient quality to be used in in vitro transcription reactions, in addition to sequencing
and restriction endonuclease digestion.

8.10 LONG TERM STORAGE OF RECOMBINANT CLONES.

To enable long term storage of recombinant bacteria, 0.5 ml of a sterile 50%
glycerol stock solution was added to 1 ml of fresh culture grown overnight, in a 1.5 ml
eppendorf tube. The solution was vortexed briefly, snap frozen on dry ice and stored at
-80°C. To resuscitate the recombinant bacteria when required, a scraping of frozen
glycerol stock was transferred to 3 ml of LB medium in a 15 ml polypropylene tube,
supplemented with the appropriate antibiotic, and propagated overnight at 37°C as

previously described. All recombinant clones used during the project were stored in this
manner.

8.11 SPECTROPHOTOMETRIC QUANTITATION OF NUCLEIC

ACIDS.

Nucleic acid concentration in solution was quantitated by measuring the optical
density, underUV light at a wavelength of 260 nm, in a GeneQuant spectrophotometer
(Amersham Pharmacia Biotech, Hertfordshire, UK). Typically, for plasmid DNA
prepared by either the Hybaid Miniprep or Midiprep methods 2 pi of recovered DNA
was diluted to 1 ml. After calibrating the spectrophotometer to a reference sample
(either water or TE, depending on the elution medium used), in a 1 ml quartz cuvette of 1
cm path length, the diluted DNA sample was transferred to the same cuvette and the
absorbance, OD260/280 ratio and concentration values established.

RNA concentration in solution was quantitated in the same way. DNA recovered
from agarose gels was also quantitated in this manner, with the exception that 5 pi was
diluted to 100 pi and readings obtained using a quartz cuvette of 1 cm path length.

Based on the fact that an OD of 1 equates to a concentration of 50 pg/ml, 40 pg/ml
and 33 pg/ml for DNA, RNA and oligonucleotides (or single stranded DNA)
respectively, a reading of nucleic acid concentration was displayed directly by the
GeneQuant. On average, purity as estimated by OD260/280 ratios for plasmid DNA,
RNA and DNA recovered from agarose gels was typically 1.8, >1.95 and approximately
1.7 respectively.
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8.12 POLYACRYLAMIDE GEL ELECTROPHORESIS.

8.12.1 Preparation And Pouring Of Polyacrylamide Gels.
The following procedure was used for preparation ofpolyacrylamide gels to be used

for electrophoresis of in vitro transcribed RNA, DNA sequencing products, DDRT-
PCR and modified Single-Stranded Conformation Polymorphism (mSSCP) products.

The casting plates and electrophoresis unit used differed according to requirements,
the same method, however, being used for preparation of both denaturing and native
polyacrylamide gels.

Both plates were first rinsed with water. The larger of the two plates was cleaned
with approximately 50 ml of 5 M Sodium hydroxide and then rinsed again with water.
Both plates were then cleaned with 100% ethanol to ensure that they were completely
clean. The smaller of the two plates, or notched plate, was treated with a siliconising
agent (Acrylgrease; Stratagene, Cambridgeshire, UK). The two plates were separated by
either 0.4 mm or 0.2 mm spacers, held in place by bulldog clips and placed horizontally
over a pouring tray. To the acrylamide solution to be poured, de-gassed for 5 minutes
under vacuum, 500 fil of 10% Ammonium persulphate (Anachem, Bedfordshire, UK)
and 50 |al of N,N,N',N'-Tetramethylethylenediamine (TEMED; Promega,
Southampton, UK) was added in a 250 ml conical flask and the solution mixed by
swirling. Using a disposable 50 ml syringe (Beckton Dickinson Ltd, Oxford, UK), the
acrylamidemix was dispensed between the glass plates, the appropriate combs placed in
position, held in place by bulldog clips, and the gel allowed to completely polymerise
over a period of approximately 45 minutes.

8.12.1,1 Non-denaturing Polyacryalmide Gels.
To prepare non-denaturing 6% polyacryalmide gels, 10 ml of 1OX TBE, 15 ml of a

40% (w/v) solution of acrylamide (19:1 Acryalmide:bisacryalmide solution; Anachem,
Bedfordshire, UK) and 75 ml of water were mixed together in a conical flask.
Ammonium persulphate and TEMED were added as previously described, the solution
gently mixed and subsequently poured.

For DDRT-PCR analysis using the GenomyxLR electrophoresis system, the HR-
1000 polyacrylamide matrix (Beckman Ltd, Buckinghamshire, UK) was used. The HR-
1000 polyacrylamide was supplied as a 6% solution and required only brief degassing
and the addition of ammonium persulphate and TEMED prior to pouring.
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8.12.1.2 Denaturing Polyacrylamide Gels.
To prepare 6% acrylamide/8M Urea denaturing polyacrylamide gels, 42 g of Urea

(BDH, Dorset, UK), 10 ml of a 1 OX TBE stock and 15 ml of 40% Acrylamide solution
(19:1 acrylamide:bisacryalmide solution) were dispensed into a 250 ml conical flask. If
the gel was to be used for the electrophoresis of sequencing products, 12 ml of
LongRanger™ (Flowgen, Staffordshire, UK) was used as the polyacrylamide stock
solution. Pre-running of gels and subsequent fixing to remove urea prior to drying was

not required when using LongRangerTM for denaturing polyacrylamide gels.
Approximately 60 ml of water was added and the urea dissolved using a magnetic
stirrer. Once the urea had completely dissolved the solution was diluted to 100 ml with
water and ammonium persulphate and TEMED added immediately prior to pouring.

For sequencing experiments using the GenomyxLR electrophoresis system, the
HR-1000 polyacrylamide matrix was used. The HR-1000 polyacrylamide was supplied
as a 6% acrylamide/8 M urea solution and required degassing and the addition of
ammonium persulphate and TEMED prior to pouring.

8.12.1.3 MDE Polyacrylamide Gels.
For mSSCP analysis, 0.5X MDE polyacrylamide (Flowgen, Staffordshire, UK) was

used. To prepare this, 4.8 ml of 10X TBE and 20 ml 2X MDE solution were mixed and
diluted to 80 ml with water. Immediately prior to pouring, ammonium persulphate and
TEMED were added as previously described.

8.12.1.4 Polyacrylamide Gels For Electrophoresis Of Proteins.
For denaturing and dissociating gels, a 50 ml solution of Resolving Gel solution

(see Appendix A) was mixed with TEMED and ammonium persulphate as previously
described. The acrylamide solution was poured in-between the glass plates, in a casting
unit, such that twice the depth of sample to be loaded was left for pouring of the
stacking gel. Approximately 3 ml of water-saturated Butano-l-ol was gently dispensed
over the top of the resolving Gel to ensure a flat polymerised surface. Once the
Resolving Gel had fully polymerised the water-saturated butan-l-ol layer was poured
off and the gel surface rinsed thoroughly with water.

For the Stacking Gel (see Appendix A), a 40 ml solution of Stacking Gel solution
was mixed with TEMED and ammonium persulphate and carefully poured on top of the
resolving Gel. The appropriate combs were placed in position and the gel allowed to

polymerise.
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8.12.2 Drying Of Polyacrylamide Gels.
After electrophoresis was complete, the two glass plates were carefully separated so

that the gel remained on the larger of the two plates. The gel was then transferred to an

equal sized sheet of 3MM paper (Merck, Dorset, UK), covered with saran wrap and
dried down onto the 3MM paper using a Model 583 slab-gel dryer (Bio-rad Ltd,
Hertfordshire, UK) for 40 minutes at 80°C. The saran wrap was removed and the dried
gel exposed to autoradiographic film for the required length of time (see section 2.20).

When using the GenomyxLR electrophoresis apparatus (Beckman Ltd,
Buckinghamshire, UK) the following modifications to the above method were made.
For native polyacrylamide gels, once the gel had been transferred to 3MM paper, it was
secured to the larger of the two plates and dried directly in the GenomyxLR, at 50°C for
approximately 15 minutes. In the case ofdenaturing sequencing gels, the notched plate
was carefully removed and the gel dried directly in the GenomyxLR apparatus for 15
minutes at 50°C. The gel was rinsed with 2 litres of water to remove urea and dried
again. This cycle of drying and rinsing with water was repeated until all traces of urea
were removed from the gel.

8.13 SEQUENCING OF PLASMID DNA.

Two methods of DNA sequencing were utilised during the course of this project.
Both techniques are based on the chain termination procedure described by Sanger
(1977).

8.13.1 Sequenase Version 2.0 DNA Sequencing Kit (Amersham Pharmacia
Biotech, Buckinghamshire, UK).

For this method, high quality plasmid DNA was required, such as that produced by
the Hybaid Mini- or Midiprep methods.
For each sequencing reaction, 2-4 pg of DNA was diluted to 100 pi with water. To
denature the DNA, 0.1 volumes of 2 M NaOH, 2 mM EDTA (pH 8) was added, mixed,
and the solution incubated at 37°C for 30 minutes. The solution was neutralised by the
addition of 0.1 volume of 3M Sodium acetate (pH 5.2). To precipitate the denatured
DNA, 2.5 volumes of 100% ethanol was added, the solution mixed and stored at -20°C
for 1 hour prior to pelleting the DNA at 13 000 rpm for 15 minutes. The ethanol was
removed by aspiration and the pellet washed with 70% ethanol. Following a brief
centrifugation step at 13 000 rpm the ethanol wash was removed by aspiration. The last
traces of ethanol were removed using a P2 Gilson pipette. The DNA pellet was air dried
for 5 minutes and then resuspended in 7 pi ofwater.
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To the DNA solution, 1 pi of sequencing primer (3 pmol/pl) and 2 pi of Sequenase
reaction buffer was added and the solution mixed by pipetting. Annealing of primer to
template was performed at 37°C for 30 minutes and subsequently placed on ice. During
this annealing step, 2.5 jo.1 of each termination mixture (ddATP, ddGTP, ddCTP, ddTTP)
was dispensed to the bottom of a 1.5 ml eppendorf tube and placed in oven at 37°C to
preheat the termination mixture. The labelling reaction was set up as followed:-

Annealed DNA/primer mixture 10.0 pi
0.1MDTT 1.0 jllI
1:5 dilution of labelling mix (dCTP, dGTP, dTTP) 2.0 JJ.1
[35S]a-dATP (10 pCi/pl) 1.0*11
1:8 dilution of Sequenase version 2.0 polymerase 2.0 pi
Final volume 16.0 pi

The labelling reaction was mixed, incubate at room temperature for 5 minutes and
then placed on ice. To each termination mixture, 3.5 pi of labelling reaction was added
to the side of the tube, pulse-centrifuged and incubated at 37°C for 5 minutes. To
terminate the reaction, 4 pi of 'STOP' solution was added. The radiolabeled
polymerisation products were denatured from the template by heating at 80°C for 5
minutes prior to loading onto a 6% acrylamide/8 M urea gel. In each lane, 3 pi of
sequencing was loaded in the order A, G, C, T.

8.13,2 fmol Cycle Sequencing Kit (Promega Ltd, Southampton, UK).
For this method, the quality of DNA was not critical. As such, plasmid DNA

prepared by the TENS miniprep procedure could be used, as well as DNA prepared by
any of the other plasmid isolation methods. Direct incorporation of [35S]a-dATP was

almost exclusively the method of choice for cycle sequencing reactions. However, in
rare cases it was necessary to sequence PCR products directly, prior to cloning into an

appropriate vector. In these instances, [32P]y-dATP end-labeled sequencing primer was
used in the reaction in place of [33S]a-dATP.

For each DNA template four 0.5 ml eppendorf tubes were labeled and placed on ice.
To each tube, 2 pi of the appropriate ddNTP was added. The reactions were set up as

followed:-
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DNA template (1 |ig of an approximately 3.5 Kb plasmid) 7 pi
Sequencing primer (3 pmol/pl) 1 pi
Water 2 pi
Final volume 10 pi

To each primer/template solution, 5 pi of sequencing buffer, 1 pi of [!5S]a-dATP
and 1 pi offmol sequencing enzyme mix was added and mixed. To the inside wall of
each tube containing ddNTP, 4 pi of the reaction mix was added. One drop of mineral
oil (Sigma, Dorset, UK) was added to each tube and after a brief centrifugation step, the
tubes were placed in a thermal cycler preheated to 95 °C and set to the following cycling
program

95°C •
- 2 minutes

95°C ■
- 30 seconds

55°C ■
- 30 seconds

70°C ■
- 1 minute

4°C - Hold.

40 cycles.

When using [35S]a-dATP in a thermal cycling program, such as for cycle
sequencing, a piece of 3MM paper was cut to size, soaked in 2% lead acetate and place
over the 0.5 ml eppendorf tubes to capture radioactive hydrogen sulphide produced
(Clinton & Scougall, 1995). After the cycling program was complete, 3 pi of STOP
solution was added to each tube. Each sample was denatured at 70°C for 5 minutes
immediately prior to loading on a 6% acrylamide/8 M urea sequencing gel.

When using the GenomyxLR system, the upper and lower buffers were 0.5X TBE
and 1 X TBE respectively, and electrophoresis was performed at 2700 V at 50°C for 2
hours and 45 minutes, resulting in only approximately 10-15 bases of vector sequence
being included in the sequencing read. For longer reads, electrophoresis was performed
under the same conditions for 5 hours. When using the conventional BaseAce
electrophoresis system (Stratagene, Cambridgeshire, UK) the upper buffer was IX TBE
and the lower buffer was IX TBE/0.1 M Na2ElP04. Electrophoresis was performed at
1800 V for approximately 3 hours at 45°C.

Reliable sequencing reads of approximately 250 bp and 500 bp were obtained using
the BaseAce and GenomyxLR apparatus respectively.
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8.14 ISOLATION OF NUCLEIC ACIDS FROM MURINE TISSUES.

All mice used during this project as a source of tissue were culled by cervical
dislocation. All dissection instruments were sterilised by standard autoclaving
procedures. Prior to dissection, each sacrificed animal was sprayed with 70% ethanol.

8.14.1 Isolation Of Genomic DNA From Murine Tissues.

During the course of this project, genomic DNA was isolated from tail biopsies and
developing brain for further study by Southern analysis and PCR. Whole tails were

removed using sharp scissors, transferred to 15 ml polypropylene tubes (Greiner
Labortechnik Ltd, Gloucestershire, UK) and flash-frozen in liquid nitrogen.
Approximately 1 cm of tail was transferred to a 2 ml eppendorf tube. Brains were

dissected, transferred to 2 ml eppendorf tubes and flash frozen in liquid nitrogen. All
tissues were stored at -80°C until required.

To the tubes containing tail tissue, 0.75 ml of a freshly prepared solution of Tissue
lysis buffer (see Appendix A) was added. To the tubes containing whole brain tissue,
1.0 ml of lysis buffer was added. The tubes were mixed by inversion several times, and
incubated overnight at 37°C on a shaking tray. An equal volume ofP:C:I was added, the
contents mixed by inverting the tube several times, and centrifuged at 13 000 rpm for 20
minutes at 4°C. The aqueous phase was transferred to a fresh 2 ml eppendorf tube and
the DNA precipitated by addition of an equal volume of Isopropanol (BDH, Dorset,
UK). Each tube was inverted several times and centrifuged at 13 000 rpm for 10
minutes at 4°C. The pellet was washed once with 75% ethanol, the last traces of which
were removed with a P2 Gilson pipette. The DNA pellet was air dried for 5 minutes and
resuspended typically in 50 p.1 and 500 (0.1 of water for tail and brain genomic DNA
respectively. To resuspend genomic DNA, the appropriate volume of water was added,
the tube incubated at 37°C for approximately 30 minutes and then at 4°C overnight.
This procedure was sufficient to completely dissolve precipitated genomic DNA without
the use ofpipetting.

