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AN INVESTIGATION OF NEURONES THAT POSSESS

THE OC2C-ADRENERGIC RECEPTOR IN THE RAT DORSAL HORN
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Spinal Cord Group, Institute of Biomedical and Life Sciences, West Medical Building, University of Glasgow,
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Abstract—The function of the 012c subclass of adrenergic receptor in the spinal cord is unclear at present. Immunore-
activity for this receptor is found predominantly on axon terminals of the superficial dorsal horn but limited information
is available about the properties and origin of these axons. The aim of this study was to determine which classes of
neurone give rise to axons that possess this receptor and to investigate the synaptic organisation of these terminals. A
series of double-labelling experiments was performed to investigate the relationship between the 012c receptor and each
one of 14 chemical markers that label various types of axon terminal in the dorsal horn. Tissue was examined with two-
colour confocal laser scanning microscopy. Quantitative analysis revealed that chc-adrenergic receptors are not present
on terminals of unmyelinated or peptidergic primary afferents and descending noradrenergic or serotoninergic axons.
They were found on a proportion of terminals belonging to a mixed population of excitatory and inhibitory spinal
interneurones, including those that contain neurotensin, somatostatin, enkephalin, GABA and neuropeptide Y. However,
a greater proportion of terminals originating from excitatory interneurones were found to possess the receptor. Electron
microscopic analysis revealed that aic-adrenergic receptor immunoreactivity is predominantly associated with axon
terminals that are presynaptic to dendrites but a small proportion of immunoreactive terminals formed axo-axonic
synaptic arrangements.
These studies indicate that noradrenaline can modulate transmission in the dorsal horn by acting through Chc-adren-

ergic receptors on terminals of spinal interneurones.
© 2002 IBRO. Published by Elsevier Science Ltd. All rights reserved.

Key words: interneurones, immunocytochemistry, confocal microscopy, electron microscopy, antinociception, neuropeptides.

Noradrenergic systems in the dorsal horn of the spinal
cord are involved in modulation of nociceptive transmis¬
sion but the mechanisms and circuitry that underlie these
actions are poorly understood. Pharmacological evidence
indicates that the antinociceptive action of noradrenaline
is mediated principally by CG-adrenergic receptors (oti-
ARs; Howe et al„ 1983; Yaksh, 1985; Proudfit, 1988).
The ot2-ARs are G protein-coupled receptors (Hoehn et
ah, 1988) which induce membrane hyperpolarisation by
decreasing the Ca2+ influx and increasing the KL efflux
(Surprenant et al., 1990; Shen et al.. 1992). Neurochem¬
ical and immunocytochemical studies show that norad¬
renergic fibres, which originate from nuclei in the
brainstem, are present in all areas of the spinal cord
grey matter but are particularly concentrated in the
superficial laminae of the dorsal horn (Dahlstrom and
Fuxe, 1965; Schroder and Skagerberg, 1985; Rajaofetra
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et al., 1992; Doyle and Maxwell, 1991a,b). The super¬
ficial dorsal horn also has a high concentration of cg-
AR-binding sites (Sullivan et al., 1987; Howe et al.,
1987). Furthermore, noradrenaline has been reported to
induce hyperpolarisation of substantia gelatinosa neu¬
rones in the rat dorsal horn (North and Yoshimura,
1984). Three subtypes of cg-ARs (oga, oub, and cgc)
have been sequenced (Bylund et al., 1994; Kable et al.,
2000) and the cga and the die subtypes are widely dis¬
tributed in the CNS (Rosin et al., 1996; Talley et al.,
1996). Unfortunately it is not possible to differentiate
between these two subtypes of cx2-AR pharmacologically
because subtype-selective compounds are not available.
Nevertheless, 'knock-out' techniques support the idea
that cga-ARs mediate noradrenaline-induced antinoci¬
ception but the function of ogc-ARs in the dorsal horn
remains to be established (Kable et al., 2000).
Immunocytochemical studies show that these two cg-

AR subtypes have a different pattern of distribution in
the spinal cord (Rosin et al., 1993; Stone et al., 1998).
The oga-AR is found on axons of the superficial dorsal
horn which contain substance P and calcitonin gene-
related peptide (CGRP; Stone et al., 1998) which are
likely to be terminals of nociceptive primary afferents
(Levine et al., 1993). Immunoreactivity (IR) for the
0C2C-AR is also concentrated on axons of superficial
layers of the dorsal horn but is found on some cells in
the spinal grey matter (Rosin et al., 1993; Stone et al.,
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1998). The numbers of 012A-AR-IR terminals in the
superficial dorsal horn decrease dramatically as a conse¬
quence of dorsal rhizotomy or neonatal capsaicin treat¬
ment whereas 0C2C-AR-IR is not significantly reduced by
either of these treatments (Stone et al., 1998). This evi¬
dence confirms that cua-ARs are located principally on
small diameter primary afferents whereas oi2c-ARs do
not appear to be associated with primary afferent fibres.
Double-labelling experiments, using antibodies specific
for the a.2A and ct2c subtypes, also show that the two
subtypes are located on different axonal populations
(Stone et ah, 1998). Some 0C2C-AR-IR is associated
with axons that contain enkephalin and somatostatin
indicating that it is present on terminals of some types
of local circuit neurone. The immunocytochemical evi¬
dence is, however, at variance with findings of in situ
hybridisation studies where 012c mRNA was not detected
in intrinsic neurones of the dorsal horn but was detected
in the majority of both large and small dorsal root gan¬
glion cells (Nicholas et ah, 1993; Gold et ah. 1997). In
one of these studies 0C2A mRNA was also detected in a
small proportion of dorsal root ganglion cells (Nicholas
et ah, 1993).
There is clearly disagreement about the distribution of

the 0C2C-AR in the superficial dorsal horn and its func¬
tion is obscure. In the present investigation, we have
attempted to characterise the cellular and sub-cellular
organisation of this receptor in order to gain further
insight into its role in the superficial dorsal horn. We
used a quantitative immunocytochemical approach in
conjunction with confocal microscopy to determine pat¬
terns of distribution of ot2c-ARs in relation to neuro¬
chemical markers that label axons of primary afferents,
descending systems and populations of inhibitory or
excitatory interneurones. We also examined the sub-cel¬
lular distribution of 0C2C-AR-IR with electron microsco¬
py to investigate the synaptic organisation of axon
terminals that possess the receptor.

EXPERIMENTAL PROCEDURES

Confocal microscopy

Three male Wistar rats (250 g; Harlan, UK) were deeply
anaesthetised with sodium pentobarbital (1 ml i.p.) and perfused
through the left ventricle with saline followed by a fixative con¬
taining 4% formaldehyde in phosphate buffer pH 7.6. All animal
procedures were conducted according to British Home Office
regulations and steps were taken to avoid suffering and minimise
the numbers of animals used in the experiments. The L4 lumbar
segment was removed from each animal and postfixed in the
same fixative solution for 8 h. Transverse sections (50 pm
thick) were cut with a Vibratome. Sections were treated with
50% ethanol (30 min) to enhance antibody penetration, which
was followed by blocking in 10% normal donkey serum for 1 h.
Double-labelling immunofluorescence was performed with a
guinea-pig anti-oc^c-AR antiserum (diluted 1:500; Neuromics,
Minneapolis, MN, USA; see Stone et al., 1998 for details)
which was incubated for 48 h with each one of the following
antisera: rabbit anti-dopamine (3-hydroxylase (D(3H: 1:500),
rabbit anti-serotonin (5-HT; 1:200), rabbit anti-CGRP (1:500)
(all from Affiniti, Exeter, UK), rat anti-substance P (Sera-Lab,
Loughborough, UK), rabbit anti-neurotensin (1:1000), rabbit
anti-somatostatin (1:1000), rabbit anti-met-enkephalin (1:500),

rabbit anti-neuropeptide Y (1:500), rabbit anti-galanin (1:500)
(all from Peninsula Labs, St. Helens, UK), goat anti-choline
acetyltransferase (ChAT; 1:100), rabbit anti-nitric oxide syn¬
thase (NOS; 1:500) (both from Chemicon, Harrow, UK),
sheep anti-glutamic acid decarboxylase (GAD; 1:400) (Oertel
et al., 1981) and rabbit anti-glycine transporter 2 (Gly-T2;
1:2500) (Zafra et al., 1995). The anti-a2c-AR antiserum was
also incubated with biotinylated isolectin B4 (IB4) (Sigma-
Aldrich, Dorset, UK) for 72 h (1:200). Sections were rinsed
and incubated for 3 h in solutions containing species-specific
secondary antibodies (all raised in donkey and diluted 1:100)
coupled to fluorophores: fluorescein isothiocyanate, to identify
0C2C-AR-IR, or lissamine rhodamine to identify the marker
(Jackson ImmunoResearch, Luton, UK). The presence of the
IB4 lectin was identified by incubating sections in avidin-rho-
damine (1:1000). Antibodies were diluted in phosphate-buffered
saline (PBS) containing 0.3% Triton X-100 and 1% normal don¬
key serum. Once the sections were mounted, fields from the
central region of the superficial dorsal horn (one from L.I and
one from L.II) were systematically scanned with a Bio-Rad
MRC 1024 confocal laser scanning microscope. Each field
(106X 106 pm) consisted of six pairs of optical sections gathered
sequentially with a 40 X oil-immersion lens at 0.5-pm intervals
in the z-axis and a zoom factor of 3. Multiple fields were col¬
lected for each of the 14 combinations. Four fields were col¬
lected from six transverse sections (two from the right horn
and two from the left horn) for each animal. Thus a total of
24 fields per marker was collected from each of the three ani¬
mals (i.e. 72 fields in total for each marker). The extent of over¬
lap of (X2C-AR-IR with immunoreactivity for neurochemical
markers was quantified by using a Kronton KS400 image anal¬
ysis system (Kontron Elektronik, Germany). The analysis pro¬
gramme converted pairs of optical images, corresponding to the
same optical plane, into binary images and calculated the total
area occupied with (X2C-AR-IR and the percentage of this area
that was masked by immunoreactivity for the marker (Maxwell
et al., 1996). A total of 432 pairs of images was analysed for
each marker (i.e. six optical sections X 72 fields). The percentage
overlap value estimated for each of the 14 markers is expressed
as the mean value of this percentage for the three animals.

Electron microscopy

Three male Wistar rats (250 g, Harlan) were prepared for
immunoelectron microscopy. The animals were deeply anaesthe¬
tised with sodium pentobarbital (1 ml i.p.) and perfused with
saline followed by a fixative containing 1% glutaraldehyde and
1% formaldehyde in phosphate buffer (pH 7.6). L4 segments
were removed and placed in the same fixative for 8 h, and
then were cut into 50-pm transverse sections with a Vibratome.
The sections were treated with 50% ethanol for 30 min to

improve antibody penetration and then with 1% sodium boro-
hydride for 30 min to counteract the effects of glutaraldehyde.
After blocking in 10% normal goat serum for 1 h, sections were
incubated for 48 h in guinea-pig anti-oi2c-AR antiserum
(1:2500; Neuromics), rinsed in PBS and then placed for 2 h in
biotinylated donkey anti-guinea pig IgG (1:500; Jackson Immu¬
noResearch). Primary and secondary antibodies were diluted in
PBS supplemented with 1% normal goat serum. After a further
rinse in PBS, sections were incubated in avidin-biotin-horserad-
ish peroxidase complex (Vector Elite, Peterborough, LfK) for 1 h
and then reacted in the presence of 3,3'-diaminobenzidine to
reveal peroxidase activity. The processed sections were treated
for 30 min with 1% osmium tetroxide in phosphate buffer, dehy¬
drated in a series of acetone solutions and flat-embedded
between acetate foils in Durcupan. Selected sections were
mounted onto blocks of cured resin and trimmed to include
the superficial dorsal horn (L.I III). Ultrathin sections were
cut with a diamond knife and collected on Formvar-coated sin¬
gle-slot grids. A sample of 100 Ohc-AR-IR profiles was ran¬
domly collected from each animal for the quantitative
analysis. The analysis involved classification of the immunore-
active terminals according to the synaptic arrangements they
formed (axo-dendritic or axo-axonic), the presence or absence
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Fig. 1. Confocal microscope image showing a transverse section of the dorsal horn at the L4 segment. Immunoreactivity of
the 02C-AR (A2C) is concentrated in the superficial dorsal horn and lateral spinal nucleus and is restricted to axon terminals.

Scale bar= 100 pm.

of dense core vesicles (DCVs) and whether they formed symmet¬
ric or asymmetric synaptic junctions. The frequency of these
categories was then calculated and an image analysis pro¬
gramme was used to estimate the dimensions of (X2C-AR-IR
profiles (Kronton KS400, Kontron Elektronik).

RESULTS

Axons possessing the a2c-odrenergic receptor

Immunoreactivity for the c^c-AR was concentrated on
axon terminals in laminae I and II of the dorsal horn and
in the lateral spinal nucleus (Fig. 1). This pattern of
labelling was identical to that reported by Stone et al.
(1998). We used markers to identify axons originating
from descending systems, primary afferents, and excita¬
tory or inhibitory interneurones in order to characterise
the types of neurone that possess the 0C2C-AR. Typical
examples of images for the 0C2C-AR and these markers
are shown in Fig. 2 and a summary of the quantitative
analysis is shown in Fig. 3. We could find no evidence
that either noradrenergic or serotoninergic axons possess
the receptor (Fig. 2a, b), as there was almost no overlap
with immunoreactivity for D|3H or 5-FIT (0.48% and
0.54% respectively). Similarly, unmyelinated primary
afferents that bind the lectin IB4 and primary afferents
containing CGRP also displayed minimal overlap (0.73%
and 0.42% respectively; Fig. 2c, d). This latter finding is
consistent with the fact that substance P-containing
axons also do not possess the receptor (1.00% overlap)

since the majority of these axons will also contain co-
localised CGRP (Fig. 2e).
Markers for galanin, Gly-T2 (which labels terminals of

glycinergic neurones), ChAT (which labels cholinergic
cells) and NOS also showed minimal overlap (2.09%,
0.92%, 0.77% and 0.86% respectively; Fig. 2f-i). The
majority of terminals labelled with these markers are
likely to originate from inhibitory local circuit neurones
although galanin is also present in primary afferent ter¬
minals (see Todd and Spike, 1993). However, there was
evidence of co-localisation with other markers for axons
of inhibitory cells; neuropeptide Y and GAD displayed
moderate overlap with ot2c-AR (6.09% and 7.04% respec¬

tively; Fig. 2j, k). The receptor was also present on
axons containing neurotensin (10.81%) and somatostatin
(17.48%) (Fig. 21, m), which probably originate from
excitatory interneurones (see Discussion). Finally axons
labelled with met-enkephalin displayed the greatest
amount of overlap with immunoreactivity for the recep¬
tor (27.67%; Fig. 2n).

Ultrastructure of terminals containing the ot2c-adrenergic
receptor

A total of 300 0C2C-AR-IR profiles was collected ran¬
domly (100 profiles from each of the three experiments)
and classified according to the synaptic arrangements
they formed, the presence or absence of DCVs and
whether they formed symmetric or asymmetric synaptic
junctions. Figure 4 illustrates examples of each type of
profile. All a2c-AR-IR profiles observed were presynap-
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Fig. 3. A histogram showing the average percentages of overlap
of the c(2c-AR with each of the 14 markers (bars = standard de¬
viation). SP. substance P: GAL. galanin; NPY. neuropeptide Y;

NT, neurotensin: SOM, somatostatin; ENK. enkephalin.

tic to other structures; the vast majority formed axo¬
dendritic synaptic arrangements (95.33%) (e.g. Fig. 4A-
D), and a small proportion of ot2c-AR-IR terminals
formed axo-axonic synapses (4.67%) (e.g. Fig. 4E, F).
Approximately one third of terminals in axo-dendritic
arrangements and one half of terminals in axo-axonic
arrangements (see Table 1) contained DCVs. The major¬
ity of immunoreactive terminals (~ 76%) formed asym¬
metrical synapses whereas the remainder formed sym¬
metrical synapses. However, all immunoreactive termi¬
nals at axo-axonic complexes established symmetrical
synapses (~ 5%), whereas terminals forming axo-den¬
dritic synapses were found to form asymmetrical
(~76%) or symmetrical (19%) synapses (see Table I).
The area and diameter of its equivalent circle were mea¬
sured for each of the profiles collected. The average area
of profiles is 0.62 pm2 and the average diameter of the
equivalent circle is 0.87 pm (S.D. = ±0.19 pm; range:
1.38-0.41 pm; n = 300). On several occasions ot2c-AR-
IR terminals were seen to cluster around large dendritic
profiles especially in lamina I. These terminals often con¬
tained DCVs and formed synapses with the dendritic
profile (Fig. 5).