8.14.2 Isolation OfTotal RNA From Murine Tissues.

All tissues dissected were collected in sterile 15 ml tubes, flash-frozen in liquid
nitrogen, and transferred to -80°C until required. The preparation of all total RNA
during this project was performed using The RNAzol™ B method (AMS
Biotechnology, Oxon, UK), based on the guanidinium thiocyante phenol/chloroform
extraction method of Chomczynski & Sacchi (1987). A variable speed polytron
homgeniser was used for the homogenisation of tissue. To clean the homogeniser
probe prior to homogenisation the probe was washed three times in 40 ml of 0.2 M
NaOH and three times in 40 ml ofwater. RNAzol™ B (2 ml per 100 mg of tissue) was
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dispensed into 50 ml tubes (Greiner Labortechnik Ltd, Gloucestershire, UK), stored on

ice, and the tissue transferred directly from liquid nitrogen. For homogenisation of
liver tissue, 4 ml of RNAzol B was used per 100 mg of tissue. The tissue was

immediately homogenised and 1.8 ml aliquots transferred to 2 ml eppendorf tubes. To
each homogenate, 200 pi of chloroform was added, the tubes mixed by inversion several
times and centrifuged at 13 000 rpm for 20 minutes at 4°C. Approximately 80%
(typically 800 pi) of the upper aqueous phase was removed and transferred to a fresh 2
ml eppendorf tube. An equal volume of isopropanol was added, the tubes mixed by
inversion several times and centrifuged at 13 000 rpm for 20 minutes at 4°C. The RNA
pellet was washed once with 85% ethanol, the last traces ofwhich were removed using a
P2 Gilson pipette. RNA was resuspended typically in 400 pi of water by pipetting, 0.1
volumes of 3 M Sodium acetate and 2.5 volumes ethanol was added, the tubes vortexed

briefly and stored as ethanolic precipitates at -80°C. Prior to use, the tubes were

vortexed before removing an aliquot for preparation.
To quantitate stock concentrations of total RNA, typically a 10 pi aliquot was

removed, centrifuged and quantitated by spectrophotometry.
The use of RNAzol B and homogenisation of tissue with a Polytron homogeniser

resulted in the isolation of total RNA of excellent quality, the OD260/2g0 ratios
consistently being greater than 1.95. Homogenisation of brain tissue by repeatedly
passing through a syringe (in RNAzol B) however resulted in total RNA of less
satisfactory quality, the OD260/280 ratios being in the range 1.75 to 1.9.

8.15 ANALYSIS OF PROTEINS.

8.15.1 Isolation Of Protein.

Proteins were isolated from various subcellular compartments as described in
section 8.24.

8.15.2 Spectrophotometric Determination Of Protein Concentration.
The stock concentration of protein was determined spectrophotometrically, using a

commercial dye reagent kit (BioRad, Hertfordshire, UK), based on the method of
Bradford et al. (1976). The lyophilised Bovine Gamma Globulin (BGG) standard
supplied was reconstituted with water to a concentration of 1 mg/ml and stored at -20°C.
To prepare a standard curve, five concentrations of BGG, ranging from 1-10 pg, were
diluted in PBS containing 0.5% NP-40 and 0.5% sodium deoxycholate to a final
volume of 800 pi. To each 800 pi standard, 200 pi of coomassie blue dye reagent was
added and the contents mixed by inversion several times. After a period of 10 minutes,
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the OD595 was measured against a calibration sample consisting of 800 ji.1 water and
200 jj,1 dye reagent. To determine the stock concentrations ofprotein, 5 (il, 1 pi and 1 pi
of 1/10th dilution ofhomogenate was diluted to 800 pi with water, 200 pi of dye reagent
added and the OD595 measured as above. The OD595 values for the known
concentrations of BSA standard were plotted, and the homogenate protein
concentrations determined by plotting the OD595 values against the standard curve.

8.16 TRANSFER OF NUCLEIC ACIDS TO NYLON MEMBRANES

Figure 8.1 illustrates the blotting apparatus set up for Southern blotting of DNA,
and Northern blotting ofRNA, which were carried out essentially in an identical manner,
with the exceptions of the gel pretreatments and transfer buffers. DNA and RNA was

allowed to transfer by capillary action to Hybond-N® (Amersham Pharmacia Biotech,
Buckinghamshire, UK) membranes overnight. The next day the membrane was

carefully removed, placed between two sheets of3MM paper and baked at 80°C for two
hours. Southern and Northern blots were stored at 4°C until required. During the later
stages of the project, a new membrane product, Hybon-XL® (Amersham Pharmacia
Biotech, Buckinghamshire, UK) was used for RNA transfer. This membrane was

treated in the same way as for Hybon-N®, but immobilised five-fold more nucleic acid
after baking or UV crosslinking, therefore dramatically increasing sensitivity. However,
as a result of the increased binding capacity of Hybon-XL®, the membrane was

significantly more difficult to re-use than Hybon-N® due to less efficient stripping of
radiolabel from the membrane.

8.16.1 Southern Blotting OfDNA.
After completion of electrophoresis, the agarose gel was soaked in 500ml of

Southern Denaturation buffer (see Appendix A) for 30 minutes to denature the DNA.
After a brief rinse with water the gel was submerged in 500 ml of Southern
Neutralisation buffer (see Appendix A) for 30 minutes. Meanwhile, a sheet of Hybond-
N® nylon membrane was cut to exactly the same size as the gel and equilibrated briefly
by immersing in transfer buffer (20X SSC; see Appendix A). The capillary blot
apparatus was setup as shown in Figure 8.1. When the gel, and the nylon filter, were
placed in position, a 10 ml disposable pipette was used to roll out any air bubbles
present which would inhibit transfer in that area.
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Figure 8.1. Transfer apparatus used for capillary transfer of
DNA and RNA to a nylon membrane. (1) 3MM paper wick, (2)
Saran wrap spacers, (3) Nylon membrane, (4) Glass plate, (5) Stack
of paper towels, (6) 3MM paper, (7) Agarose gel (face down), (8)
Tray.

8.16.2 Northern Blotting OfRNA.
After completion of electrophoresis, the formaldehyde agarose gel was first rinsed in

distilled water before submerging in 500 ml of transfer buffer (10X SSC) for
approximately 1 hour. Meanwhile, a sheet of HybondR-N, or Hybond-XL®, nylon
membrane (Amersham Pharmacia Biotech, Buckinghamshire, UK) was briefly
equilibrated in transfer buffer. The capillary blot apparatus was set up as shown in
Figure 8.1.

8.17 POLYACRYLAMIDE GEL ELECTROPHORESIS OF PROTEINS.

Based on the method of Laemmli (1970).

8.17.1 Preparation And Loading Of Proteins.
An appropriate volume of homogenate, containing equivalent concentrations of

protein, was dispensed into a fresh 0.5 ml eppendorf tube and all samples diluted to the
same volume (typically 50 jil) with PBS (containing 0.5% NP-40 and Sodium
deoxycholate). An equal volume of 2X Protein loading buffer (see Appendix A) was

added. Samples were loaded into the wells of SDS-denaturing gels. Protein molecular
weight markers (Amersham Pharmacia Biotech, Buckinghamshire, UK) were used
according to the manufacturers instructions. Protein samples were heated to 100°C for
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5 minutes prior to loading and electrophoresis was performed in 25 mM Tris, 250 mM
glycine, 0.1% SDS at 150 Volts for approximately 4 hours.

8.17.2 Visualisation Of Proteins Prior To Transfer.

In order to visualise fractionated proteins, and ensure equivalent loading of samples,
prior to transfer, the Sypro-Orange stain (BioRad Ltd, Hertfordshire, UK) was used.
The stacking gel was removed, and the resolving gel soaked in IX Western Transfer
Buffer (see Appendix A), containing 0.02% (v/v) Sypro-Orange, for approximately 30
minutes. The gel was rinsed in transfer buffer to remove excess stain, and
photographed in the same way as for ethidium bromide stained agarose gels.

8.17.3 Western Transfer Of Proteins To Hybond-P® PVDF Membranes.
To transfer fractionated proteins to PVDF membranes, the resolving gel was firstly

immersed in IX Western Transfer Buffer for 20 minutes (this step was not required if
proteins were visualised prior to transfer by Sypro-Orange staining). A sheet of
Hybond®-P PVDF membrane (Amersham Pharmacia Biotech, Buckinghamshire, UK)
was cut to size, pre-wetted in 100% methanol for 10 seconds and subsequently rinsed in
distilled water for 5 minutes. The membrane was then equilibrated in IX Western
transfer buffer for 10 minutes. The electroblotting transfer apparatus was then
assembled as illustrated in Figure 8.2.

© ©
Figure 8.2. Transfer apparatus used
for transfer of proteins to PVDF
membranes. (1) Gel holding tray, (2)
Foam pads, (3) 3MM sheets, (4) Gel, (5)
PVDF membrane, (6) Magnetic stirrer,
(7) IX Western transfer Buffer (see
Appendix A), containing 0.1% SDS.
The entire contents of the gel holding
tray were assembled in a tray containing
transfer buffer, prior to insertion into the
electrophoresis tank, to minimise the
possibility of air bubbles forming and
interfering with transfer.
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Electroblotting transfer ofproteins to PVDF membranes was performed overnight at
250 mA at room temperature.
The transfer apparatus was subsequently dismantled, the PVDF membrane removed and
its orientation marked. The membrane was air dried between two 3MM paper sheets
and stored in a sealed bag at 4°C until required.

8.17.4 Detection Of Target Proteins By Chemiluminesence.
Prior to use, PVDF membranes were pre-wetted in 100% methanol and rinsed in

distilled water. The membrane was subsequently incubated in approximately 100 ml of
Western blocking solution (see Appendix A) for 2 hours at 37°C. The blocking
solution was poured off and the membrane incubated in 20 ml of fresh blocking
solution, containing an appropriate dilution of the primary antibody, for 1-2 hours at
room temperature. The membrane was washed three times with approximately 100 ml
ofWestern wash solution (see Appendix A) on a rocking tray for 5 minutes each. After
two 5 minute washes in PBS, the membrane was incubated with anti-IgG-Horse Radish
Peroxidase (HRP) linked secondary antibody, diluted 1:1000 in 20 ml of fresh blocking
solution, for 1 hour at room temperature. The choice of secondary antibody (eg. anti-
mouse-IgG-HRP, anti-goat-IgG-HRP) was dependent on the species in which the
primary antibody had been raised. HRP-linked secondary antibodies were obtained
from the Scottish Antibody Production Unit (Lanarkshire, UK). The membrane was

washed three times as before in Western wash solution, followed by two washes in
Phosphate Buffered Saline (PBS, see Appendix A). Equal volumes of ECL Western
Detection Reagents (Amersham Pharmacia Biotech, Buckinghamshire, UK) were mixed
together (5 ml of each), and poured onto the membrane, which was incubated on a

rocking tray for 1 minute at room temperature.
The membrane was subsequently partially dried by blotting with tissue paper,

covered with Saran wrap and exposed to Cronex blue film for varying lengths of times
(typically 15 seconds to 1 minute) to obtain a variety ofexposures.

8.18 LABELING AND HYBRIDISATION OF NUCLEIC ACID

PROBES.

8.18.1 32P-Labelling OfDouble-Stranded DNA By Random Priming.

Typically, double-stranded DNA to be used for 32P-labelling was obtained by
agarose gel purification of cloned DNA, after restriction endonuclease digestion. In
some cases, DNA generated by PCR was used. In cases where probes were generated
by PCR of genomic DNA, PCR products were gel-purified prior to radiolabelling. All
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labelling reactions were carried out using the Rediprime random priming labelling kit
(Amersham Pharmacia Biotech, Buckinghamshire, UK). During the course of the
thesis, the random primers contained in the Rediprime labelling kit were changed from
nonamers to hexamers. This modification had no dramatic effect on the specific activity
ofprobes generated.

Unless otherwise stated, 20 ng of DNA was diluted with TE to 45 pi in a 0.5 ml
eppendorf tube. The DNA was denatured for 10 minutes at 99°C, with occasional
centrifugation to bring the contents to the bottom of the tube, and then immediately
placed on ice for 5 minutes. Meanwhile, 5 pi of [32P]a-dCTP was dispensed into a

Rediprime labelling vial mix which was subsequently placed on ice to allow the
lyophilised contents to dissolve. The denatured DNA was added to the labelling
reaction and the contents mixed. The labelling reaction was incubated at 37°C for 15
minutes and subsequently placed on ice.

8.18.2 Purification Of 32P-Labelled Double-Stranded DNA Probes.

All 32P-labelled DNA probes were further purified from unincorporated
radiolabeled nucleotide using Sephadex G50 'NICK' chromatography columns
(Amersham Pharmacia Biotech, Hertfordshire, UK). The storage buffer was poured out
of the column and replaced with 3 ml of TE (see Appendix A), which was allowed to
flow through by gravity to equilibrate the column. The 50 pi labelling reaction was then
carefully added to the to the centre of the column and allowed to enter the column by
gravity flow. A further 400 pi of TE was added to the column and allowed to

completely enter the Sephadex. To elute the radiolabeled DNA, 400 pi of TE was

added and allowed to enter the Sephadex by gravity flow. The resulting eluate
containing purified radiolabeled DNA was collected in a 1.5 ml eppendorf tube and 1%
quantitated using a 1218 Rackbeta Liquid Scintillation Counter (LKB Instruments Ltd,
Surrey UK). The radiolabeled probe was stored on ice or at -20°C until required.

Specific activities of 1-3 X 109 cpm/pg DNA were typically achieved using the
Rediprime procedure.

8.18.3 Synthesis Of Single-Stranded RNA By/n Vitro Transcription.
To synthesise in vitro transcribed RNA, approximately 5 p,g each of plasmid DNA

was linearised with an appropriate restriction endonuclease, the site being downstream
of the cloned DNA to be transcribed (see Figure 8.3). The use of restriction
endonucleases which result in 3' overhangs (eg. Kpn I, Pst I) was avoided. An aliquot
(typically 1/10th of the reaction) was analysed by agarose gel electrophoresis to ensure

complete linearisation ofplasmid DNA. The linearised DNA was subsequently purified
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by P:C:I extraction as previously described, precipitated and resuspended in water to a

final concentration of 0.5 |lg/|ll.

(i) Site 2
1

Site 1 (ii)

T7 X Cloned DNA ~~| X T3

(b)

(c)

Figure 8.3. Schematic illustration of the generation of in vitro
transcribed RNA. DNA to be transcribed in both sense- and antisense was

flanked, in a phagemid vector, by RNA polymerase promoter sites, in this case
T7 and T3. After restriction endonuclease linearisation of the DNA at sites 1
and 2, IVT RNA would be generated by use of (i) T7 and (ii) T3 RNA
polymerases respectively to generate IVT RNAs (a) & (b).

Typically, in vitro transcription reactions were set up in a 0.5 ml eppendorf tube at
room temperature to avoid precipitation of DNA with spermidine contained in the
transcription buffer. Transcription was performed using a DIG-RNA labelling kit
(Boehringer Mannheim, East Sussex, UK). A typical reaction was set up as followed:-

Template DNA (0.5 |ig/|il) 1 |il
RNAse Inhibitor (12.5 U/jil) 1 |il
Nucleoside Triphosphates (10 mM each) 2 |il
10X Transcription buffer (see Appendix A) 2 |il
T7, T3 or SP6 RNA Polymerase (20 U/jil) 2 |il
Water to 20 jil.

If the in vitro transcribed RNA was to be radiolabeled to as high a specific activity
as possible, UTP was omitted from the nucleoside triphosphate mix (Amersham
Pharmacia Biotech, Hertfordshire, UK) and 5 Jill of [32P]a-dUTP was included instead.
After a brief centrifugation step, to bring the contents of the tube to the bottom, the
reaction was mixed and incubated at 37°C for 2 hours. To remove template DNA, the
reaction was heated to 99°C for 10 minutes and placed on ice (to denature DNA:RNA
hybrids), 1 |il (2 U/|il) of RNAse-free DNAse I added, the reaction mixed and
incubated at 37°C for 15 minutes.
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To recover in vitro transcribed RNA, two methods were typically used, depending
on requirements. Typically, yields of 5 (ig RNA per 0.5 pg of template DNA was

achieved using this protocol. For use as a probe in Ribonuclease Protection Assays
(RPA), purification of full-length transcripts was desired. To achieve this, an equal
volume of Gel purification RNA loading buffer (see Appendix A) was added to the
reaction. The RNA was denatured for 10 minutes at 90°C and loaded onto a 5%

acrylamide/8 M urea polyacrylamide gel. Electrophoresis was performed in IX TBE
running buffer at 250 V until the bromophenol blue dye reached the bottom of the gel.
The gel plates were dismantled and the gel left on one plate. After covering the gel and
glass plate in saran wrap, the gel was exposed to cronex blue film for approximately 1
minute to determine the position of migration of full-length in vitro transcribed RNA.
Using the film as a template, the region of the gel corresponding to the full length
transcript was excised, cut into small pieces and transferred to a 1.5 ml eppendorf tube.

To elute the RNA, 400 pi of RNA gel elution buffer (see Appendix A) was added,
and the solution incubated overnight at 37°C. The supernatant containing the RNA was

transferred to a fresh 1.5 ml tube and stored at -20°C until required (stored for no longer
than 3 days). This radiolabeled RNA was used as a probe directly in RPAs without
further manipulations.

The synthesis and use ofDigoxygenin-labeled RNA probes is discussed in section
8.23.

The quality of all RNA probes was assessed by standard agarose or polyacrylamide
gel electrophoresis as previously described.

8.18.4 Hybridisation Of Southern/Northern Blots With 32P-Labelled
Probes.

Typically, and unless otherwise stated, all hybridisation experiments were carried out

overnight at 65°C in 20 ml of 0.5 M Sodium phosphate, pH 7.2 (see Appendix A)/7%
SDS, containing 100 pg/ml denatured Salmon Sperm DNA (Gibco BRL, Paisley, UK)
and 20pg/ml denatured Yeast tRNA (Sigma, Dorset, UK). A solution of 0.5 M Sodium
Phosphate (pH 1.2)11% SDS was mixed and preheated to the intended hybridisation
temperature in a Hybaid Hybridisation oven. Meanwhile, the salmon sperm DNA and
tRNA mix was denatured for 10 minutes at 99°C and immediately placed on ice. The
Southern/Northern blot was placed (nucleic acid side up) in a hybridisation bottle
(Hybaid, Middlesex, UK). The denatured salmon sperm DNA/tRNA mix was added to
20 ml of preheated hybridisation mix, which was subsequently transferred to the
hybridisation bottle. Pre-hybridisation was performed for at least 2 hours. A volume
of 32P-labelled probe, to a final concentration of 1.5 X 106 cpm/ml of hybridisation
solution, was denatured for 10 minutes at 99°C, with periodical flicking of the tube to
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bring the contents to the bottom. After denaturation, the radiolabeled probe was

immediately quenched on ice for 5 minutes prior to being added to the hybridisation
solution (taking care not to touch the membrane directly) and mixed by inverting the
bottle several times. Hybridisation was performed overnight, and then the membrane
was briefly rinsed with approximately 40 ml of 50 mM Sodium phosphate (pH 7.2) in
the hybridisation bottle to remove excess probe. The membrane was transferred to a

sandwich tray and washed with approximately 400 ml of 50 mM Sodium phosphate
(pH 7.2) at room temperature for 1 X 20 minutes. The membrane was then transferred
to a tray containing approximately 400 ml of 50 mM Sodium phosphate (pH 7.2),
preheated to 65 °C, and washed for 1 X 30 minutes in a Belly Dancer heated water bath
(Scotlab, Lanarkshire, UK). Higher stringency washes were performed when required,
by reducing the salt concentration to 25 mM Sodium phosphate (pH 7.2) and/or raising
the wash temperature.

8.18.4.1 Using DNA Probes Complimentary To 18S rRNA, And In Vitro Transcribed
RNA Probes.

Exceptions to the nucleic acid hybridisation procedures were made, when using
single-stranded In Vitro Transcribed RNA Probes and DNA probes complimentary to
18S rRNA. 18S rRNA DNA probes were used as RNA loading controls to correct
northern blot phosphorimager quantitation values for variations in RNA loading.
Mouse 18S rRNA is 1869 bp in length. The 18S rRNA DNA probe, generated by
PCR (see Section 8.27.6) was 275 bp in length, which represents 14.71% of the 18S
rRNA message. Therefore, to be used as a loading control, it was essential that the 18S
rRNA DNA probe was present in excess of target message. Based on the assumption
that 18S rRNA comprises approximately 33% of total RNA, and that the PCR generated
probe represents 14.71% of total message, this equated to labelling 48.5 ng ofprobe per

|ig of total RNA loaded. For example, on a typical northern blot, with 8 lanes of 10 jig
of total RNA, and assuming 100% transfer efficiency, 3.88 jig of 18S rRNA DNA was

used as a probe in order to be present in excess of target message. When using 18S
rRNA DNA as a template for labelling by random priming, approximately 50 ng was

labelled and purified as previously described. Once purified, the radiolabelled DNA
was 'spiked' with the appropriate amount ofunlabelled DNA to bring it to the required
concentration. The entire mixture was then denatured and quenched on ice, as

previously described, prior to hybridisation.
In the case of In Vitro Transcribed single-stranded RNA probes, approximately 5

jig of labelled RNA was generated per reaction, using 0.5 jig DNA as a template.
Typically, half of this reaction was used for hybridisation ofNorthern blots.
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8.18.5 Stripping 32P-Labelled Probes From Nylon Membranes.
To permit effective stripping of 32P-labelled probes from HyboncT-N and

Hybon-XL®, it was essential that the membrane was kept moist at all times. Typically,
500 ml of 0.1% SDS was boiled in a microwave on full power setting and poured into a

sandwich tray. The nylon membrane was placed into the stripping solution and shaken
on a rocking tray for approximately 30 minutes. The procedure was repeated until no
further radioactivity could be detected on the membrane, as determined by monitoring
with a hand-held Geiger counter and autoradiography. This procedure was less efficient
using the Hybon-XL® membrane, due to its increased nucleic acid binding capacity.

8.19 RIBONUCLEASE PROTECTION ASSAY (RPA).

RNA probes synthesised by in vitro transcription, and purified by gel
electrophoresis, was performed as previously discussed. RPA analysis was performed
using an RPA II kit (AMS Biotechnology, Oxon, UK).

Total RNA was prepared as previously discussed. Briefly, for each test sample, 22
|lg of total RNA was recovered for hybridisation. This was split into 10 (ig for each of
the sense and antisense probes, and 2 p,g for the (5-actin loading control hybridisation.
RNA was dispensed into 0.5 ml eppendorf tubes. For each probe used, two control
reactions were set up containing 2 p.1 of yeast RNA and IVT probe, on with and one

without RNAse A/Tl. To each tube, an equivalent amount of IVT RNA probe was

added, as determined by scintillation counting (approximately 60 000 cpm for test

samples and 100 000 cpm for (3-actin loading control reactions). The volume of each
solution was diluted to 50 (j,l with water, 0.1 volumes of 5 M ammonium acetate and 2.5
volumes of ethanol added. Each tube was vortexed and incubated at -20°C for 1 hour.

To recover the precipitated nucleic acids, centrifugation was performed at 13 000
rpm for 30 minutes at 4°C. The ethanol supernatant was removed and the pellet washed
with 85% ethanol. After another brief centrifugation step, the 85% ethanol was removed
and the last traces of ethanol removed with a P2 Gilson. The precipitated nucleic acids
were resuspended in 20 |il of RPA Hybridisation buffer (see Appendix A). Each
solution was vortexed for 10 seconds, and denatured at 90°C for 5 minutes. Following
another vortexing step for 5 seconds, the samples were pulse-centrifuged and incubated
at 42°C overnight in a hybridisation oven.

A 1:100 dilution of RNAse A/Tl mix was prepared in RNAse dilution buffer, and
200 p.1 added to each tube, to degrade unhybridised single-stranded RNA, except in the
case of one of the yeast RNA controls, to which 200 (ll of RNAse dilution buffer was
added. Each solution was vortexed and incubated at 37 °C in a hybridisation oven for 30

230 Chapter 8: Methodology.



minutes. To each reaction, 300 |ll of inactivation/precipitation buffer was added, the
samples vortexed and incubated at -80°C for 1 hour.

After a centrifiigation step at 13 000 rpm for 30 minutes at 4°C, to recover the
precipitated nucleic acids, the pellet was washed with 85% ethanol as before, the
remaining traces of ethanol being removed by use of a P2 Gilson. Nucleic acids were

resuspended in 8 |il of loading buffer (same buffer as for gel purification of IVT RNA
probes, see Appendix A).

For the probe only control (yeast RNA + probe, no RNAse), l/20th of this was

transferred to a fresh tube and diluted to 8 pi with loading buffer. All samples were

vortexed for 5 seconds, denatured at 90°C for 5 minutes, vortexed again, pulse
centrifuged and placed on ice. The entire contents of each tube was loaded onto a 5%
polyacrylamide/8 M urea gel (sequencing apparatus size), and the RNA electrophoresed
at 1700 V at 45°C until the bromophenol blue dye reached the bottom of the gel.

The gel was dried as previously discussed and exposed to autoradiography film for
the appropriate length of time.

8.20 AUTORADIOGRAPHY.

Dried gels containing 35S or 33P were exposed to Dupont Cronex film (Tech
Photosystems, Lanarkshire, UK) or Kodak Biomax MR film (Sigma, Dorset, UK) at
room temperature. Dried gels, or Nylon membranes, containing 32P were exposed to

Dupont Cronex film or Kodak Biomax MS film (Sigma, Dorset, UK) at -80°C with
standard intensifying screens. When using Biomax MS film, the appropriate Biomax
MS enhancing screen was used.

Exposure times varied depending on strength of signal and all films were developed
using an X-OGraph Compact X2 autoradiographic film developing machine.

8.21 PHOSPHORIMAGER QUANTITATION.

To quantitate hybridised radiolabeled nucleic acid after Northern, Southern or RPA
analysis, blots were exposed to Phosphorimaging storage screens for the appropriate
length of time, typically overnight to several days. To quantify signal intensity, the
scanned phosphorimage was analysed using the ImageQuant software package
(Molecular Dynamics, Buckinghamshire, UK). A box was drawn around the entire
region of the strongest signal on any blot. This box was used to calculate background
signal from various positions around the blot, typically 10 to 15 positions. The same

box was then used to quantitate each specific signal separately. In addition to this, a

grid ofboxes was drawn, covering the target signal in each lane.
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After quantitation of target signal, this grid was used on a clear section of the blot,
directly underneath or above, the target signal to obtain background readings. The final
quantitation values between test and control typically were invariant, regardless of the
method used.

Figures were normalised for loading variation by correcting for a known control, for
example 18S rRNA in the case of Northern analysis. All values were expressed as

arbitrary phosphorimager units, corrected for loading.

8.22 POLYMERASE CHAIN REACTION (PCR) METHODS.

8.22.1 Differential Display RT-PCR (DDRT-PCR).

8.22.1.1 Synthesis Of First-Strand cDNA.
All reverse-transcriptase mediated first-strand cDNA synthesis was performed using

total RNA extracted from murine brains, stored as ethanolic precipitates as previously
described. Following centrifugation (13 000 rpm, 25 minutes, 4°C) of a volume
containing approximately 8 jig RNA, the pellet was washed with 85% ethanol, dried at
45°C for 2 minutes and resuspended in 7 jil of RNAse-ffee water. A small portion (2
jil) of each sample was used for spectrophotometric quantitation (an average of three
readings were taken) and 5 jig total RNA (in 5 jil volume) was used to synthesise first-
strand cDNA (First-strand cDNA synthesis kit; Amersham Pharmacia Biotech,
Hertfordshire, UK). Reactions contained 1 jil DTT (200 mM), 5 jil of bulk first-strand
mix (containing Moloney Murine Leukemia Virus reverse transcriptase) and 4 jil of
either d(T)12MA, d(T)12MG, d(T)12MC, d(T)12MT primer (24 |lM; M = A, G or C).
Reactions were mixed and incubated at 37°C for 1 hour and heated to 95°C for 10

minutes to inactivate reverse-transcriptase.
Reactions were then dispensed into 1 jil aliquots in 0.5 ml eppendorf tubes and

stored at -20°C.

8.22.1.2 Differential Display PCR.
For Differential Display PCR reactions, 1 jil of aliquoted cDNA was diluted to 133

jil with water and 10 jil of this solution was used for each display PCR (equivalent to
the amount of cDNA produced from 25 ng RNA). To each 10 jil of cDNA on ice, 2 jil
of arbitrary 10-mer primer (5 |lM) was added and the solution overlaid with 30 |ll
mineral oil (Sigma, Dorset, UK). Master mix (8 |il) containing 2 jil 10X PCR buffer
(see Appendix A; Boehringer Mannheim, East Sussex, UK), 2 jil dNTPs (20 jiM;
Amersham Pharmacia Biotech, Hertfordshire, UK), 0.3 jil Taq polymerase (1.5U,
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Boehringer Mannheim, East Sussex, UK), 2 pi of (dT)12MN (25 pM), lul a35S dATP
and 0.7 (ll dH20 was added to each tube. Tubes were centrifuged briefly and incubated
in a Biometra Unoblock PCR machine at 94°C (2minutes), followed by 40 cycles of
94°C denaturation (30 seconds), 40°C annealing (2 minutes) and 72°C extension (30
seconds), followed by a final extension step at 72°C for 5 minutes. Type III loading
dye (4 pi) was added to each tube and 8 pi of each sample loaded onto a 6% non-

denaturing polyacrylamide or HR-1000 GenomyxLR polyacrylamide gel (Beckman
Instruments Ltd, Buckinghamshire, UK), using standard sequencing gel sized (BaseAce,
Stratagene, Cambridge, UK) or GenomyxLR electrophoresis equipment. Samples were
run for 2 hours 15 minutes at 2 700V (50°C) on a GenomyxLR DNA analyser
(Beckman Instruments Ltd, Bucks, UK) or 18 hours at room temperature on BaseAce
apparatus (Stratagene, Cambridgeshire, UK). The gels were transferred to 3MM
blotting paper, dried and subjected to autoradiography as previously described.