DISCUSSION

Methodological considerations

The specificity and staining properties of the 0C2C-AR
antibody used in this study have been discussed previ¬

ously (Stone et al., 1998). The distribution pattern of
ooc-AR-IR obtained in the present investigation is iden¬
tical to the pattern described by Stone and co-workers
(1998); ooc-AR-IR is concentrated in the superficial lam¬
inae of the dorsal horn (L.I—II) on axon terminals and is
also found in the adjacent lateral spinal nucleus.
The automated computer-based method used to quan¬

tify patterns of overlap of 0C2C-AR with other markers
has also been discussed in detail previously (Maxwell et
al., 1996). This method avoids the subjectivity of a
human-assessed analysis. Any errors that occur are likely
to be consistent and therefore values of overlap for dif¬
ferent markers can be compared. In addition, Maxwell et
al. (1996) compared the accuracy of a visual assessment
method and the automated image analysis method used
in the present study and concluded that there was good
agreement between the two approaches. The values pro¬
vided by the automated method are not absolute; indeed
the validity of the results resides on the fact that they are
relative values. Finally, application of an automated sys¬
tem enables the quantification of very large samples of
images, which would be very laborious and time-con¬
suming if a human-based visual assessment technique
was used.

Interpretation of results

Quantitative analysis of overlap patterns for 0C2C-AR-
IR with the markers investigated in this study confirms
that the receptor is not present on descending terminals
of the noradrenergic or serotoninergic systems and also
is not found on unmyelinated or peptidergic primary
afferents labelled with IB4 and CGRP respectively. Our
results therefore support the suggestion made by Stone et
al. (1998) that cgc-AR-IR axons originate mainly from
spinal interneurones. However, Stone et al. (1998) also
reported that cgc-AR-IR was present on some CGRP-
IR fibres. We found no evidence for this. Furthermore,
such an observation would be unexpected since the
majority of CGRP-containing primary afferents also
contain substance P (Todd and Spike, 1993), and no
evidence of co-localisation was found for the presence
of 0C2C-AR on substance P-1R axons in our study or in
the study of Stone et al. (1998).
The present work extends our knowledge of the neuro¬

chemical characteristics of spinal neurones expressing
cgc-ARs. The results show that a2c-ARs are predomi¬
nantly found on excitatory interneuronal populations but
are also present on inhibitory cells. In the superficial
dorsal horn, GABA and glycine are co-localised in the
majority of inhibitory cells although a sub-population of
cells containing GABA only is also present (Todd and
Spike, 1993). Cells that do not contain the inhibitory
transmitters GABA or glycine are thought to be excita¬
tory and probably use glutamate as a transmitter (Todd

Fig. 2. Fourteen sets of three images. In each set. the first image shows labelling for the (X2C-AR (green), the second image
shows labelling of a neurochemical marker (red), and the third one is the result of merging both images; overlap can be
detected by the presence of a yellow colour (j n). Scale bar= 10 gm. SP, substance P; GAL, galanin; NPY, neuropeptide Y;

NT. neurotensin; SOM, somatostatin; ENK, enkephalin.
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Fig. 4.
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Table 1. Electron microscopic observations of ctjc-AR-IR
terminals

Axo-dendritic Axo-axonic

Average % 95.33 4.67

DCV no DCV DCV no DCV

Average % 39.67 55.67 2 2.67

Asymmetric 28.33 48.00 0 0 76.33

Symmetric 11.33 7.67 2 2.67 23.67

Pooled data taken from three experiments illustrating properties of
<X2c-AR-]R terminals. Boutons were classified according to
whether they formed axo-dendritic or axo-axonic synapses, sym¬
metric or asymmetric junctions and possessed dense core vesicles
(DCV).

and Spike, 1993). Immunoreactivity for the 0C2C-AR was
not present on axons which express the Gly-T2 (a marker
for glycinergic axons) and it can be concluded that the
population of inhibitory neurones which possess the a.2c
AR belong to the group of GABAergic cells which do
not contain co-localised glycine. However, since the
results indicate that only a minority of 0C2C-AR axons
contain GAD (a marker for GABA), it is likely that
the majority of oe2c-AR axons are derived from excita¬
tory interneurones. In addition, occ-AR axons were
found to possess neuropeptide Y which has been
reported to coexist only in GABAergic interneurones
which do not contain glycine (Rowan et al., 1993). The
overlap values obtained for GAD and neuropeptide Y
(7% and 6% respectively) suggest that the majority of
CX2C-AR-IR axons derived from inhibitory interneurones
originate from the sub-population of GABAergic cells,
which also contains neuropeptide Y.
The presence of the ot2C-AR on axons, which are also

immunoreactive for neurotensin and somatostatin, sug¬

gests that there are at least two different sub-populations
of excitatory interneurones that express the receptor.
Neurotensin and somatostatin are present in separate
neuronal populations in the dorsal horn (Proudlock et
al., 1992). Neurotensin has been shown to be present in
axon terminals that do not show GABA-IR and are

enriched with glutamate (Todd et al., 1994), and cells
which contain somatostatin are not immunoreactive for
GABA and are presumed to be excitatory (Proudlock et
al., 1992). Somatostatin is also found in a population of
CGRP-containing primary afferent fibres (Leah et al.,
1985) but it is likely that the somatostatin-containing
fibres which possess the 0C2C-AR are derived entirely
from spinal interneurones since CGRP axons do not
possess the receptor. The highest value of overlap
obtained in this study was for enkephalin (almost 30%
of CC2C-AR-IR), which is found in a mixed population of
excitatory and inhibitory interneurones (Todd and Spike,
1993). However, in view of the relatively low numbers of
inhibitory axons that possess the receptor it is probable

that the majority of these enkephalinergic axons origi¬
nate from excitatory cells. Enkephalin and somatostatin
have been reported to co-localise in the dorsal horn
(Todd and Spike, 1993), therefore a proportion of 012c-
AR axons may contain both enkephalin and somatostat¬
in. Stone et al. (1998) also observed co-localisation of the
Obc-AR with enkephalin and somatostatin but did not
quantify the degree of co-localisation.
The electron microscope analysis confirmed that c^c-

AR-1R profiles were axon terminals and showed that the
vast majority of them formed axo-dendritic synapses,
although a small minority formed axo-axonic synapses.
Therefore most axon terminals possessing the CC2C-AR
are likely to have direct postsynaptic actions on their
target cells, while a minority of them may have a pre¬
synaptic action. Axo-axonic synapses are found exclu¬
sively on terminals of primary afferent fibres (e.g. see
Alavarez, 1998) and therefore such presynaptic 0C2C-AR
axons would be predicted to influence primary afferent
transmission. About 76% of the synapses formed by ot2c-
AR terminals made asymmetrical junctions; this type of
synapse is generally associated with excitatory transmit¬
ters and therefore supports our hypothesis that it is pre¬
dominantly excitatory neurones that possess the ot2c-AR.
A smaller number of 0C2C-AR terminals (23%) formed
symmetric junctions which are thought to be indicative
of an inhibitory action. The presence of DCVs within
numerous 0C2C-AR-IR terminals is also consistent with
the confocal microscope findings which show that there
is extensive co-localisation of the ooc-AR with neuro¬

peptides as neuropeptides are thought to be stored within
DCVs (Merighi et al., 1989). However, about two thirds
of terminals which form asymmetric junctions did not
contain DCVs. This raises the possibility that many
ct2C-AR terminals contain an amino acid transmitter
that is not co-localised with a peptide and, in the case
of terminals forming asymmetric junctions, this is likely
to be glutamate.
Finally, concentrations of CC2C-AR-IR terminals

(mostly containing DCVs) were found on many occa¬
sions to surround large dendritic profiles in lamina 1
and form synapses with them. This evidence indicates
that axons possessing the receptor target specific cells
in lamina 1. We do not know the identity of these post¬
synaptic cells at present but it is likely that CC2C-AR
axons will have a powerful postsynaptic influence upon
them and that noradrenaline will modulate this influence

(see below).

Functional implications

In this study we have shown that 0C2c-ARs are present
on axon terminals of spinal interneurones and that the
majority of these form axo-dendritic synapses, although
a small number of axo-axonic synapses were also found.

Fig. 4. Examples of ooc-AR-IR profiles forming axo-dendritic (A D) and axo-axonic (E, F) synapses. The synapse in F is
associated with a central bouton of a glomerulus. In A and C immunoreactive terminals form asymmetrical synapses, while
in B and D-F they make symmetrical synapses. DCVs are indicated by white arrowheads. Den = dendrite; Ax = axon. Scale

bar = 0.5 |im.