The sequence identity of all arbitrary and anchored oligonucleotides used for the
DDRT-PCR analysis are listed in Appendix B.

Appendix C serves as a guide to the DDRT-PCR gel identity and band profiles for
all primer combinations used in the analysis.

8.22.1.3 Recovery Of cDNA From Dried Polyacrylamide Gels.
Gel regions corresponding to bands representing candidate cDNAs were excised

using sterile scalpels and transferred to sterile 0.5 ml eppendorf tubes. Glogos™
autoradiograph markers (Stratagene, Cambridgeshire, UK) were used to align the gel
with the autoradiograph and identical regions were excised from test and control lanes
(eg. Prn-p+l+ and Prn-p'1'). The gel fragments were rehydrated by incubation at room
temperature for 15 minutes in 100 (0.1 water, and cDNA eluted at 99°C for 15 minutes
before transfer of the liquid phase to fresh 0.5 ml tubes. cDNA was precipitated by the
addition of 1 pi See-DNA (Amersham Pharmacia Biotech, Buckinghamshire, UK), 2.5
volumes ethanol, 0.1 volumes of3M sodium acetate (pH 5.2) and stored on dry ice for
1 hour. Following centrifugation (13 000 rpm, 25 minutes, 4°C) and washing with 85%
ethanol the pellet was resuspended in 4 pi ofwater.

8.22.1.4 Modified Single-Strand Conformation Polymorphism (mSSCP).
For the mSSCP-PCR reaction 4 pi 10X PCR buffer (Boehringer Mannheim, East

Sussex, UK), 3.2 pi dNTPs (2.5mM dGTP, dCTP, dTTP; 0.025 mM dATP; Pharmacia
Biotech, Hertfordshire, UK), 2.5 pi anchored primer (20 pM), 2.5 pi arbitrary primer
(20 pM), 0.3 pi Taq polymerase (1.5U; Boehringer Mannheim, East Sussex, UK) and
0.5 pi [33P]a-dATP was added to the DNA and the reaction volume adjusted to 40 pi
with water. PCR conditions were similar to those used for display-PCR, with the
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exception that only 5 cycles were performed. After removing the mineral oil, PCR
products were purified by P:C:I extraction as previously described and precipitated for 1
hour on dry ice as described above. Pellets were washed, resuspended in 8 pi of
mSSCP loading buffer (see Appendix A) and denatured at 95°C for 10 minutes prior to
loading onto a 0.5X MDE gel (Flowgen, Staffs, UK), cast using the GenomyxLR
system. Samples were electrophoresed typically for 18 hrs at 8 W (25°C) in 0.6X TBE
buffer. Following autoradiography, areas of the gel corresponding to candidate cDNAs
were excised, cDNA eluted and precipitated as previously described.

8.22.1.5 PCR Re-amplification OfmSSCP-Purified Candidate cDNAs.
A final reamplification of the recovered cDNA was performed using the same

arbitrary and anchored primers that were used in the initial DDRT-PCR and mSSCP
analyses. Two reamplification procedures were utilised during the course of this
project. Initially, PCR was performed using cycling conditions identical to those used
for differential display PCR. Reactions contained 4 pi mSSCP purified cDNA, 4 pi
10X buffer, 3.2 pi dNTPs (10 mM each dATP, dCTP, dTTP, dGTP), 2.5 pi anchored
primer (20 pM), 2.5 pi arbitrary primer (20 pM) and 0.5 pi Taq polymerase
(Boehringer Mannheim, East Sussex, UK) in a 40 pi volume. PCR products were

purified and cloned using the pGEM-Teasy T/A cloning system (Promega,
Southampton, UK).

Predominantly, an alternative re-amplification step was used, whereby a number of
alterations were made to the initial procedure. For both the anchored and arbitrary
primers, oligonucleotides were synthesised with additional 5' Eco RI restriction sites to
aid cloning (herein referred to as extended primers). Also, only one anchored
oligonucleotide was used to cover d(T)12 MA, GA, CA or TA. A full listing of
oligonucleotides used is provided in Appendix B. The reaction contained 4 pi mSSCP
purified cDNA, 4 pi 10X buffer, 3.2 pi dNTPs (10 mM each dATP, dCTP, dTTP,
dGTP), 2.5 pi each extended primer (20 pM), and 0.5 pi Taq polymerase (Boehringer
Mannheim, East Sussex, UK) in a 40 pi volume. Cycling conditions were as followed:-
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94°C

94°C

40°C

72°C

94°C

58°C

72°C

72°C

4°C

2 minutes

30 seconds

2 minutes — 1 cycle.
30 seconds _

30 seconds

1 minute — 5 - 20 cycles.
30 seconds

5 minutes

Hold.

PCR products were subjected to .EcoRI restriction endonuclease digestion, prior to
purification and cloning into the EcoRA site of pBluescript SKII+ or KSII+ (Stratagene,
Cambridgeshire, UK).

8.22.2 Gene Specific PCR.

Standard PCR amplification of specific DNA fragments was performed using Taq
thermostable DNA polymerase purchased from Boehringer Mannheim (East Sussex,
UK), and dNTPs purchased from either Amersham Pharmacia Biotech (Hertfordshire,
UK), or Biogene (Bedfordshire, UK). Sequence information for all oligonucleotides
used during this project is listed in Appendix B. All PCR reactions were performed on

either a Biometra Uno- or Trio-block. Unless otherwise stated, all PCR reactions were

set up as followed:-

Typically, a master mix containing all the above reagents was prepared, on ice, and
an appropriate volume added to 0.5 ml eppendorf tubes containing DNA template
overlaid with approximately 30 |il ofmineral oil. Tubes were kept on ice at all times.
Following pulse-centrifugation, the tubes were transferred to a thermal cycler, preheated
to 95°C. Unless otherwise stated, all gene-specific PCR amplification reactions were

performed using the following cycling conditions :-

DNA template*1
10X PCR buffer*2

dNTPs (10 mM)'3
Forward Primer (20 pM)
Reverse Primer (20 pM)
Taq DNA Polymerase (5 U/pl)

x pi
4.0 pi
3.2 pi
2.5 pi
2.5 pi
0.3 pi

Water to final volume of 40.0 pi
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95°C

95°C

x°c *4

72°C

72°C

4°C

2 minutes

30 seconds

30 seconds — 40 cycles.
30 seconds

5 minutes

Hold.

When multiplex PCR experiments were performed, the conditions were identical to
those described above, with the addition of additional forward and reverse primers for
the second target sequence, the water dilution being adjusted accordingly.

Typically, 5 pi of the completed PCR reaction was anyalysed by standard agarose

gel electrophoresis and, if required for cloning or use as a probe, the remainder was
purified by either P:C:I extraction and ethanol precipitation, or by use of PCR
Purification columns (Qiagen, West Sussex, UK).

8.22.3 3' Rapid Amplification Of cDNA Ends (3' RACE).
Total RNA was prepared for first-strand cDNA synthesis in the as described in

section 8.22.1.1. First-strand cDNA was also synthesised in the way as described in
this section, with the exception that 0.2 pg of a Not I-d(T)18 oligonucleotide was used as
the 3' primer. For first round amplification, 1 pi of first-strand cDNA was used as a

template in PCR reactions, using a 3' oligonucleotide specific to the Not I sequence of
the cDNA synthesis primer and a 5' oligonucleotide specific to the transcript of interest.
To enrich for the sequence of interest, nested PCR was subsequently performed. In the
second round of PCR, 1 pi of first-round PCR product was used as a template, using
the same Not I oligonucleotide in combination with a gene-specific 5' oligonucleotide,
located 3' to the position of the oligonucleotide utilised in the first-round PCR.

1
Volume used depended on concentration of nucleic acid. Typically, for PCR amplification from
genomic DNA and plasmid DNA, 50 ng and 1 ng respectively was used.

2
See Appendix A.

3
10 mM dNTP stocks contained 2.5 mM each of dATP, dCTP, dGTP and dTTP.

*4
Annealing temperatures varied depending on the Tm of each oligonucleotide used, and were always
optimised prior to experimental use.
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8.23 WHOLE-MOUNT INSITUHYBRIDISATION.

The whole-mount ISH procedure was adapted from Wilkinson (1992).

8.23.1 Pre-Treatments OfEmbryos.

Embryos were dissected from the uterus, in Ca2+/Mg2+-free PBS (see Appendix A;
ICN Biomedicals Inc., Ohio, USA) removing extra-embryonic membranes and opening
the neural tube and heart by piercing with a syringe needle to avoid trapping of reagents
in the later stages of the procedure. In 2 ml eppendorf tubes, the embryos were fixed in
2 ml of 4% Paraformaldehyde/2mM EGTA (see Appendix A) overnight at 4°C. The
following day, the embryos were rinsed in 5 ml of ice-cold PBT (see appendix A) and
dehydrated by washing for 20 minutes each at room temperature in 5 ml each of 25%,
50% and 75% methanol in PBT (see Appendix A), and subsequently washed with 5 ml
of 100% methanol at room temperature for 20 minutes each. The embryos were stored
at -20°C in 100% methanol until required.

8.23.2 Preparation OfEmbryo Powder.

Embryos from the same stages of development as those under analysis were

dissected, flash frozen in liquid nitrogen and stored at -80°C. They were subsequently
homogenised, in a minimal volume of ice-cold Ca2+/Mg2+-ffee PBS. Four volumes of
ice-cold acetone was added, the contents of the tube mixed and incubated on ice for 30
minutes. After centrifugation at 13 000 rpm for 30 minutes at 4°C, the supernatant was

removed, the pellet washed with ice-cold acetone, and the supernatant removed. The
pellet was spread out onto a sheet of 3MM paper, air dried, ground into a fine powder,
and stored at 4°C until required.

8.23.3 Synthesis OfDigoxygenin-Labelled RNA Probes.

Plasmid DNA containing cloned DNA was prepared for in vitro transcription as

previously described. Using a DIG-labelling RNA synthesis kit (Boehringer
Mannheim, East Sussex, UK), the transcription reaction was set up as followed:-

Linearised Plasmid DNA 0.5-1.0 (j,g
1OX Transcription buffer (see Appendix A) 2.0 |al
DIG-labelling mix*5 2.0 jal
RNase Inhibitor (12.5 U/|il) 1.0 jal
T7/T3 RNA Polymerase (20 U/jil) 2.0 ql
Water To 20 (ll.
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The transcription reagents were mixed and incubated for 2 hours at 37°C. To
degrade template DNA, the reaction was denatured at 95 °C for 5 minutes, placed on ice
and 1 jixl of RNase-ffee DNase added. The reaction was incubated at 37°C for 15
minutes and 2 pi aliquoted for analysis by agarose gel electrophoresis. To the
remainder, 100 pi of TE (see Appendix A), 10 pi 4M Lithium Chloride and 300 pi
ethanol was added, the solution mixed by vortexing and incubated at -20°C for 30
minutes. To recover the DIG-labelled RNA, the sample was centrifiiged at 13 000 rpm

for 20 minutes at 4°C, the pellet washed twice with 70% ethanol and the pellet air dried
on ice for approximately 5 minutes. The RNA was resuspended in 50 pi water.

To partially hydrolyse the RNA (to reduce to recommended size) the pH of the
solution was adjusted to 10.2 by the addition of 30 pi 0.2M Na2C03 and 20 pi 0.2M
NaHC03, the solution mixed and incubated at 60°C for an appropriate length of time
(/):-

t = (starting length, Kb) - (desired length, Kb)
(0.1 l)(starting length, Kb)(desired length, Kb)

Hydrolysis of the RNA was stopped by the addition of 3 pi 3M Sodium acetate

(pH 6) and 5 pi of 10% Glacial acetic acid. To precipitate the RNA, 320 pi of ethanol
was added, the solution mixed by vortexing and incubated at -20°C for 1 hour to

overnight. To recover the hydrolysed DIG-labelled RNA, samples were centrifuged at
13 000 rpm for 20 minutes at 4°C, the pellet washed twice with 70% ethanol and air
dried on ice for 5 minutes. Assuming a yield of 8 to 10 pg RNA per pg template DNA,
the RNA was resuspended in TE to a concentration of 1 pg/pl. Absolute concentration
was subsequently determined by spectrophotometric quantitation and ISH
Hybridisation buffer (see Appendix A) added to dilute the probe to a final concentration
of 0.1 pg/pl, and stored at -20°C. In order to assess the quality of hydrolysed DIG-
labelled RNA, approximately 0.5 pg was aliquoted for analysis by agarose gel
electrophoresis.

8.23.4 Preabsorption Of q-DIG Alkaline Phosphatase-Linked Antibody.

Prior to the use of the a a-DIG AP-linked antibody in whole-mount ISH
experiments, it was necessary to pre-absorb the antibody with the embryo powder
prepared from embryos of the same stages of development as those being studied by
ISH. The following protocol was used to pre-absorb antibody sufficient for 4 ml of
detection solution. The procedure was scaled up as required for larger volumes.

*5NTPs = 10 mM each, except 3.5 mM DIG-UTP, 6.5 mM UTP.
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To 8 mg of embryo powder in a 1.5 ml eppendorf, 500 (Lil of IX TBST (see
Appendix A) was added, the solution vortexed for 20 seconds, heated to 70°C for 30
minutes and re-vortexed for 20 seconds. Following centrifugation at 3 000 rpm for 1
minute, the supernatant was removed and the loose pellet washed five times with 500 pi
of KTBT (see Appendix A), centrifuging at 3 000 rpm for 1 minute after each wash.
The pellet was resuspended in 400 pi of ISH blocking buffer (see Appendix A) and the
tube incubated at room temperature for 10 minutes. To the 400 pi of embryo
powder/ISH blocking buffer mix, 1.6 pi of a-DIG HRP-linked antibody (Boehringer
Mannheim, East Sussex, UK) was added and the tube incubated for 30 minutes at room

temperature on a shaker tray. Following centrifugation at 13 000 rpm for 3 minutes, the
supernatant was transferred to a 15 ml tube and diluted to 4 ml with ISH blocking
buffer and stored at 4°C. The 1.6 pi of antibody in 4 ml of ISH blocking buffer equated
to a 1:2500 working dilution.

8.23.5 Assessment OfQuality Of DIG-Labelled RNA Probe.
In order to ensure the quality of the DIG-labelled RNA probe prior to commencing

with the whole-mount ISH procedure, 1 p,g of RNA was denatured at 95°C for 2
minutes, electrophoresed through a standard 1% agarose gel and transferred to Hybond-
N overnight as described for Northern blotting. The membrane was placed in a small
glass staining chamber, 10 ml ISH blocking buffer added and incubated at 4°C for 3
hours. The ISH blocking buffer was removed and replaced with 4 ml of fresh blocking
buffer, containing a 1:2500 dilution of pre-absorbed a-DIG HRP-linked antibody (see
section 2.21.5). This incubation step was performed overnight at 4°C on a shaker tray.
The following day, the blocking solution was removed and the membrane washed three
times with 10 ml of IX TBST at room temperature, followed by a further three washes
with IX TBST for 20 minutes each at room temperature. The membrane was

subsequently washed twice in NTMT (see Appendix A) at room temperature for 10
minutes each.