M. J. Olave and D. J. Maxwell

Fig. 5. (A, B) Electron micrographs showing concentrations of o^c-AR-IR terminals around large dendritic profiles in lamina
1. Insets 1. 2 and 3 show magnified images of the corresponding areas indicated by the numbered arrows in A and B. and

confirm that synaptic junctions are formed by the immunoreactive terminals with the dendrites. Scale bar= 1 (am.
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Noradrenaline, therefore, is likely to modulate transmis¬
sion in polysynaptic pathways to projection cells or spi¬
nal interneurones, as well as influence activity at axo¬
axonic synapses on primary afferent terminals. The
action of noradrenaline at such synapses is almost cer¬
tain to operate through volume transmission, firstly
because noradrenergic terminals do not form axo-axonic
synapses within the superficial dorsal horn (Doyle and
Maxwell, 1991 a,b) and secondly because we could find
no evidence to support the idea that otic-AR-IR profiles
are postsynaptic to other axons. Indeed it is generally
accepted that axo-axonic arrangements are found only
on primary afferent terminals (e.g. see Alavarez, 1998).
Noradrenaline, acting on oqc-ARs, could reduce the effi¬
cacy of synaptic transmission at these sites by inducing
neuronal membrane hyperpolarisation (Hoehn et ah,
1988; Surprenant et ah, 1990; Shen et ah, 1992). Con¬
sequently, if the c^c-AR-containing terminal is excita¬
tory the excitability of the postsynaptic element would
be inhibited, whereas if it is inhibitory the postsynaptic
element would be disinhibited. Since most a2c-AR-IR is
associated with terminals of excitatory interneurones
which form axo-dendritic synapses, the predominant
effect of noradrenaline acting on presynaptic 0C2c-ARs
would be predicted to be depressive. Neuropharmacolog-
ical studies show that the principal effect of noradrena¬
line on dorsal horn neurones is inhibitory (North and
Yoshimura, 1984; Fleetwood-Walker et ah, 1985; Davies
and Quinlan, 1985) but, as was discussed in the Intro¬
duction, it is not possible to differentiate between cga-

AR and oqc-AR effects with current pharmacological
agents. One intriguing possibility is that some of the
large dendrites we observed in lamina I that receive mul¬
tiple synapses from oqc-AR-IR profiles belong to projec¬
tion cells. If this is the case then noradrenaline could
have a major influence on the activity of cells in this
region which are likely to have an involvement in noci¬
ceptive transmission.

CONCLUSION

Noradrenaline may modulate transmission through
the superficial dorsal horn by acting through oqc-ARs
which are present on the terminals of interneurones. This
action is likely to involve a non-synaptic presynaptic in¬
hibitory mechanism which would be predicted to reduce
activity predominantly at excitatory axo-dendritic synap¬
ses. However, the action of noradrenaline could also
result in disinhibition of spinal neurones, either by reduc¬
ing activity of inhibitory axo-dendritic synapses, and/or
by reducing the activity of presynaptic terminals at axo¬
axonic synapses.
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The expression of vesicular glutamate transporters VGLUT1
and VGLUT2 in neurochemical^ defined axonal populations
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Abstract

Two vesicular glutamate transporters, VGLUT1 and VGLUT2, have recently been identified, and it has been reported that they are
expressed by largely nonoverlapping populations of glutamatergic neurons in the brain. We have used immunocytochemistry with
antibodies against both transporters, together with markers for various populations of spinal neurons, in an attempt to identify
glutamatergic interneurons in the dorsal horn of the mid-lumbar spinal cord of the rat. The great majority (94-100%) of nonprimary
axonal boutons that contained somatostatin, substance P or neurotensin, as well as 85% of those that contained enkephalin, were
VGLUT2-immunoreactive, which suggests that most dorsal horn neurons that synthesize these peptides are glutamatergic. In support
of this, we found that most somatostatin- and enkephalin-containing boutons (including somatostatin-immunoreactive boutons that
lacked calcitonin gene-related peptide and were therefore probably derived from local interneurons) formed synapses at which AMPA
receptors were present.
We also investigated VGLUT expression in central terminals of primary afferents. Myelinated afferents were identified with cholera

toxin B subunit; most of those in lamina I were VGLUT2-immunoreactive, whereas all those in deeper laminae were VGLUT1-
immunoreactive, and some (in laminae 111—VI) appeared to contain both transporters. However, peptidergic primary afferents that
contained substance P or somatostatin (most of which are unmyelinated), as well as nonpeptidergic C fibres (identified with Bartdeiraea
simplicifolia isolectin B4) showed low levels of VGLUT2-immunoreactivity, or were not immunoreactive with either VGLUT antibody. As
all primary afferents are thought to be glutamatergic, this raises the possibility that unmyelinated afferents, most of which are
nociceptors, express a different vesicular glutamate transporter.

Introduction

Glutamate is the principal excitatory neurotransmitter in the central
nervous system (CNS). In the spinal cord glutamate is thought to be
used as a transmitter by all primary afferents (De Biasi & Rustioni,
1988; Broman et al., 1993) and by most (if not all) neurons that project
to the brain (Broman, 1994). However, because of the lack of suitable
immunocytochemical markers for glutamatergic axons, there have
been considerable difficulties in identifying glutamatergic spinal
interneurons (Todd & Spike, 1993), and this has hampered our under¬
standing of the neuronal circuitry of the region. The highest density of
neurons in the spinal cord is in laminae I—III of the dorsal horn (Rexed,
1952), an area that is important for processing nociceptive information,
and although some neurons in laminae I and III project to the brain, the
great majority of those in each lamina are intemeurons. Between 30
and 45% of neurons in these laminae are y-aminobutyric acid
(GABA)- and/or glycine-immunoreactive (Todd & Sullivan, 1990),
and it has been suggested that the remainder could be glutamatergic
(Todd & Spike, 1993). The superficial dorsal horn has a complex
neurochemical organization, and several compounds have been
identified in cell bodies and/or axon terminals of neurons that are
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not GABA- or glycine-immunoreactive. These include somatostatin,
neurotensin, substance P, enkephalin and nitric oxide synthase (NOS),
although enkephalin and NOS are also present in some GABAergic
cells (Todd & Spike, 1993; Ma & Ribeiro-da-Silva, 1995). Somatos¬
tatin and substance P are also found in primary afferents in the dorsal
horn; however, these can be distinguished from axons of interneurons
because they also contain calcitonin gene-related peptide (CGRP; Ju
etal., 1987).
Recently, two vesicular glutamate transporters, VGLUT1 and

VGLUT2, have been identified and shown to be present in axons
belonging to largely nonoverlapping populations of glutamatergic
neurons throughout the CNS (Ni et al., 1995; Bellochio et al., 1998,
2000; Aihara et al., 2000; Takamori et al., 2000; Fremeau et al., 2001;
Sakata-Haga et al., 2001; Kaneko et al., 2002). Varoqui et al. (2002)
reported that both transporters are present in spinal cord, but are
distributed differentially: VGLUT2 is found throughout the grey
matter, whereas VGLUT 1 is in laminae III-VI, the intermediate grey
matter and the ventral horn. In this study, we have used antibodies
against the VGLUTs to look for evidence that spinal neurons belong¬
ing to certain neurochemically defined populations are glutamatergic.
For two of these populations (those with somatostatin and enkephalin),
we also carried out postembedding immunocytochemistry to look
for glutamate receptors of the a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionate (AMPA) type at synapses formed by their axons, in

doi: 10.1046/j. 1460-9568.2003,02406.x
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order to provide additional, independent evidence that these cells use
glutamate as a transmitter.
Varoqui et al. (2002) suggested that VGLUT1 was expressed by

myelinated mechanoreceptive primary afferents, whereas VGLUT2
was associated with nociceptive afferents, and we have used markers
for several different populations of primary afferents to test this
hypothesis. We also tested the VGLUT antibodies on axons belonging
to various types of inhibitory interneurons and on monoaminergic
axons, in order to confirm their specificity for glutamatergic axon
terminals.

Materials and methods

All experiments were apptoved by the Ethical Review Process Appli¬
cations Panel of the University of Glasgow and were performed in
accordance with the UK Animals (Scientific Procedures) Act 1986.

Immunoperoxidase staining for VGLUTs
Three adult male Wixiai tats (Harlan, Loughbotough, UK, 190g) were
deeply anaesthetized with pentobarbitone and perfused with a fixative
containing 4% freshly depolymerized formaldehyde. The third-fifth
lumbar (L3-L5) segments of the spinal cord were removed and
postfixed for 24 h. Transverse Vibratome sections (60 pm thick) from
these segments were processed for immunoperoxidase staining. Sec¬
tions were initially treated in 50% ethanol for 30min before immu-
nostaining, in order to enhance antibody penetration. Sections were
then incubated for 3 days in guinea pig antibodies against VGLUT 1 or
VGLUT2 (Chemicon International, Harrow, UK; diluted 1 :200 000
and 1: 100000, respectively) and then for 24 h each in biotinylated
donkey anti-guinea-pig IgG (Jackson Immunoresearch, West Grove,
PA, USA; 1 :500) and ExtrAvidin peroxidase (Sigma; 1 : 1000). Per¬
oxidase activity was revealed with 3,3'-diaminobenzidine in the pre¬
sence of hydrogen peroxide, and sections were dehydrated, cleared and
mounted. Antibodies were diluted in phosphate-buffered saline (PBS)
with 0.3% Triton X-100.

Immunofluorescence staining for confocal microscopy
Transverse 60 pm Vibratome sections of mid-lumbar spinal cord from
the same three animals as those used for peroxidase staining were

processed for dual- or triple-labelling immunofluorescence micro¬
scopy to investigate expression of the two VGLUTs in different axonal
populations in the spinal cord. Details (host species, dilutions and
sources) of the antibodies used in this part of the study are shown in
Table 1.

Sections from all three animal were treated with 50% ethanol for
30min, rinsed and incubated for 3 days at 4 °C in guinea-pig antibody
to VGLUT1 or VGLUT2 together with each of the following combi¬
nations- (i) rat monoclonal anti-substance P and sheep anti-GGRP- (ii)
rabbit anti-somatostatin and sheep anti-CGPT5; (iii) biotinylated iso-
lectin B4 from Bandeiraea simplicifolia (BSI-B4) (1 pg/mL; Sigma)
and sheep anti-CGRP; (iv) rabbit anti-neurotensin; (v) rabbit anti-Met-
enkephalin; (vi) rabbit antibody against neuropeptide Y (NPY) and
sheep antibody against the neuronal foiiu of NOS; (vii) rabbit antibody
against the 67 kDa form of glutamic acid decarboxylase (GAD67) and
mouse monoclonal antibody against the 65 kDa form of GAD
(GAD65); (viii) rabbit antibody against the glycine transporter GLYT2
and goat antibody against choline acetyltransfcrasc (ChAT); and (ix),
rabbit antibody against dopamine p-hydroxylase (DpH) and tal anti-
serotonin.

After rinsing, the sections were incubated overnight in cocktails
of the appropriate species-specific secondary antibodies (Jackson
Immunoresearch; raised in donkey; 1 : 100) conjugated to either
fluorescein (fluorescein isothiocyanate), rhodamine (Rhodamine
Red-X) or Cy5. For combination (iii) above, streptavidin conjugated
to rhodamine (Jackson Immunoresearch, 1 : 1000) was included
with fluorescein and Cy5 conjugated secondary antibodies to label
the biotinylated BSI-B4. The sections were rinsed, mounted in gly-
cerol-based mounting medium (Vectashield, Vector Laboratories) and
stored at —20 °C. All antibodies were diluted in PBS with 0.3% Triton
X-100.

To test the specificity of the guinea-pig VGLUT antibodies and to
look for a possible coexistence between the two transporters, wc also
used rabbit antibodies against VGLUT 1 and VGLUT2. Transverse
Vibratome sections of lumbar spinal cord were reacted with the
guinea-pig antibody against VGLUT1 or VGLUT2 together with
rabbit antibody against VGLUT 1 or VGLUT2, and processed for
immunofluorescence detection as described above. All of the four

possible combinations of VGLUT antibodies were used.

Table 1. List of antibodies used for immunofluorescence

Antibody Species Dilution Source/Reference

CGRP Sheep 1:5000 Affiniti Research Products Ltd, Exeter, UK
ChAT Goat 1 : 100 Affiniti Research Products
CTb Goat 1:5000 List Biological, Campbell, CA, USA
D0H Rabbit 1:500 Affiniti Research Products
GAD65 Mouse* 1: 100 Developmental Studies Hybridoma Bank, University of Iowa;

Chang & Gottleib (1988)
GAD67 Rabbit 1:5000 Chemicon International, Harrow, UK; Kaufman et al. (1991)
GLYT2 Rabbit 0.19 pg/mL F. Zafra (gift); Zafra et al. (1995)
(Met)-Enkephalin Rabbit 1:1000 Peninsula Laboratories, Belmont, CA, USA
NPY Rabbit 1:1000 Peninsula Laboratories
Neurotensin Rabbit 1:1000 Peninsula Laboratories
NOS Sheep 1: 2000 P.C. Emson (gift); Herbison et al. (1996)
Serotonin Rat 1:200 Affiniti Research Products Ltd
Somatostatin Rabbit 1:1000 Peninsula Laboratories
Substance P Rat* 1 :200 Oxford Biotechnology Ltd, Oxford, UK
VGLUT1 Guinea-pig 1:20000 Chemicon
VGLUT2 Guinea-pig 1:5000 Chemicon
VGLUT1 Rabbit 1:5000 Synaptic Systems, Gottingen, Germany
VGLUT2 Rabbit 1:5000 Synaptic Systems

"Indicates monoclonal antibodies.
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Populations of axons identified by each
antibody combination
The combinations of antibodies against substance P or somatostatin
with anti-CGRP were used to distinguish boutons belonging to sub¬
stance P- or somatostatin-containing primary afferents (which also
contain CGRP) from those derived from other sources (Ju et al.,
1987; Ribeiro-da-Silva, 1995; Sakamoto et al., 1999; Todd et al.,
2002). The BSI-B4 binds selectively to the cell bodies and central
terminals of many unmyelinated (C) primary afferents, particularly
those that lack neuropeptides (Silverman & Kruger, 1990), and by
combining it with immunostaining for CGRP, which is apparently
present in all peptidergic primary afferents in the rat, it is possible to
identify the terminals of most nonpeptidergic C afferents (Sakamoto
et al., 1999). Both GAD65 and GAD67 are present in axonal boutons
in the rat cpinal cord (Foldblum et al., 1995), and therefore antibodies
against both forms were used in an attempt to label all GABAergic
boutons. Antibody against GLYT2 (the neuronal form of glycine
transporter) has been shown to be a suitable marker for glycincrgic
axons and terminals in the spinal cord (Spike et al., 1997). Antibodies
against ChAT and D[3H were used to identify cholinergic and nora¬
drenergic axons, respectively.

Labellinq of myelinated afferents
To label myelinated primary afferents, we used transganglionic trans¬
port of cholera toxin B subunit (CTb), which has been shown to be
taken up selectively by these axons when injected into (uninjured)
somatic nerves (LaMotte et al., 1991; Rivero-Melian & Grant, 1991;
Woolf et al., 1995). Four adult male rats (two Wistar and two Spraguc
Dawley; 270-290 g; Harlan) were anaesthetized with halothane and
received an injection of 4 pL 1 % CTb (List Biological, Campbell, CA,
USA) into the left sciatic nerve. Three days later, the animals were
deeply anaesthetized with pentobarbitone and perfused with fixative
containing 4% formaldehyde. Transverse 60 pm-thick Vibratome sec¬
tions through the L3-5 segments were reacted with guinea-pig anti¬
bodies against VGLUT1 or VGLUT2, together with goat anti-CTb
(Table 1), and processed for immunofluorescence as described above.