For detection of antibody by colour reaction, 10.5 pi of a 50 mg/ml stock of 5-
Bromo-4-Chloro-3-Indolyl Phosphate (BCIP) (Sigma, Dorset, UK; see Appendix A)
and 13.5 pi of a 75 mg/ml stock of Nitroblue Tetrazolium salt (NBT) (Sigma, Dorset,
UK; see Appendix A) was added to 4.5 ml of NTMT, mixed by inversion and poured
over the membrane in the glass staining chamber. Once the colour developing solution
had been added, the entire chamber was protected from light by covering with an

inverted sandwich tray, covered in aluminium foil. The chamber was incubated at room

temperature on a shaker tray and checked approximately every 2-3 minutes for the
development of colour. Once the colour reaction was complete, the developing solution
was poured off and the membrane rinsed in IX TBST.
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8.23.6 Hybridisation Of Embryos With DIG-Labelled RNA Probes.
All steps during this procedure were performed in 2 ml tubes. Tubes were

approximately 90% filled with solution and placed on their side on a shaking tray for
gentle agitation. When replacing solutions, the embryos were allowed to settle to the
bottom of the tubes and sufficient solution left remaining in the tube at all times, to
ensure that the embryos were always covered.

The embryos were rehydrated through 75%, 50% and 25% methanol (in PBT) for
10 minutes each and subsequently washed twice with PBT. In order to aid penetration
ofprobe through embryo tissue, nuclease-free Proteinase K (Gibco BRL, Paisley, UK)
was diluted in PTW to a concentration of 10 jig/ml. The embryos were incubated in the
Proteinase K solution for 10, 15, 20 minutes for E8.5, E9.5, El0.5 embryos respectively
(David Wilkinson, personal communication). This step was not performed on a shaker
tray due to the fragility of the embryos. Instead, the tubes were gently swirled every 2-3
minutes. Following Proteinase K digestion, the embryos were washed twice for 5
minutes in PBT for 5 minutes each. To re-fix the embryos, a solution of fresh 0.2%
gluteraldehyde/4% paraformaldehyde (in PBT) was added for 20 minutes.

After washing three times for 5 minutes each in PBT, 1.9 ml of ISH hybridisation
solution (see Appendix A) was added, the embryos transferred to fresh 2 ml eppendorf
tubes (for sense and antisense probing) and allowed to sink. The hybridisation solution
was replaced with 1.6 ml of fresh hybridisation mix, and the embryos placed in a heater
block (turned on its side and placed on shaker tray for gentle agitation) and pre-

hybridised at 63°C overnight. Following heat-denaturation of 1 jug of DIG-labelled
RNA probe (for each hybridisation) at 65 °C for 10 minutes, 0.4 ml of pre-heated
hybridisation solution was added. The riboprobe mix was subsequently added to the
pre-hybridised embryos following removal of 0.4 ml of pre-hybridisation mix, such that
the final concentration of RNA probe was 0.5 (ig/ml, and hybridisation was performed
overnight at 63 °C.

8.23.7 Post-Hybridisation Washes And Incubation With q-DIG-AP

Antibody.
All steps during this procedure were performed with approximately 1.9 ml of

solution, in 2 ml eppendorf tubes placed in heater block. All solutions were pre-warmed
to the required temperature.

The embryos were washed three times with Washing Solution 1 (see Appendix A),
containing 25% formamide for 10 minutes at 63°C, Washing Solution 1 for 20 minutes
at 63°C, then with Washing Solution 2 (See Appendix A) three times for 20 minutes
each at 63°C. The embryos were subsequently washed twice for 10 minutes each with
PBT (see Appendix A) at room temperature. The embryos were pre-blocked by
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incubating with a 10% solution of sheep serum (Gibco BRL, Paisley, UK), heated to
56°C for 30 minutes before use to inactivate endogenous phosphatases, in PBT, for 3
hours. The pre-blocking solution was removed and replaced with pre-absorbed
antibody in ISH blocking solution (see section 8.21.5), at a dilution of 1:2500.

The DIG detection step was performed overnight at 4°C on a shaking tray.

8.23.8 Post-Antibody Washes And Immunohistochemistry.
All washing steps during this section of the ISH procedure were performed with 2

ml of solutions, in 2 ml eppendorf tubes and shaken gently on a shaking tray. The
colour reaction reagents contained Levamisole (Sigma, Dorset, UK), to inhibit
endogenous phosphatases, to a final concentration of 1 mM.

The embryos were washed at room temperature three times for 5 minutes each with
PBT, five times for 1 hour each with PBT and then overnight at 4°C. Following two
washes for 15 minutes each in NTMT, the embryos were transferred to watch glasses
and incubated with 1ml of NTMT, containing 4.5 pi of NBT and 3.5 pi BCIP. After
addition of the colour developing reagents, the embryos were protected from light by
covering with an inverted sandwich tray, wrapped in aluminium foil. The colour
developing step was performed with gentle agitation on a shaking tray, and the embryos
checked approximately every 5 minutes for the development of colour. Once a strong

signal was observed, the embryos were washed several times with PBT and fixed in 4%
paraformaldehyde (in PBS) for 2 hours at room temperature and stored in PBS at 4°C.

8.23.9 Photography Of Embryos.
In order to photograph the embryos, 0.8% agarose was prepared, poured into petri

dishes and allowed to set. Small troughs (approximately 2-3 mm) were subsequently
cut from the agarose to allow easier positioning of the embryos. All photography was

performed using darkfield microscopy and Kodak 64T ASA Ektachrome film.

8.24 DIFFERENTIAL CENTRIFUGATION

8.24.1 Animal Cell Culture.

Three 75 cm3 tissue culture flasks (Corning Costar, Buckinghamshire, UK) were

seeded with N2a neuroblastoma cells and grown to approximately 75% confluence in
Dulbecco's Modified Eagle's Medium (DMEM) medium supplemented with 10%
foetal calf serum, at 37°C/5% C02. The medium was discarded, replaced with 5 ml of a
0.20 pm filter-sterilised 1 mM EDTA/0.25% Trypsin (Gibco BRL, Paisley, UK)
solution in Ca2+/Mg2+-free PBS, and incubated at room temperature for approximately
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5 minutes. After discarding the trypsin, 10 ml of Ca2+/Mg2+-free PBS was added and
the flask gently tapped to aid dissociation of the cells, which were subsequently
transferred to a 15 ml polypropylene tube. A second addition of Ca27Mg2+-ffee PBS
ensured complete recovery of the cells, which were also transferred to a 15 ml
polypropylene tube. After a 5 minute centrifugation step at 2 500 rpm, the cells were

washed in 10 ml Ca2+/Mg2+-firee PBS and the centrifugation step repeated. After
removal of the PBS, the weight of the cells was determined and the cell pellet
resuspended in Ca2+/Mg2+-ffee PBS to a concentration of 100 mg/ml.

8.24.2 Isolation Of Intact Cellular Organelles.

To isolate intact cellular organelles, two separate protocols were utilised. The first to
be utilised was a recently published protocol (Bronfman et al, 1998), based on the
original description by DeDuve et al (1955). This protocol allowed the isolation of
intact cellular organelles using a standard benchtop refrigerated microfuge. Unless
otherwise stated, all following centrifugation steps were performed in a benchtop
microfuge at 14 OOOg (12 200 rpm in IEC Micromax RF refrigerated benchtop
microfuge) at 4°C, and all procedures carried out on ice.

A fraction of untreated cells were kept back and designated the crude cellular
fraction. The cell suspension was transferred to 1.5 ml eppendorf tubes in 1 ml aliquots
and centrifuged for 20 seconds. The supernatant was removed and discarded, and the
cell pellet resuspended in 1 ml ofBuffer A (see Appendix A), containing 1 mg/ml
Digitonin (BDH, Dorset, UK). The addition of digitonin results in the solubilisation of
cellular receptors and other membrane-bound proteins, and the release of cytosolic
proteins, as indicated by the cytosolic marker lactate dehydrogenase (Bronfman et al,
1998). After centrifugation for 20 seconds, the supernatant was collected and labelled
the C-fraction. The pellet was resuspended in 0.5 ml ofBuffer A and transferred to a 7
ml Dounce homogeniser. After ten passes of the homogeniser, the pestle was washed
with 0.5 ml of Buffer A, combined with the homogenate and transferred to a 1.5 ml
eppendorf tube, which was subsequently centrifuged for 3 seconds. The supernatant
was collected, the pellet resuspended in 0.4 ml of Buffer A, centrifuged for 2 seconds
and the supernatants combined. The pellet (Nuclear (N)-fraction) was resuspended in
0.3 ml of PBS.

The combined supernatants, designated the Cell extract (E) fraction was further
fractionated into the classical Heavy Mitochondrial (M), Light Mitochondrial (L),
Microsomal (P) and Final Supernatant (S) fractions according to DeDuve et al (1955),
with minormodifications.

The combined supematants were centrifuged for 1 minute 20 seconds to separate
the M-fraction and L, P, S fractions. The supernatant (L, P, S fraction) was retained and
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the pellet was washed once with 0.5 ml of Buffer A, resuspended in 0.3 ml of PBS and
designated the M-fraction. To obtain the light mitochondrial (L) fraction, the retained 1,
P, S supernatant was centrifuged for 15 minutes. The supernatant (P, S fraction) was

retained and the pellet was washed once with 0.3 ml ofBuffer A and resuspended in 0.3
ml of PBS. The microsomal (P) and final supernatant (S) fractions were subsequently
obtained by centrifuging the retained P, S supernatant for 1 hour. The pellet (P-
fraction) was resuspended in 0.3 ml of PBS and the supernatant (S-fraction) was

retained.

The second protocol to be utilised was similar in concept to the classical procedures
for differential centrifugation, and was performed exactly as described (Bimie et al,
1972). All centrifugation steps were performed at 4°C. N2a cells were harvested and
washed in the same way as described above and resuspended in 1 ml of 0.25 M
sucrose. The cells were transferred to a 7 ml Dounce homogeniser and homogenised
by approximately 20 passes of the pestle. The pestle was washed with 1 ml of 0.25 M
sucrose and combined with the homogenate. To pellet nuclei and unbroken cells, the
homogenate was centrifuged at 600 g for 10 minutes. The pellet (designated fraction 1)
was resuspended in 0.3 ml PBS and the supernatant centrifiiged at 15 000 g for 5
minutes to obtain mitochondria, lysosomes and microbodies (designated fraction 2).
Fraction 2 was resuspended in 0.3 ml of PBS and the supernatant centrifuged at
100 000 g for 1 hour to pellet microsomes (ribosomes, endoplasmic reticulum;
designated fraction 3). Fraction 3 was resuspended in 0.3 ml of PBS and the
supernatant (containing soluble and cytoplasmic proteins) was retained (designated
fraction 4).

To the remainder of each fraction, NP-40 (Sigma, Dorset, UK) and sodium
deoxycholate (Sigma, Dorset, UK) was added to final concentrations of 0.5%. An
aliquot from each fraction prepared by both methods was retained for protein
concentration determination as previously described in section 2.15.2. Some fractions
required firstly passing several times through a small-bore syringe tip to reduce
consistency due to DNA aggregation (eg. in crude and nuclear fractions). An equal
volume ofProtein loading buffer (see Appendix A) was added and electrophoresis and
subsequent detection of target protein performed as previously described in sections
8.12.1.4 and 8.17.

8.25 CYTOCHROME C OXIDASE HISTOCHEMISTRY.

Protocol provided by James Ironside, CJD Surveillance Unit, Edinburgh. Based on

Seligman et al., (1968).
For Cytochrome C oxidase histochemistry, all mouse tissues were quickly dissected,

placed in a 2 ml eppendorf tube, flash frozen in liquid nitrogen and stored at -80°C. The
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tissues were carefully mounted in OCT (BDH, Dorset, UK) and sectioned in a cryostat
at a thickness of 10 microns. Sectioned tissues were prepared on superfrost-plus glass
slides (BDH, Dorset, UK), placed in a sealed container with desiccant and stored at -
80°C. Before use, the container was brought to room temperature and excess liquid
dried off.

To each slide, approximately 300 |il of cytochrome c oxidase incubation medium
was added (and negative control medium to sections from each tissue) and the slides
were incubated in a humidifying chamber at 37°C for 1 hour. After rinsing in distilled
water, sections were fixed in formal calcium for 15 minutes, and then dehydrated
through graded ethanols (50%, 75%, 100% in PBS) for approximately 20 seconds each
with an additional 20 second 100% ethanol step. For brain sections, haematoxylin
counterstaining was performed prior to dehydrating in graded ethanols. The ethanol
was poured off and the sections rinsed in Histoclear™ (National Diagnostics Ltd.,
Scotland, UK). Sections were kept immersed in Histoclear™ until ready for mounting
in DPX. After mounting in DPX, the sections were carefully covered with a glass
coverslip and the DPX allowed to dry overnight.

Sections were counterstained in haematoxylin (See Appendix A) for 5 minutes and
subsequently rinsed in distilled water for 5 minutes prior to dehydration, clearing and
mounting in DPX as described in section 2.25.

8.26 BIOINFORMATICS.

All sequence data was checked against non-redundant GENBANK/EMBL protein
and nucleotide databases, using either the GCG (Genetics Computer Group, 1994), or
NCBI World-Wide Web*6 implementations of the BLAST algorithm (Altschul, 1990).
Sequences were also searched against the GENBANK/EMBL expressed sequence tags

(EST) databases. In the event of a significant similarity to a mouse EST being observed,
an I.M.A.G.E. clone (Lennon, 1996) containing the relevant EST was obtained from the
Human Genome Mapping (HGMP) Resource Centre, Cambridge*7. The I.M.A.G.E.
clones were then partially or fully sequenced in both directions and the resulting
sequence re-checked against the databases to confirm their identity.

All nucleic acid sequence manipulations were performed using GCG and All
computer-assisted oligonucleotide primer design was performed using the Primer 3
program*8, via the World Wide Web.

6
<http://www.ncbi.nlm.nih.gov/BLAST/>

*7
<http://www.hgmp.mrc.ac.uk/Biology/descriptions/image.html>

*8
<http://www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi>
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8.27 SPECIFIC METHODOLOGY FOR CHAPTER 2.

8.27.1 Mouse Strains.

Primarily, two separate strains of inbred mice were used as a source of tissue for
this study; 129/Ola and C57BL. For all Northern and RPA analyses of RNA, NPU
Prn-p+/+ and Prn-p'1' mice (129/Ola) were used. Postnatal day (P) 0, P10, P20 and P42
brains were collected and pooled from 6 animals of mixed sex. Adult tissues were

collected and pooled from 2 male Prn-p+l+ and Prn-p'1' mice at 6 weeks of age. Murine
embryos collected for RT-PCR andWM-ISH experiments, were of the C57BL strain.

8.27.2 Collection Of Tissues And Embryos.

Mice were sacrificed humanely by cervical dislocation and subsequently sprayed
with 70% ethanol. Dissection of tissues and embryos was performed using sterile
instruments and, in the case of tissues, were transferred individually to sterile labelled 15
ml plastic tubes, immediately flash-frozen in liquid nitrogen and stored at -80°C until
required. For dissection of embryos, the uterus was removed and placed in a Sterilin
petri dish containing PBS. Each placenta was dissected separately and the embryos
transferred to a fresh dish containing PBS for dissection.