Analysis of immunofluorescence
For each of the antibody combinations used to examine coexistence of
VGLUT1 or VGLUT2 with other axonal markers, two sections from
each rat were examined with confocal microscopy, using a 60 x oil-
immersion lens. For sections immunostained for neuropeptides or
NOS a strip approximately 140 pm wide through laminae I-TTI of
the dorsal hom on one side was scanned. The sections immunostained
for GADs, GLYT2, ChAT, serotonin or Dj3H were scanned so that
eight fields of approximately 75 x 75 pm were sampled for each
section. These fields included: laminae I and II (two fields), two

regions of the deep dorsal horn (laminae III/IV and laminae V/VI),
and one field each of laminae VII, VIII, IX and X. From the animals
injected with CTb, a 150 pm wide strip through the entire dorsal horn
(laminae I-VI), as well as 150 pm x 150 pm fields from lamina VII
and from lamina IX, were scanned in the same way. In all cases, scans
were carried out sequentially with the 488 nm, 568 nm and (where
appropriate) 647 nm lines of the laser, to reveal fluorescein, rhodamine
and Cy5, respectively, and for each field 12 optical sections were
acquired at a z-scparation of 0.5 pm.
Quantitative analysis was carried out to determine the proportion of

boutons that were VGLUT2-immunoreactive in each of the following
populations of axons: those that were substance P or somatostatin
immunoreactive but lacked CGRP, as well as those that were immu-
noreactive with antibodies against neurotensin, Met-enkephalin, NPY,
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NOS or GAD. Sections were analysed using Neurolucida for Confocal
software (MicroBrightField, Inc., Colchester, VT, USA). For all of
these combinations except GAD, 100 boutons in laminae I—III that
were peptide- or NOS- immunoreactive were randomly selected from
each rat (50 per section), and these were then examined to determine
whether they were also VGLUT2-immunoreactive. For GAD, the files
containing GAD65 and GAD67 were initially merged go that axons
containing either isoform were indistinguishable. A total of 100 GAD-
immunoreactive boutons from each of seven regions (laminae I/II, III/
IV, V/VI, VII, VIII, IX and X) in each animal were then selected
randomly by using Neurolucida for Confocal, and the presence or
absence of VGLUT2-immunoreactivity was noted for each selected
bouton. We also analysed the proportion of CTb-labelled primary
afferent axon terminals in lamina I that were VGLUT2-immunoreac-
tive. From each of the CTb-injected animals, 100 CTb-immunoreac-
tivo axons in lamina I were selected randomly from confocal scans of
sections that had been immunostained for VGLUT2, and these were

then examined for the presence of VGLUT2 immunoreactivity.
Quantitative analysis was not carried out in the following situations:

(i) where careful inspection of all confocal images for a particular
antibody combination showed that VGLUT1 or VGLUT2 immuno¬
reactivity was present in all or in none of the axons belonging to a par¬
ticular population; and (ii), where VGLUT immunostaining was present
at such low levels in many of the axons in a population that it was
difficult to distinguish between weakly positive and negative profiles.

Postembedding electron microscopy
Three adult male Wistar rats (290-4 lOg; Harlan) were anaesthetized
with pentobarbitone and perfused with fixative containing 4% for
maldehyde and 0.1% glutaraldehyde. Mid-lumbar segments were
postfixed for 4 h and cut into 500 pm transverse sections, which were
stored overnight in 4% glucose in phosphate buffer (PB), cryopro-
tected in increasing concentrations of glycerol (10%, 20% and 30% in
PB for at least 30min each) and plunge-frozen in liquid propane at
-170°C. Freeze-substitution was carried out by a modification of the
method of van Lookeren Campagne et al. (1991). Briefly, sections
were immersed in 1.5% uranyl acetate in anhydrous methanol for 24h
at —90 °C followed by Lowicryl HM20 at —45 °C, flat-embedded and
cured with ultraviolet irradiation (48 h at —45 °C and 24 h at 0 °C).
Seiial ultiatliiii sections were cut with a diamond knife and collected
on single-slot Formvar-coated grids (one section per grid).
The sections were reacted using a postembedding immunogold

method to reveal various neuropeptides or the GluRl and GluR2/3
subunits of the AMPA receptor. These two GluR antibodies were
chosen as GluRl and GluR2 are the principal AMPA subunits present
in the superficial laminae of the dorsal horn (Furuyama et al., 1993;
Tolle et al., 1993; Jakowec et al., 1995). Two sets of sections were
reacted from each animal, as follows: (i) three serial sections were
incubated in sheep antibody against CGRP (Affiniti, 1 : 20 000), rabbit
antibody against somatostatin (Peninsula, 1 :5000) and a cocktail of
rabbit antibodies against GluRl (Chemicon, 1 :50) and GluR2/3
(Chemicon, 1 :80); and (ii), two serial sections were incubated in
rabbit antibody against Met-enkephalin (Peninsula, 1:10 000) and
rabbit antibodies against GluRl and GluR2/3 (1 :40-60 and 1 :80-
120, respectively).
Sections that were to be incubated in GluRl and GluR2/3 antibodies

were initially etched for approximately 3 s in a saturated solution of
sodium hydroxide in ethanol (Matsubara et al., 1996), whereas those
used to reveal neuropeptides were not etched. Post-embedding immu¬
nogold labelling was carried out by incubating sections in the follow ¬

ing solutions at 20 °C: (i) Tris-buffered saline (0.3% NaCl) containing
0.1% Triton X-100 (TBST) with 50mM glycine (lOmin); (ii) TBST
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with 2% human serum albumin (HSA) lOmin; (iii) primary antibody
diluted in TBSTwith 2% HSA (overnight); (iv) TBST (2 x 10 min); (v)
TBST with 2% HSA (10 min); and (vi), goat anti-rabbit Fab' fragment
coupled to lOnm gold particles (British BioCell International, Cardiff,
UK) diluted 1 :20 in TBST with 2% HSA. Grids were rinsed in ultra-
pure water and contrasted with aqueous uranyl acetate and lead citrate.
Sections reacted with the sheep CGRP antibody were incubated in
unlabelled rabbit anti-sheep IgG (Vector Laboratories, Peterborough,
UK, 1:200) for 2 h before immunogold labelling.

Analysis of immunogold labelling
With each of the three neuropeptide antibodies, boutons were counted
as immunoreactive if they contained eight or more gold particles
located over dense-cored vesicles. The density of background labelling
with the neuropeptide antibodies was determined for each section
analysed by counting gold particles that were not associated with
dense-cored vesicles or located in immunolabelled axon terminals over
20 randomly selected fields each of 1 gm2. These background values
were 0.52-0.71/gm2 for CGRP, 0.85-1.23/gm2 for somatostatin and
1.13-2.41/gm2 for enkephalin. Because dense-cored vesicles have a
diameter of approximately 0.1 gm (cross-sectional area of 0.008 gm2),
the presence of a single gold particle over a dense-cored vesicle
corresponds to a density of approximately 130 particles/gm2, which
is more than 50-times the highest background value measured.

Sections reacted with somatostatin antibody were initially examined
and boutons that were somatostatin-immunoreactive and which
formed one or more synapses were selected. These were then relocated
on the adjacent section reacted for CGRP, and the presence or absence
of CGRP immunoreactivity in the bouton was noted. Boutons were
classified as CGRP-negative if they contained no gold particles coding
for CGRP. The boutons were then identified on the serial section
reacted with GluRl and GluR2/3 antibodies, and those at which a

synapse was still visible were included in the sample. In this way, 45
boutons that were somatostatin-immunoreactive but not CGRP-immu-

noreactive (9-21 from each experiment) and 27 that were both
somatostatin- and CGRP-immunoreactive (between 7 and 10 from
each experiment) were selected. We cannot rule out the possibility that
some of the somatostatin-immunoreactive boutons that were not

CGRP-immunoreactive contained CGRP that was not detected with
the postembedding method. However, this is unlikely to have been a
common occurrence, as somatostatin-immunoreactive boutons that
lack CGRP greatly outnumber those with CGRP in the superficial
dorsal horn (Sakamoto et al., 1999), and the level of CGRP-immu-
nogold labelling was high in boutons that were identified as immu¬
noreactive. From the series of sections reacted with enkephalin and
GluR antibodies, 57 enkephalin-immunoreactive boutons at which a
synapse was visible on both sections were selected (17-22 from each
animal). Digital images of all of the boutons analysed on each grid
were captured, and in some cases these were also photographed.
For each synapse, gold particles representing GluRl and GluR2/3

were counted within 50 nm of the postsynaptic membrane (Nagelhus
etal., 1998), or from a line drawn along the centre of the synapse if this
was sectioned obliquely. Synapses at which two or more gold particles
were present were counted as immunoreactive, whereas those with a

single particle were treated as equivocal. On the rare occasions when
two synapses were formed by the same bouton, the larger synapse was
analysed.