8.27.3 Southern Blot Analysis Of Tail Genomic DNA.
Genomic DNA was isolated and screened by diagnostic Southern blotting to ensure

the identification of Prn-p+ + and Prn-p'1' genotypes. High molecular weight genomic
DNA was isolated from tail biopsies as outlined in section 8.14.1. The concentration of
each DNA sample was determined spectrophotometrically and 5 pg was incubated with
50 U of BarnUl restriction enzyme for approximately 5 hours. Following size
fractionation by electrophoresis through 0.8% agarose and Southern transfer to

Hybond-N® nylon membrane the blot was hybridised (as described in section 8.18.4)
with a 1.7 Kb Xbal fragment located 3' to the end of PrP exon 3. This probe was

derived from an 8.5 Kb BamYLl PrP genomic clone (pBSPrP8.5; kindly provided by
Herbert Baybutt, Neuropathogensis Unit). The position of this probe relative to the PrP
gene and corresponding diagnostic restriction sites and the resulting banding pattern by
Southern analysis is illustrated in Figure 8.4.

This Southern blot method of genotyping tail genomic DNA was utilised
throughout the course of the project, prior to the extraction of nucleic acids from tissues
of 129/Ola Prn-p+/+ and Prn-p'1' mice.
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Figure 8.4: Diagnostic genotyping of Prn-p+l+ and Prn-p " tail DNA by
Southern analysis, (a) Genomic positions ofPrP probe and diagnostic restriction
sites for NPU 129/Ola Prn-p+l+ and Prn-p1' genotyping. (b) When used as a probe
to Southern blotted BamRl digested genomic DNA, the 1.7 Kb Xbal fragment
(hatched box) hybridises to an 8.5 Kb or 10.9 Kb fragment in Prn-p+,+ or Prn-p'
DNA respectively. K, Kpnl; MT, Metallothionein promoter; NEO, Neomycin
phospho transferase.

8.27.4 Ribonuclease Protection Assay (RPA).

RPA analysis of PrP and Neomycin mRNA expression in Prn-p+l+ and Prn-p'1'
developing postnatal brain was performed essentially as described in section 8.19, using
20 jig of total RNA and 1 X 106 cpm riboprobe for PrP and Neomycin protection and 2
jig total RNA and 10 X 106 cpm riboprobe for (3-actin protection. Template DNA
details and sizes of resulting in vitro transcribed PrP, Neomycin and p-actin riboprobes
are illustrated in Figure 8.5.
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Figure 8.5: Illustration of constructs used to in vitro transcribe RNA
probes for RPA analysis. Sense and antisense riboprobes were synthesised
from subcloned DNA fragments of (a) the 192bp Pvull to Tthl111 PrP ORF
and (b) the 279bp Tthl 1II to /i.v.vHII Neomycin ORF (b). (c) antisense (3-actin
riboprobe was synthesised from a comercially available DNA template
(Ambion). The restriction sites used to linearise the templates for a & b, the
RNA polymerases used to in vitro transcribe (IVT) each riboprobe, and the size
of the resulting transcript are indicated.
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For construction of the PrP template DNA, a 192 bp Pvull to Tth 11II fragment (of
PrP Exon 3 ORF) was excised from pBSPrP8.5 and blunt-end ligated into the Hindi
site of pBSM13(-). Linearisation with BamHl and transcription with T3 RNA
polymerase produces a 274 nt riboprobe, 192 nt ofwhich are antisense to PrP mRNA.
Linearisation with Xhol and transcription with T3 RNA polymerase produces a 284 nt

riboprobe, 192 nt ofwhich are in the same sense as PrP mRNA.
For construction of the Neomycin template DNA, a 279 bp TthWW to RssHII

fragment (corresponding to the Neomycin ORF) was excised from pCDNA (Invitrogen,
Netherlands) and blunt-end ligated into the Hincll site of pBSM13(-). Linearisation
with BamYll and transcription with T3 RNA polymerase produces a 361 nt riboprobe,
279 nt ofwhich are antisense to Neomycin mRNA.

The p-actin riboprobe was synthesised from pTRI-Actin (provided ready for
transcription Ambion, Texas, USA) using T3 RNA polymerase, producing a 300 nt

riboprobe, 250 nt ofwhich are antisense to mouse p-actin mRNA.

8.27.5 Northern Blot Analysis Of PrP RNA From Various Prn-p+/+
And Prn-p'1' Tissues.

Total RNA from various Prn-p+,+ and Prn-p'1' tissues was isolated as described in
section 8.14.2. Brain P0, P10, P20, P42 and adult tissue RNA samples were derived
from 'pools' of individual tissues from six and two mice respectively. Following size
fractionation of either 10 pg or 20 p.g RNA through denaturing formaldehyde 1.2%
agarose gels and subsequent transfer to Hybond-N® nylon membrane, the blot was

hybridised, as described in section 8.18.4 with a 930 bp Kpnl-EcoRl PrP exon 3 probe,
prepared from pBSPrP8.5, (see Figure 8.6).

KpnI EcoRl

1 ORF

Exon 3

Figure 8.6: Position of PrP Kpnl - EcoRl exon 3 probe. The DNA fragment
indicated, which included 930 bp of the PrP ORF and 3' UTR, was used as a
probe to PrP mRNA in Northern blotting experiments.
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8.27.6 Quantitation Of Hybridised Probe And Normalisation For RNA

Loading.

Signal intensities of all hybridised Northern blots (and RPAs) was determined using
Phosphorimager technology, as described in Section 8.21. To correct for variations in
RNA loading, (3-actin and 18S rRNA probes were used as controls in the case of RPA
and Northern analysis respectively. The P-actin riboprobe used in RPA analysis is
illustrated in Figure 8.5. Stripped Northern blots were re-probed with an excess of 18S
DNA probe (generated by PCR), the necessary concentration required for each blot
being calculated as discussed in 8.18.4.1. Target signal intensities were determined for
control probes by phosphorimaging and used to correct for variations in loading of
sample RNA. The highest value of pixel volume was given a Control quotient of 1.0,
and subsequent control volumes were given a quotient value relative to the highest
control volume, as shown in the following equation:-

Control quotient = Highest control pixel volume (18S/p-actin)
control pixel volume

The corrected sample volume (eg. PrP) was subsequently determined by multiplying the
sample pixel volume in question by the corresponding control quotient value.
The PCR conditions used for generation of 18S rDNA are outlined below:-

Genomic DNA 1.0 ng

10X PCR Buffer 4.0 |il
dNTPs (10 mM) 3.2 |il
18S rDNA forward (100 |iM) 0.5 |il
18S rDNA reverse (100 |lM) 0.5 |il
Taq. Pol. (5 U/|ll) 0.5 |il
Water to 40.0 |il.

94°C 2 minutes

94°C 5 seconds

56°C 5 seconds

72°C 15 seconds

72°C 5 minutes

4°C- hold.

8.27.7 PrP Exon 3 RT-PCR.

cDNA was reverse-transcribed from 5 |ig of DNAse-treated total RNA extracted
from embryos at E9, Ell, El 3, El 5 and El 7 stages of development, and from various
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adult tissues. Reactions were performed with or without reverse transcriptase, in a 15
pi reaction volume. Primers specific for PrP exon 3 were designed such that a 371 bp
DNA product was synthesised by PCR. Assuming a 1:1 ratio of RNA:cDNA
synthesis, 33 ng of cDNA was used for PrP exon 3 PCR, the conditions of which
are outlined below.

Template (33 ng cDNA) - 5.0 pi
1 OX Buffer - 4.0 (il
PrP Ex.3 For. (or actin) (20 pM) - 2.5 pi
PrP Ex.3 Rev.(or actin) (20 pM) - 2.5 pi
dNTPs (10 mM) - 3.2 pi
Taq. Pol. (5 U/pl) - 0.5 pi
Water - to 40.0 pi.

Cycling conditions were as followed:-

94°C

94°C

65°C

72°C

72°C

4°C-

2 minutes

30 seconds

30 seconds

30 seconds _

5 minutes

Hold.

— 35 cycles (PrP), 30 cycles ((3-actin)

On completion of PCR, 3.5 pi of 6X Typelll dye was added, 20 pi of the reaction
loaded to a 1% agarose gel and electrophoresis performed as described in Section 8.5.1.
After completion of electrophoresis, the PrP PCR products were transferred to Hybond-
N® nylon membrane by Southern blotting as described in Section 8.16.1 and
subsequently hybridised with a radiolabeled 930 bp PrP exon 3 Kpnl - AcoRI probe
(See Figure 8.6).

8.27.8 3' Rapid Amplification Of cDNA Ends (3' RACE).

DNAse-treated total RNA (5 pg) prepared from adult Prn-p+,+ brain was reverse

transcribed, using 13 pmol of the Aoft-d(T)18 primer and a cDNA first-strand synthesis
kit, as described in section 8.22.1.1. Of the first-strand cDNA, lpl was used in a PCR
reaction using PrP 1 and Notl as forward and reverse primers respectively. Of the first-
round PCR reaction, lpl was subsequently used as template for second-round 'nested'
PCR using PrP2 and Notl as 'nested' forward and reverse primers respectively. The
conditions of the PCR reactions are outlined below:-
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cDNA template 1.0 nl 94°C - 2 minutes

94°C - 30 seconds1OX PCR buffer - 4.0 pi
PrP 1 or PrP2 (20|iM) - 2.5 pi 60°C - 30 seconds - 35 cycles.
Notl (20pM)
Taq. Pol. (5U/pi)
dNTPs (lOmM)
H,0

- 2.5 |il
- 0.5 |il
- 3.2 |ll
- 26.3 |ll

72°C - 1 minute

72°C - 5 minutes

4°C - hold.

The expected PCR product sizes for amplification of the 3' end of PrP cDNA
(depending on the position on the poly(A) tail of initiation of reverse-transcription)
would be approximately 290 bp and 252 bp for the first and second-round PCR
reactions respectively.

Agarose gel electrophoresis ofPCR products was performed and DNA excised and
purified from the gel as described in section 8.6. Purified PCR products were

subsequently cloned, utilising T/A cloning technology, into pGEM-Teasy (Promega,
Southampton, UK) and sequenced using Ml3 reverse and T7 primers.

8.27.9 Whole-Mount In Situ Hybridisation (WM-ISH).

Embryos used for WM-ISH at E8.5, E9.5 and El0.5 were dissected, in PBS, and
immediately prepared forWM-ISH by fixing in 4% paraformaldehyde as described in
section 8.23. Three or four embryos were used for the WM-ISH procedure, which was

performed exactly as described in section 8.23. Proteinase K treatments (10 |lg/ml) of
embryos were 10 minutes, 15 minutes and 20 minutes for E8.5, E9.5 and El0.5 stages

respectively. PrP sense and antisense DIG-labeled riboprobes were prepared by in vitro
transcription of pBluescript® II KS(+), containing the 930 bp PrP Kpnl-EcoRl
fragment cloned into KpnI/EcoRI digested vector, with T3 and T7 RNA polymerase
respectively (as described in section 8.23.3). Colour development was performed for 6
hours for E8.5 embryos and 3 hours for E9.5 and E10.5 embryos.
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8.28 SPECIFIC METHODOLOGY FOR CHAPTER 3.

For the DDRT-PCR analyses discussed in this chapter, NPU inbred 129/Ola
Prn-p+/+ and Prn-p~'~ mice were utilised. Whole brains from six individual animals at
PO, P10, P20 and P42 stages of postnatal development were collected, flash frozen in
liquid nitrogen and stored at -80°C. Total RNA was isolated from 'pools' of brain
material, as described in Section 8.14.2, and stored as ethanolic precipitates at -20°C.

The synthesis of first-strand cDNA was performed as described in Section 8.22.1.1.
Briefly, an appropriate volume of total RNA was centrifuged, washed with 85% ethanol
and resuspended in 7 (il of RNAse-free water. For spectrophotometric quantitation, 2
pi was used and an average of three separate readings taken to determine the
concentration ofRNA. A volume containing 5 (ig of total RNA (in a 5 jil volume) was
transferred to a 0.5 pi eppendorf tube, denatured at 65°C for 10 minutes and
subsequently placed on ice. First-strand cDNA reactions contained 1 pi of 200 mM
DTT, 5 pi of bulk first-strand cDNA synthesis mix (Amersham Pharmacia Biotech,
Hertfordshire, UK; contains MMLV-RT) and 4 pi of d(T)12MA primer (24 pM; M =

A, G or C). The tubes were briefly centrifuged, the contents mixed, briefly centrifuged
again and incubated at 37°C for 1 hour followed by 10 minutes at 95°C to heat-inactivate
reverse-transcriptase.

DDRT-PCR was performed as described in Section 8.22.1. Of each display PCR
reaction, 8 pi was analysed, by either agarose gel electrophoresis, standard
polyacrylamide gel electrophoresis using standard sequencing-size apparatus or

electrophoresis using the HR-1000 polyacrylamide gel matrix and the GenomyxLR
apparatus, as described in Section 8.22.1.2. PCR products size fractionated through
agarose gel were visualised by ethidium bromide staining. Alternative electrophoresis
and subsequent autoradiography was also performed as described in Section 8.22.1.2.

Molecular weight size markers utilised were [35S]y-dATP 5' end-labeled 100 bp
ladder.

Recovery of DDRT-PCR cDNA and subsequent electrophoresis procedures were

performed as described in Section 8.22.1.
Re-amplified PCR products were purified, by P:C:I extraction and ethanol

precipitation, cloned into the pGEM-Teasy T/A PCR product cloning vector (Promega,
Southampton, UK). Ligated products were transformed into competent JM109 cells
and plated onto LB-agar plates containing X-gal' and IPTG (See Appendix A for
concentrations). A selection of white, blue and light blue colonies were subsequently
grown in LB media, the plasmid DNA isolated by miniprep, as described in Sections
8.9.1 and 8.9.2, and sequenced as described in Section 8.13.

252 Chapter 8: Methodology.



8.29 SPECIFIC METHODOLOGY FOR CHAPTER 4.

The source material for the entire DDRT-PCR analysis discussed in this chapter
was total RNA isolated from inbred 129/Ola NPU Prn-p+,+ and Prn-p'1' postnatal
developing brains at PO, P10, P20 and P42 stages of development. After analysis of the
Prn-p allele by Southern hybridisation of tail genomic DNA (See Section 8.27.3) to
confirm the genotypes of sacrificed mice, total RNA was isolated from 'pools' ofbrains
from six animals for each developmental stage, as described in Section 8.14.2.

The full protocol utilised for DDRT-PCR analysis, from synthesis of first-strand
cDNA to cloning of DDRT-PCR products, is described in section 8.22.1. For all
DDRT-PCR reactions, both sequencing-size and GenomyxLR HR-1000 non-

denaturing polyacryalmide was used for gel electrophoresis to resolve cDNAs from
approximately 50 bp to greater than 1.5 Kb. On all DDRT-PCR autoradiographs, PO,
P10, P20 and P42 postnatal developing brain stages are denoted by 1, 2, 3 & 4
respectively. Following autoradiography of dried gels, candidate cDNAs were subjected
to mSSCP purification (Miele etal., 1998) and subsequently PCR re-amplified using a

universal 3' primer and a 5' primer corresponding to the sequence of the
oligonucleotides used to display the particular cDNA. These primers included 5'
flanking sequences to create EcoRl restriction sites, as described in section 8.22.1.5, to
allow unbiased cloning of PCR products into the EcoKl site of pBluescript SKII+ or

KSII+ (Stratagene, Cambridgeshire, UK). Ligated products were transformed into
competent JM109 cells. Plasmid DNA was isolated from a selection of transformants
and sequenced as described in sections 8.9 and 8.13.