Antibodies

The guinea-pig antibodies against VGLUT1 and VGLUT2 were raised
against an unspecified sequence of 19 or 18 amino acids (respectively)
from the corresponding rat protein, whereas the rabbit antibodies were

raised against recombinant GST-fusion proteins containing amino
acids 456-561 of rat VGLUT1 or 510-582 of rat VGLUT2. Each

of the two rabbit anti-VGLUT antibodies recognized a single protein
band with an appropriate molecular weight (60000 and 65 000,
respectively) on immunoblots of rat brain membrane fractions
enriched in synaptic vesicles, and staining of each antibody is blocked
by preincubation with the corresponding (but not the other) peptide
(Takamori et al., 2001). The monoclonal antibody against substance P
(clone NCI/34, Cuello et al., 1979) also detects neurokinin A; how¬
ever, it has been shown that this antibody does not recognize neuro¬
kinin B in rat spinal cord sections (McLeod et al., 2000). The Met-
enkephalin antiserum shows 3% cross-reactivity with Leu-enkephalin
and none with dynorphin (manufacturer's specification). The affinity-
purified antibodies against GluRl and GluR2/3 were raised against
peptides corresponding to the 13 amino acids at the C-terminus of the
rat GluRl and rat GluR2 receptors. The GluRl antibody shows no
cross-reactivity with GluR2-4, whereas the GluR2/3 antibody cross-
reacts with GluR3 (which has an almost identical C-terminal sequ¬
ence), but not with GluRl or GluR4 (manufacturer's specification).
All of the fluorescent secondary antibodies are reported to show

minimal cross-reactivity with the immunoglobulins of other species
that were present in the various primary antibody cocktails (manu¬
facturer's specification).

Results

Distribution of VGLUT1 and VGLUT2 in mid-lumbar

spinal cord
Both VGLUT1 and VGLUT2 were present in the spinal cord grey
matter, however, as reported by Varoqui et al. (2002), the laminar
distribution of the two differed (Fig. 1). VGLUT1 immunoreactivity
was very sparse in laminae I and II, but dense throughout the remainder
of the dorsal horn (laminae III—VI), particularly in its medial part. A
moderate density of VGLUT1-immunoreactive profiles was also seen
in the area around the central canal (lamina X), the intermediate area

(lamina VII) and in the motor nuclei. Scattered immunoreactive
profiles were present in the white matter, particularly at the deepest
part of the dorsal columns. In contrast, VGLUT2-immunostaining was
present throughout the grey matter: it was particularly dense in laminae
I-II and X and light in the medial half of the deep dorsal horn.
VGLUT2-immunoreactive profiles were present in the lateral and
ventral white matter and in the lateral spinal nucleus.
At high magnification, VGLUT1- and VGLUT2-immunoreactivity

showed a punctate distribution and were present in structures with
sizes that corresponded to those of axonal varicosities (Fig. 2). When
VGLUT1 and VGLUT2 were detected in the same section (with either
antibody combination) it was found that VGLUT2-immunoreactive
varicosities outnumbered those with VGLUT1 in all areas, and that
whereas most VGLUT2-immunoreactive profiles were not VGLUT1-
immunoreactive, many of those with VGLUT1 in laminae III-VI of the
dorsal horn also showed weak or moderate VGLUT2-immunoreactiv-

ity (Fig. 2A-C). This coexistence was not seen in the ventral horn,
where the two axonal populations were completely separate (Fig. 2D-F).
For each of the VGLUTs, the laminar distribution of immunostain-

ing seen with rabbit and guinea-pig antibodies was exactly the same,
and dual-immunofluorescence staining with rabbit and guinea-pig
antibodies against the same transporter showed that each antibody
stained identical structures.

VGLUTs and transganglionically transported CTb
The pattern of CTb-labelling seen after injection of the tracer into the
sciatic nerve was the same as that described previously (LaMottc ctal.,
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FIG. 1. The distribution of VGLUT1- and
VGLUT2-immunoreactivity in the L4 segment of
the rat spinal cord, seen with immunoperoxidase
staining. (A) VGLUT1 (VG1) is concentrated in
the deeper part of the dorsal horn (laminae III-VI),
with some staining in the intermediate area, the
region around the central canal and the ventral
horn (including the motor nuclei). (B) In contrast,
VGLUT2 (VG2) is found throughout the grey
matter, although it is less prominent in the medial
part of the deep dorsal horn. Scale bar, 200 pm.

**« m
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VG1 VG2
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Fig. 2. Relationship between VGLUT1- and VGLUT2-immunoreactive structures in dorsal and ventral horns seen with immunofluorescence and confocal
microscopy. Two fields through parts of lamina III (A-C) and a motor nucleus (D-F) are illustrated. In each case staining with guinea-pig antibody against
VGLUT1 (VG1, red) is seen in the left panel, staining with rabbit antibody against VGLUT2 (VG2, green) is in the middle panel and a merged image is shown in
the right panel. (A-C) Several VGLUTl-immunoreactive profiles are seen in this field, and most of them also show weak staining with the VGLUT2 antibody, and
appear orange in the merged image. A VGLUTl-immunoreactive profile that is not VGLUT2-immunoreactive is indicated with an arrowhead. Many profiles are
strongly VGLUT2-immunoreactive, and not VGLUTl-immunoreactive. (D-F) In the motor nucleus, the two VGLUTs are present in completely different
populations. Each set of images built from three optical sections 0.5 pm apart. Scale bar, 5 pm.
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Fig. 3. Coexistence of VGLUT1 and transganglionically transported CTb following injection of CTb into the sciatic nerve. In each case, the left panel shows CTb-
immunoreactivity (green), the middle panel shows VGLUTl-immunoreactivity (VG1, red) and the right panel is a merged image. (A) After injection of CTb into
the sciatic nerve, the tracer is present in a few axonal boutons in lamina I and in many boutons in lamina III, but is largely absent from lamina II. (B-C) Although
the CTb-immunoreactive profiles in lamina I do not show VGLUTl-immunoreactivity, all of those in lamina III do. Most of the latter are strongly immunoreactive
with the VGLUT1 antibody, and therefore appear yellow or orange in the merged image. The box in c represents the area illustrated in (D-F), which show part of
lamina III at higher magnification. Several CTb-labelled boutons (green) are also VGLUT1 -immunoreactive (red) and therefore appear yellow or orange in the
merged image. However, VGLUT1 is also seen in several profiles that lack CTb (two of which are indicated with arrowheads) and these appear red in the merged
image. (G-I) This field is from a motor nucleus and shows part of a dendrite belonging to a motor neuron that was retrogradely labelled with CTb, which is in
contact with three CTb-immunoreactive boutons that are also labelled with VGLUT1 antibody: these appear yellow in the merged image. Images in (A-F) built
from 12 optical sections 0.5 pm apart and those in (G-I) from four optical sections 0.5 pm apart. Scale bar, 25 pm (A-C) and 5 pm (D-I).

© 2003 Federation of European Neuroscience Societies, European Journal of Neuroscience, 17, 13-27



VGLUTS in spinal cord 19

Table 2. Extent of colocalization of VGLUTs with various axonal populations in the spinal cord

Immunocytochemical
marker VGLUT1 VGLUT2

Percentage of axons
VGLUT2-immunoreactive (See footnotes)

Primary afferents
AS nociceptors
Other myelinated afferents
Substance P-containing
Somatostatin-containing
Non-peptidergic C afferents

Non-primary axons containing
Substance P
Somatostatin
Neurotensin

Enkephalin
NOS
NPY
GABA

Glycine
Acetylcholine

Descending axons
Serotonin
Noradrenaline

CTb (lamina 1)
CTb (laminae 1II-V1, VII, IX)
Substance P+, CGRP+
Somatostatin+, CGRP+
BSI-B4+, CGRP-

SubstanceP +, CGRP-
Somatostatin+, CGRP-
Neurotensin

Enkephalin
NOS
NPY
GAD65/GAD67
GLYT2
ChAT

Serotonin

DpH

+ + +

++

+ (a)
(b)
(b)
(b)

(c)
100%
98%
94%
85%
3%
0.3%
<0.1%

(a) Some CTb-labelled axons in laminae III—VI showed weak VGLUT2-immunoreactivity; (b) many of the axons in these classes showed weak VGLUT2-
immunoreactivity; (c) many of these axons are likely to belong to spinal interneurons. In the 'Immunocytochemical marker' column, + and - represent
immunoreactive/labelled and nonimmunoreactive, respectively. In the 'VGLUT' columns symbols indicate the proportions of each axonal population that were
immunoreactive with the corresponding VGLUT antibody, as follows: ++ + complete (100%); ++ extensive (80-99%); + frequent (20-80%); +/- infrequent (1-
20%); minimal/absent (< 1%). Numerical values are given for those cases in which formal quantitative analysis was carried out. Note that for the neuropeptides
and NOS, only laminae 1—III were analysed, whereas for GABAergic, glycinergic, cholinergic and monoaminergic axons regions throughout the grey matter were
examined. For further details on the analysis, see text.