To determine the identity of an isolated DDRT-PCR cDNA, all sequence data was

checked against non-redundant GENBANK/EMBL protein and nucleotide databases,
using either the GCG (Genetics Computer Group, 1994), or NCBI World-Wide Web
implementations of the BLAST algorithm (Altschul, 1990), as described in Section 8.26.
Sequences were also searched against the GENBANK/EMBL expressed sequence tags

(EST) database. In the event of a significant similarity to a mouse EST being observed,
an I.M.A.G.E. clone (Lennon, 1996) containing the relevant EST was obtained from the
Human Genome Mapping (HGMP) Resource Centre, Cambridge. The I.M.A.G.E.
clones were then partially or fully sequenced in both directions and the resulting
sequence re-checked against the databases to confirm their identity.

All oligonucleotides utilised for the DDRT-PCR analysis, and subsequent PCR re-

amplification, are listed in Appendix B. Appendix C serves as a reference guide to the
DDRT-PCR 'fingerprints' for all primer combinations used in this analysis.
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8.30 SPECIFIC METHODOLOGY FOR CHAPTERS 5 & 6.

8.30.1 Mouse Strains, Collection Of Tissues and Northern Analysis.
All mice used for the experiments outlined in this chapter were 129/Ola NPU

Prn-p+l+ and Prn-p~'~. Postnatal day (P) 0, P10, P20 and P42 brains were collected and
pooled for RNA extraction from 6 Prn-pH+ and Prn-p'1' male and female animals for
each stage. Adult tissues were collected and pooled from 2 male P42 Prn-p+/+ and
Prn-p'1' mice. For statistical analysis of individual variation in expression levels of
candidate transcripts, brains from P42 individual male animals were collected for RNA
extraction. All tissues were collected and stored as outlined in section 8.27.2.

Prior to the extraction of nucleic acids from collected tissues, the Prn-p genotypes
of all mice were confirmed by Southern blot analysis of genomic DNA isolated from
tail biopsies as described in section 8.27.3.

Extraction of total RNA and genomic DNA, and subsequent Northern and Southern
blotting and hybridisation was performed as outlined in Sections 8.14 and 8.16.

8.30.2 Phosphorimager Quantitation And Statistical Analysis.

Signal intensities of hybridised blots were determined using phosphorimager
technology, and subsequent hybridisation of radiolabeled 18S rRNA probes used to
normalise for variations in RNA loading as described in Section 8.27.6. For ease of
interpretation, and to allow statistical analysis of expression levels across normalised
Northern blots, the expression level of a particular Prn-p'1' tissue was expressed as a

percentage of the Prn-p+ + counterpart (eg. Prn-p'1' P42 brain value as a percentage of
Prn-p+/+ brain value, Prn-p'1' heart value as a percentage ofPrn-p+,+ heart value). Where
statistical analysis of standard deviation of the percentage of Prn-p+,+ expression is
presented, three Northern blots were utilised. In the case of comparison of expression
levels in individual brains, the normalised phosphorimager values for each of five P42
Prn-p+i+ and five Prn-p'1' brains were averaged and the standard deviation calculated.
Presented values for expression in individual Prn-p+l+ and Prn-p'1' brains are therefore
presented as arbitrary phosphorimager units (normalised for 18S rRNA).

8.30.3 Probes Used For Hybridisation OfNorthern Blots.

For analysis of expression of candidate transcripts identified by DDRT-PCR, the
corresponding isolated DDRT-PCR cDNAs were utilised as probes. For all other
probes, plasmid clones containing cloned IMAGE EST cDNAs were obtained from
HGMP, Cambridge (See Table 8.1). On receipt of IMAGE clones, plasmid DNA was

isolated and sequenced to confirm authenticity. Cloned cDNA was subsequently
recovered and used as probes in hybridisation studies.
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Probe Type cDNA ID/Accession No. Size Of Cloned cDNA.

IMAGE EST HSP60 660745/AA218257 1400 bp

IMAGE EST Bcl2 596444/AA122786 650 bp

IMAGE EST mtTFA 539693/AI324462 700 bp

IMAGE EST Cu/Zn-SOD 651965/AA209117 700 bp

IMAGE EST Mn-SOD 949778/AA537487 800 bp

IMAGE EST NRF-2 851376/AI194320 1200 bp

DDRT-PCR cDNA NADHB 14.5b - 167 bp

DDRT-PCR cDNA COXI/tRNA - 106 bp

DDRT-PCR cDNA 16S rRNA. - 290 bp

Table 8.1: Summary Of Probes Used In Hybridisation Studies. The table
indicates whether the cDNA probe was isolated from DDRT-PCR or IMAGE EST
clones and also indicates the size of cDNA used as probe. IMAGE Ids and EMBL
accession numbers for IMAGE clones are also indicated.

8.30.4 PCR Sexing OfArchived Genomic DNA.

In order to determine the sex of animals in which RNA had previously been isolated
from, 1 ng of archived genomic DNA (from murine tail biopsies) was screened by
multiplex PCR as described in section 8.22.2. fragments of the male Y-specific gene,

and an autosomal control gene, Sry was amplified using Sry forward and reverse

primers, and control forward and reverse primers, resulting in the amplification of 421
bp and 134 bp fragments respectively (See Appendix B). Male genomic DNA therefore
resulted in the amplification of the 134 bp product alone, while female genomic DNA
resulted in the amplification of both products.

8.30.5 Cytochrome C Oxidase Histochemistry.
Histochemical staining of sites of cytochrome c oxidase activity in Prn-p+/+ and

Prn-p'~ P42 tissues was performed exactly as described in Section 8.25. Brain sections
were counterstained with haematoxylin as outlined in section 8.25.1.

8.30.6 Analysis Of Mitochondrial Number And Morphology.

Transmission Electron Microscopy (TEM) of Prn-p+,+ and Prn-p~'~ P42 brains (2
per genotype) was performed as a collaborative effort with Martin Jeffrey (CVL,
Lasswade).
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Mice were perfused intracaridally with 2% paraformaldehyde/2.5% gluteraldehyde
(in 0.2 M phosphate buffer) fixative. Brains were dissected and placed into fresh
fixative for an additional four hours. Each brain was dissected into 1 mm slices and the

hippocampal CA1 region further dissected into 1 mm cubes. The 1 mm cubes of
tissues were post-fixed in 1 % osmium tetroxide for 2 hours and dehydrated through a

series of graded acetone solutions before being infiltrated with araldite resin. 65 nm

ultrathin sections were cut from each block on an ultratome (Riechert Jung) and
collected on mesh hexagonal nickel grids. The grids were subsequently stained with
uranyl acetate and lead citrate and examined using a Joel, JEM 12-00EX electron
microscope.

Supplied micrographs were studied specifically for total mitochondrial number, size
of each individual mitochondria (to the nearest 0.5 mm) and the number of normal and
abnormal mitochondria. Normal mitochondria were classified as having apparently
normal density and appearance of cristae. Abnormal mitochondria were defined as

having poorly defined and sparse cristae. Mitochondria touching the edges of each
micrograph field were excluded from the analysis. On completion of the study, which
was carried out 'blind', the micrographs were decoded and the results compiled. Actual
mitochondrial sizes were calculated based on the magnification of each micrograph.

8.30.7 Treatment Of Cultured Cells With Superoxide Radicals.
Murine neuroblastoma (N2a) and cells at passage ten derived from primary culture

of dissociated murine brain (designated astrocytes) were grown to approximately 60 -

70% confluence, essentially as described in Section 8.24.1. Both cell lines were kindly
provided by Herbert Baybutt (Neuropathogenesis Unit, Edinburgh). The astrocyte cell
line has not been fully characterised, but have been determined to express the astrocytic
marker Glial Fibrillary Acidic Protein (GFAP) mRNA and protein and, at this passage

number will contain no neurons (Herbert Baybutt, personal communication). Cells
from stock flasks were recovered, seeded at equal densities into either 75 cm3 or 6-well
dishes and grown to approximately 60 - 70% confluence. Cells were treated with
varying concentrations of Xanthine oxidase (Boehringer Mannheim, East Sussex, UK)
in the presence of 5 |i.M xanthine substrate, as a source of superoxide radicals, prepared
in fresh DMEM media containing 10% feotal calf serum, and maintained at 37°C/5%
C02 for 24 hours. After removal of media, the cells were briefly rinsed in PBS,
harvested by the use of a cell scraper (Corning Costar, Buckinghamshire, UK) and
transferred to a 1.5 ml eppendorf tube. After a brief centrifugation step, the supernatant
was removed, the cells flash frozen in liquid nitrogen and stored at -80°C until required.

Total RNA was isolated, following resuspension of cells in 100 |ll PBS, essentially
as described in Section 8.14.2, with the exception that the cells were lysed by the
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addition of 1 ml ofRNAzolB followed by briefvortexing prior to the addition of 100 pi
of chloroform.
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Appendix A

Solutions And Reagents.

Unless stated otherwise, procedures for the preparation of all solutions and reagents,
was adapted from Sambrook et al (1989).

All chemicals used were of molecular biology or analytical grade and were obtained
from a variety of manufacturers: Sigma Chemical Company (Dorset, UK), Amersham
Pharmacia Biotech (Buckinghamshire, UK), Gibco BRL (Paisley, UK), BDH (Dorset,
UK), Fisher Scientific (Loughborough, UK), AMS Biotechnology (Oxon, UK) and
Boehringer Mannheim (East Sussex, UK).

Ampicillin.
100 mg/ml stock solution, dissolved in water, filter-sterilised and stored at -20°C. 100
ug/ml working concentration.

BCIP (5-bromo-4-chloro-3-indolyl-phosphate).
50 mg/ml stock solution, dissolved in 100% dimethylformamide and stored in the dark
at -20°C.

Buffer A.

0.25 M Sucrose, 3 mM Imidazol, pH 7.4.

Cytochrome C Oxidase Incubation Medium.
1 tablet Diaminobenzidine (DAB, 10 mg) dissolved in 18 ml 0.1 M Sodium phosphate
(pH 7.4), mixed and then 0.003 g Catalase and 0.02 g Cytochrome C dissolved.
Filtered through 0.45 |itn filter. Negative control medium as stated, with exception that
cytochrome C is ommitted.

Dithiothreitol (DTT).
2M stock solution, dissolved in water and stored at -20°C. Heated to 37°C prior to use

to dissolve precipitates.
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Ethidium Bromide.

10 mg/ml stock solution, dissolved in water and stored at 4°C.

Formal Calcium Fix.

1 g anhydrous calcium chloride dissolved in 90 ml of 10% (v/v) formaldehyde solution.

Gel Purification RNA Loading Buffer.
95% deionised formamide, 0.025% xylene cyanol, 0.025% bromophenol blue, 0.5 mM
EDTA, 0.025% SDS. Stored at -20°C.

Haematoxylin Counterstain.
1 g haematoxylin, 40 ml ethanol and 360ml water (solution A). 0.2 g sodium iodate, 48
g aluminium potassium sulphate, 48 g chloral hydrate and 600 ml water (solution B).
Solution B heated gently, added to soultion A and left at room temperature for 48 hours.
1 ml glacial acetic acid added.

Isopropylthio-3-D-galactoside (IPTG).
2.38 g IPTG dissolved in 8 ml of water. Volume adjusted to 10 ml and solution
sterilised by filtration through 0.22 micron disposable filter. Dispensed into 1 ml
aliquots and stored at -20°C.

ISH Blocking Buffer.
IX PBT containing 10% heat-inactivated sheep serum. Prepared fresh as required.

Butan-l-ol (water-saturated).

Approximately 200 ml each of water and butan-l-ol mixed together and the phases
allowed to separate overnight. Water-saturated butan-l-ol contained in upper phase.

ISH Hybridisation Buffer.
50% de-ionised formamide, 5X SSC, 2% blocking powder (Boehringer Mannheim, Cat.
No. 1096176: dissolved directly in ISH hybridisation buffer), 0.1% Triton X-100, 0.1%
CHAPS, 1 mg/ml tRNA, 5 mM EDTA, 50 |J.g/ml heparin. Stored at -20°C.

KTBT.

50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 mM KC1, 0.1% Triton X-100.
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L-Agar.
To 500 ml of LB medium, 7.5 g per litre of bacto-agar added prior to autoclaving and
then medium allowed to cool to approximately 60°C prior to addition of ampicillin to
final concentration of 100 pg/ml. If plates were required for blue-white selection, the
medium was supplemented with 0.5 mM IPTG and 80 pg/ml X-gal prior to pouring
plates. Alternatively, 10 pi of 1 M IPTG and 20 ml of 50 mg/ml X-gal spread over

surface ofLB-ampicillin plate and allowed to absorb for 30 minutes prior to use.

Luria-Bertani (LB) Broth.
To 950 ml of water, 10 g bacto-tryptone, 5 g bacto-yeast extract and 10 g Sodium
chloride added, dissolved and pH adjusted to 7.0 with 5 M Sodium hydroxide. Volume
adjusted to 1 litre and autoclaved. Ampicillin added to final concentration of 100 pg/ml
prior to use.

Levamisole.

Dissolved in water to final concentration of 1 M. Prepared fresh as required.

Ligation Buffer (IPX).
300 mM Tris-HCl (pH 7.8), 100 mM magnesium chloride, 100 mM DTT, 10 mM
rATP. Provided with T4 DNA ligase. Stored at -20°C in single-use aliquots to avoid
multiple freeze-thaw cycles.

Lithium Chloride (4M).
Dissolved in water, autoclaved and stored at room temperature.

MOPS (IPX).
0.2 M 3-(n-morpholino)propanesulphonic acid, 0.05 M sodium acetate, 0.01 M EDTA.
pH adjusted to 7.0, dispensed into bottles, covered with aluminium foil to protect from
light, and autoclaved.

mSSCP Loading Buffer.
80% deionised formamide, 0.01% bromophenol blue, 0.01% xylene cyanol, 1 mM
EDTA, 10 mM NaOH. Stored at -20°C.

Nitroblue Tetrazolium Salt (NBT).
NBT dissolved in 70% dimethylformamide to concentration of 75 mg/ml. Stored in
darkness at -20°°C.
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NTMT.

100 mM NaCl, 100 mM Tris-Cl, pH 9.5, 50 mM MgCl2, 0.1% Tween-20.

Paraformaldehyde (4%)/EGTA (2 mM).
4% (w/v) paraformaldehyde dissolved in PBS. Heated to 65°C, allowed to cool and pH
adjusted to 7.5 with 5 M sodium hydroxide if required. EGTA added to final
concentration of 2 mM. Prepared fresh as required.

PBT.

PBS containing 0.1% Triton X-100.

PCR Buffer (IPX).

100 mM Tris-HCl, 15 mM MgCl2, 500 mM KC1, pH 8.3.

Phosphate-Buffered Saline (PBS, Ca2+/Mg2+-free).
Purchased in tablet form. One tablet per 100 ml dissolved in water and autoclaved.

Phosphate-Buffered Saline (PBS).
8 g of Sodium chloride, 0.2 g of Pottasium chloride, 1.44 g of di-Sodium
orthophosphate and 0.24 g of Pottasium di-hydrogen orthophosphate dissolved in
800 ml water, pH adjusted to 7.4 with HC1 and autoclaved.

Protein Loading Buffer (2X).
100 mM Tris-HCl (pH 6.8), 4% SDS, 0.2% Bromophenol blue. Stored at room

temperature.

Resolving Gel.
50 ml solution of 0.375 M Tris-HCl (pH 8.8), 0.1% SDS, 7.5% polyacrylamide (19:1
acrylamideibisacrylamide). 500 pi of 10% ammonium persulphate and 50 pi TEMED
added and mixed immediately prior to pouring.

RNAse A (DNAse-free).
Bovine pancreatic RNAase A dissolved in 0.01 M Sodium acetate (pH 5.2) to a

concentration of 10 mg/ml, heated to 100°C for 15 minutes, allowed to cool to room

temperature and pH adjusted by addition of 0.1 volumes of 1 M Tris-HCl (pH 7.5).
Dispensed into 1 ml aliquots and stored at -20°C
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RNA Gel Elution Buffer.

0.5 M Ammonium acetate, 1 mM EDTA, 0.1% SDS. Included in RPAII kit.

RNA Sample Buffer.
50% deionised formamide, 18% formaldehyde, 10% MOPS. Stored at -20°C.

RPA Hybridisation Buffer.
80% deionised fomiamide, 100 mM sodium citrate (pH 6.4), 300 mM sodium acetate

(pH 6.4), 1 mM EDTA. Included in RPAII kit.

SOC,

2 g Bacto-tryptone, 0.5 g Bacto-yeast extract, 1 ml of 1 M sodium chloride and 0.25 ml
of pottasium chloride dissolved in 97 ml water and autoclaved. 0.5 ml each of filter-
sterilised 1 M magnesium chloride and 1 M magnesium sulphate and 1 ml of filter-
sterilised 2 M glucose added. Final pH adjusted to 7 if neccessary and entire medium
filter-sterilised. Stored at room temperature.

Sodium Azide.

Added to final concentration of 0.01% (w/v).

Sodium Phosphate (pH7.2).
1 M di-sodium hydrogen orthophosphate and 1 M sodium di-hydrogen orthophosphate
prepared and autoclaved. 400ml of 1 M di-sodium hydrogen orthophosphate adjusted
to pH 7.2 with sodium di-hydrogen orthophosphate.

Southern Denaturation Buffer.

1.5 M sodium chloride, 0.5 M sodium hydroxide. Prepared fresh as required.

Southern Neutralisation Buffer.

1.5 M sodium chloride, 0.5 M Tris-HCl (pH 7.5).

SSC (20X).

88.3 g sodium citrate and 175.3 g sodium choride dissolved in 900 ml water, pH
adjusted to 7.0 with 5 M sodium hydroxide and volume diluted to 1 litre with water.
Soultion autoclaved and stored at room temperature.
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Stacking Gel.
0.125 M Tris-HCl (pH 6.8), 5% polyacrylamide (19:1 acrylamide:bisacrylamide), 0.1%
SDS. 500 jj.1 of 10% ammonium persulphate and 50 |ll TEMED added and mixed
immediately prior to pouring.

TBE(IOX).

108 g Tris, 55 g boric acid dissolved in 900 ml water. 20 ml of 0.5 M EDTA (pH 8)
added and volume diluted to 1 litre.

TE.

lml of 1M Tris-HCL (pH 8.0) and 0.2 ml of 0.5M EDTA (pH 8.0) mixed, diluted to
100 ml with water and autoclaved.

TENS Solution.

10 mM Tris, 1 mM EDTA, 0.1 M sodium hydroxide, 0.5% SDS.

Tissue Lysis Buffer,
0.3 M sodium acetate, 10 mM Tris-HCl (pH 7.9), 1 mM EDTA (pH 8.0), 1% SDS.
Proteinase K added to final concentration of200 pg/'ml prior to use.

Transcription Buffer (5X).
200 mM Tris-HCl (pH 7.9, 30 mM MgCl2, 10 mM spermidine, 50 mM NaCl).

Tris-HCl (1 M, pH6.8 & 8.8).
All Tris-based solutions titrated to appropriate pH with HC1 and autoclaved.

Type III Loading Buffer.
0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol in water.

Western Blocking Solution.
5% Marvel (Premier Beverages, Stafford, UK), 1% heat-inactivated Calf Serum, 1%
BSA in PBS.

Western Transfer Buffer (IPX, pH 8.3).
60 g of Tris and 288 g of glycine dissolved in 1.5 litres of water, pH adjusted to 8.3
with HC1 and volume adjusted to 2 litres with water. To prepare 3 litres of IX transfer
buffer for Western blotting, 600 ml of methanol and 300 ml of IX Western transfer
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buffer (pH 8.3) mixed and diluted to 3 litres with water. 30 ml of 10% SDS included in
buffer.

Western Wash Solution.

1% IGEGAL CA-630 (Sigma, Dorset, UK), 1% FCS, in PBS.

5-bromo-4-chloro-3-indolyl |3-D-galactoside (X-Gal').
200 mg of 5-bromo-4-chloro-3-indolyl (3-D-galactoside (Sigma, Dorset, UK) dissolved
in 4 ml of dimethylformamide. Solution filter-sterilised and stored in dark, at -20°C.

WM-ISH Washing Solution 1.

2XSSC, 0.1% CHAPS.

WM-ISH Washing Solution 2.

0.2XSSC, 0.1% CHAPS.
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Appendix B

Vectors And Oligonucleotides.

A. PHAGEMID CLONING VECTORS.

(1) pBluescript® IIKS(+)

Multiple cloning site (MCS) of pBKS II(+/-), from Sac 1(657) to Kpn I (750), reversed
in pBSK!!(+/-).

Nae I (131)

Afl III (1153)

B.l
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(2) pGEM®-T Easy (Promega, Southampton, UK).

Xmn i (2009)
Seal (1890)

t7 |
1

Apa i 14
Aatll 20

Sph i 26
Nco i 37
BstZ i 43
Not i 43
Sac ii 49
EcoR i 52

Spe i 64
EcoR i 70
Not i 77
BstZ i 77
Pst i 88
Sal i 90
Nde i 97
Sac i 109
BstX i 118
Nsi i 127

141
sp6 4

B. OLIGONUCLEOTIDES.

DDRT-PCR Anchored oligonucleotides:

d(T) 2aa 5'-d(TTTTTTTTTTTTAA)-3'
d(T) 2ga 5'-d(TTTTTTTTTTTTGA)-3'
d(T) 2ca 5'-d(TTTTTTTTTTTTCA)-3'
d(T) 2ag 5'-d(TTTTTTTTTTTTAG)-3'
d(T) 2gg 5'-d(TTTTTTTTTTTTGG)-3'
d(T) 2cg 5'-d(TTTTTTTTTTTTCG)-3'

d(T) 2ac 5'-d(TTTTTTTTTTTTAC)-3'

d(T) 2gc 5'-d(TTTTTTTTTTTTGC)-3'
d(T) 2cc 5'-d(TTTTTTTTTTTTCC)-3'
d(T) 2at 5'-d(TTTTTTTTTTTTAT)-3'
d(T) 2gt 5'-d(TTTTTTTTTTTTGT)-3'
d(T) 2ct 5'-d(TTTTTTTTTTTTCT)-3'

b.2
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DDRT-PCR Arbitrary oligonucleotides:
R1 5'-d(GGAACTCCGT)-3' R15 5'-d(GATCTGACTG)-3'

R2 5'-d(GGCAAGTCAC)-3' R16 5'-d(GATCTAAGGC)-3'

R3 5'-d(CCTCCGTAAG)-3' R17 5'-d(GATCTAACCG)-3'

R4 5'-d(AGGACCGCTA)-3' R18 5'-d(GGAACCAATC)-3'

R5 5'-d(CGGACCCCGG)-3' R19 5'-d(CTTTCTACCC)-3'

R6 5'-d(TAACTAACTC)-3' R20 5'-d(AGCCAGCGAA)-3'

R7 5'-d(TACAACGAGG)-3' Sox: 5'-d(GCGACCCATG)-3'

R8 5'-d(TGGATTGGTC)-3' TK2: 5'-d(CTTGATTGCC)-3'

R9 5'-d(TGGTAAAGGG)-3' Max2: 5'-d(CACAGTTTGC)-3'

RIO: 5'-d(TCGGTCATAG)-3' Max3: 5'-d(CCACAGAGTA)-3'

Rll: 5'-d(TACCTAAGCG)-3' Amhl: 5'-d(ACAGAGCACA)-3'

R12: 5'-d(CTGCTTGATG)-3' Amh2: 5'-d(ACGTATCCAG)-3'

R13: 5'-d(GATCTGACAC)-3' P3: 5'-d(GCCGTTCCAT)-3'

R14: 5'-d(GATCGCATTG)-3'

Reamplification Extended oligonucleotides (EcoRI sites):

d(T)12ext: 5'-d (GGGTCAGAATTCTTTTTTTTTTTT) -3 '
P3ext: 5'-d (GTCAGAATTCGCCGTTCCAT) - 3 '

R4ext: 5 ' -d (GTCAGAATTCAGGACCGCTA) - 3 '

R17ext: 5 ' -d (GTCAGAATTCGATCTAACCG) - 3 '

R18ext: 5 ' -d (GTCAGAATTCGGAACCAATC) - 3 '

Gene-Specific PCR oligonucleotides:
18S rDNA forward: 5 ' -d (AGCTCTTTCTCGATTCCGTG) -3 '

18S rDNA reverse: 5'-d (GGGTAGACACAAGCTGAGCC) -3

Sry forward: 5'-d (TGACACTGGCCTTTTCTCCT) -3 '

Sry reverse: 5 ' -d (AAAATGCCACAACAATGCAA) -3'
Control forward: 5 ' -d (GTAGGCACAGAGCGGAAAAG) -3 '

Control reverse: 5 ' -d (CGTTCCATACCCGAAACACA) -3 '

16S rDNA forward: 5'-d (CTACCGCAAGGGAAAGATGA) -3 '

16S rDNA reverse: 5'-d (TCACCAAGCTCGTTAGGCTT) -3 '

PrP Ex.3 For: 5 ' -d (GATCCATTTTGGCAACGACT) - 3 '

PrP Ex 3 Rev: 5'-d(ATCCCACGATCAGGAAGATG)-3'

7Vot"d(T)18: 5 ' -d (AACTGGAAGAATTCGCGGCCGCAGGAA [T] 18) -3 '
Notl: 5 ' -d (CAATGGAAGAATTCGCGG) - 3 '

PrPl: 5'-d(CATCTGAAGTATGGGACGCC)-3'

B.3
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PrP2:

PrP Intron 1 For':

PrP Intron 1 Rev':

5'-d(AAATGCTTACCGTGTGACCC)-3'

5'-d(TGGGACTAAAGACGTGCAAA)-3'

5'-d(AACCAAGGAACCAAACAAAAA)-3'

DNA Sequencing oligonucleotides:
M13reverse: 5 ' -d (CAGGAAACAGCTATGAC) - 3 '

T7: 5'-d(TAATACGACTCACTATAGGG)-3'

M13forward: 5'-d (GTTTTCCCAGTCACGAC) -3 '

T3: 5 ' -d (ATTAACCCTCACTAAAGGGA) -3 '

3' RACE Oligonucleotides:

Not I-d(T)lg: 5 ' -d (AACTGGAAGAATTCGCGGCCGCAGGAA [T ] 18 ]
Not I: 5'-d (CAATGGAAGAATTCGCGG) -3 '

PrP A (1 st round): 5 ' -d (CATCTGAAGTATGGGACGCC) - 3 '
PrP B (nested PCR): 5'-d(AAATGCTTACCGTGTGACCC) -3 '

B.4
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Appendix C

DD-RT-PCR Autoradiographs.

DDRT-PCR analysis was performed as described in Chapter 2 materials and methods.
Briefly, 8 pi of each reaction was loaded onto a 6% acrylamide or a 6% HR-1000
acrylamide gel. Electrophoresis was carried out under the following conditions:-

Standard apparatus (6% acrylamide):
220 Volts for 17 hours. Upper buffer =
Na2HP04.

IX TBE. Lower buffer = IX TBE/0.1M

GenomyxLR (6% HR-1000):
2 700 Volts, 125 W @ 50°C for 2 hours 15 minutes. Upper buffer = 0.5X TBE.
Lower buffer = IX TBE.

Following drying, the gels were exposed to BiomaxMR autoradiography film for
approximately 17 hours at room temperature. For each primer combination reactions
were loaded in the following order:-
P0 Prn-p+,+, P10 Prn-p+'\ P20 Prn-p+'\ P42 Prn-p+/\ P0 Prn-p \ P10 Prn-pP20
Prn-p~'~ and P42 Prn-p'1'.
The approximate positions of molecular weight markers are indicated on each
autoradiograph image.
DDRT-PCR reactions run on standard and genomyxLR apparatus are denoted by ' S'
and 'G' respectively following each individual gel identification number.
The primer combinations used and the DDRT-PCR gel identification are shown
overleaf.

Sequence information for each anchored oligo d(T) and arbitrary primer is described in
Chapter 2 materials and methods.
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DDRT-PCR Primer Combination Gel Identification Table.

d(T)12MA d(T)J2MC d(T)12MG d(T)12MT
R1 177/178 275/276 296/297 179/180

R2 187/188 285/286 292/293 343/344

R3 177/178 209/210 298/299 339/340

R4 187/188 237/238 298/299 343/344/345/346

R5 149/150 157/158 153/154/175/176 159/160

R6 187/188 275/276 296/297 285/286

R7 189/190/194/195 285/286 292/293 345/346

R8 162/163 275/2769 175/176 164/165

R9 189/190/192/193 207/208 298/299 231/232

RIO 162/163/192/193 209/210/237/238 175/176 345/346

Rll 189/190 237/238 298/299 349/350

R12 149/150 157/158 153/154 159/160

R13 194/195 237/238 175/176 339/340

R14 194/195 209/210 175/176/296/297 349/350

R15 149/150 157/158 153/154 159/160/164/165

R16 197/198 275/276 170/171 231/232

R17 200/201 207/208 170/171 349/350

R18 200/201/203/204/
231/232

209/210 170/171 285/286

R19 194/195 203/204 170/171 166/167

R20 172/173 207/208 168/169 166/167

Sox 172/173/177/178/
192/193/197/198

205/206 168/169 166/167/179/180

TK2 172/173 205/206 168/169 166/167

Max2 162/163 203/204 168/169 164/165/179/180

Max3 162/163/172/173/
192/193

203/204/207/208 292/293 164/165

Amhl 197/198/200/201 205/206 292/293 231/232

Amh2 197/198/200/201 205/206 296/297 339/340/343/344

P3 149/150/177/178/187/
188/189/190/214/215/
223/225

157/158/214/215/
223/225

153/154/214/215/
223/225

159/160/179/180/
214/215/223/225
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