1991; Rivero-Melian & Grant, 1991). The CTb-immunoreactive var¬
icosities were present on the left (ipsilateral) side in segments L3-L5.
They were located in lamina I, the medial two-thirds of the deep dorsal
horn (laminae IH-VI) (Fig. 3A), lamina VII and the motor nuclei
(Fig. 3G), but were infrequent in lamina II, except in its ventralmost
part. In addition, many motor neurons were CTb-immunoreactive
(Fig. 3G). All of the CTb-labelled axons throughout the grey matter
showed VGLUT1 immunoreactivity, except for those in lamina I,
which were never VGLUT1-immunoreactive (Fig. 3 and Table 2).
Most CTb-immunoreactive boutons in laminae III-IX appeared to
have a high level of VGLUT 1, although some showed only weak or
moderate labelling. The few VGLUTl-immunoreactive terminals that
were present in lamina I and the dorsal part of lamina II were not
labelled with CTb (Fig. 3A-C), and even within the region occupied by
labelled sciatic afferents, some VGLUTl-immunoreactive profiles
were not CTb-immunoreactive (Fig. 3D-F).
VGLUT2-immunoreactivity was found in 78-87% (mean 82% ±

2.6, SEM, n = 4) of the CTb-labelled axons in lamina I (Fig. 4A-C and
Table 2). Some CTb-containing axons in the deep dorsal horn (laminae
m-VI) showed weak or moderate VGLUT2-immunoreactivity
(Fig.4D-F); however, we did not analyse this quantitatively, as the
level of immunostaining was often very low, making it difficult in
many cases to distinguish between immunoreactive and nonimmunor¬
eactive boutons. None of the CTb-labelled axons in the ventral horn
were VGLUT2-immunoreactive (Fig. 4G-I).

The relationship between VGLUT-immunostaining and
that for other immunocytochemical markers
Examination of the confocal images showed that VGLUT 1 immunor¬
eactivity was never present in any of the axons that were immunos-
tained with the other antibodies tested (against substance P, CGRP,
somatostatin, neurotensin, enkephalin, NPY, NOS, GADs, GLYT2,

ChAT, DfSH or serotonin) or in those that were labelled with BSI-B4
(data not shown).
VGLUT2-immunoreactivity was never colocalized with ChAT-,

GLYT2-, DpH- or serotonin immunoreactivity in any of the regions
examined, but it was found to colocalize to a varying degree with each
of the other markers (Figs 5 and 6; Table 2). The majority of neuro¬
tensin- and enkephalin-immunoreactive varicosities in the superficial
dorsal horn were VGLUT2-immunoreactive (93-95%, mean 94% for
neurotensin, 83-89%, mean 85.3% for enkephalin; Fig. 5A-F); how¬
ever, very few (0-1%, mean 0.3%) of the NPY-immunoreactive
boutons were labelled with VGLUT2 antibody (Fig. 5G-I). In sections
reacted with antibodies against somatostatin or substance P, there was a
dramatic difference in VGLUT2-immunostaining between the primary
afferent axons (identified by the presence of CGRP) and those that
were assumed to be of nonprimary origin (i.e. those that lacked
CGRP). All of the substance P-immunoreactive boutons that lacked
CGRP, and 97-98% (mean 97.7%) of the somatostatin-immunoreac-
tive boutons that lacked CGRP were VGLUT2-immunoreactive, and in
most cases the VGLUT2-staining was strong (Fig. 5J-0). In contrast,
boutons that were immunostained with CGRP and substance P

(Fig. 5J-L) or CGRP and somatostatin (Fig. 5M-0) antibodies were
either weakly immunoreactive or not immunoreactive with VGLUT2
antibody. Similarly, those that were labelled with biotinylated BSI-B4
and were not CGRP-immunoreactive (presumed nonpeptidergic C
afferents) showed either weak VGLUT2-immunoreactivity or were
not immunostained (Fig. 5P-R). Because of the difficulty in distin¬
guishing between very weak VGLUT2 immunostaining and a com¬
plete lack of immunoreactivity, we did not attempt to quantify the
proportion of these fine primary afferents that were VGLUT2-immu-
noreactive. Within boutons that were labelled by both neuropeptide
and VGLUT2 antibodies, the peptide immunoreactivity often did not
occupy the whole of the varicosity (Fig. 5C, F, L and O), presumably
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Fig. 4. VGLUT2 and transganglionically transported CTb. In each case the left panel shows immunostaining for CTb (green) following injection of the tracer into
the sciatic nerve, the middle panel shows VGLUT2-immunoreactivity (VG2, red) and the right panel is a merged image. (A-C) Part of lamina I. The CTb-labelled
boutons are all VGLUT2-immunoreactive, and therefore appear yellow in the merged image, d-f. in lamina III several of the CTb-labelled boutons show weak
VGLUT2-immunoreactivity. whereas others (two of which are marked with arrowheads) are not VGLUT2-immunoreactive. (G-I) None of the CTb-labelled
boutons in the motor nuclei are VGLUT2-immunoreactive. Images in (A-C) and (G-I) are each from a single optical section, whereas those in (D-F) are built from
six optical sections at 0.5 pm separation. Scale bar, 5 pm.

corresponding to the scattered arrangement of dense-cored vesicles
seen in peptidergic axon terminals with electron microscopy. In some
cases the neuropeptide appeared to be located peripherally, whereas
VGLUT2-immunoreactivity occupied the central portion of the var¬
icosity; however, as each profile was examined in a series of optical
sections in which the separation in the z-axis was 0.5 pm, it was always
possible to determine whether the neuropeptide and VGLUT2 were

present in the same bouton. VGLUT2 immunoreactivity was present in
only a small proportion (1-5%; mean 3%) of the NOS-immunoreactive
boutons in the superficial laminae (Fig.6A-C).
Most GAD-immunoreactive boutons throughout the grey matter

appeared to contain both GAD65 and GAD67, although the level of

each isoform varied between boutons. The vast majority of GAD-
immunoreactive profiles in all regions examined were not VGLUT2-
immunoreactive (Fig. 6D-F); however, very occasionally boutons that
were both GAD- and VGLUT2-immunoreactive were observed. Only
one of the GAD-immunoreactive boutons in the 2100 analysed from
the three rats was VGLUT2-immunoreactive, and this was in lamina
IX. The lack of coexistence of VGLUT2 with GLYT2, ChAT, serotonin
and D|3H is illustrated in Figure 6G-L.

Electron microscopy
Immunogold particles representing neuropeptides were generally
located over dense-cored vesicles in axonal boutons (Fig.7B, D, E
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FIG. 5. Expression of VGLUT2 in axons
belonging to peptidergic interneurons and various
classes of primary afferent in the superficial dorsal
horn (laminae I—II). (A-I) show immunostaining
for a neuropeptide (green) in the left panel, for
VGLUT2 (VG2, red) in the same field in the
middle panel and a merged image in the right
panel. (A-F) With both neurotensin (NT) and
Met-enkephalin (M-Enk) antibodies, all of the
neuropeptide-immunoreactive boutons
present in these fields also show
VGLUT2-immunoreactivity. Some of these are
marked with arrows. (G-I) In contrast, NPY- and
VGLUT2-immunoreactivity arc present in
different populations of boutons. (J-R) In each
case the left panel shows CGRP immunoreactivity
(blue) together with either substance P- (SP), or
somatostatin (SOM) immunoreactivity, or with
BSI-B4 binding (IB4) (each of which is shown in
green). Again, the central panel shows
VGLUT2-immunoreactivity (red) in the same
field, and a merged image is shown in the right
panel. (J-L) Boutons that are substance P- but not
CGRP-immunoreactive appear green in (J) and
are strongly labelled with VGLUT2 antibody
(yellow in L). Two of these are indicated with
arrows. However, boutons that contain both
peptides (cyan in J) either show weak labelling
with the VGLUT2 antibody (one of these is
indicated with an arrowhead) or completely lack
VGLUT2-immunoreactivity (arrowhead with
asterisk). (M-O) Similarly, axons that arc
somatostatin- but not CGRP-immunoreactive

(green in M, two of which are marked with
arrows) show strong VGLUT2-immunoreactivity
(yellow in O), whereas those that arc both
somatostatin- and CGRP-immunorcactive (cyan in
M) are either weakly labelled (arrowhead) or
unlabelled (arrowhead with asterisk) with the
VGLUT2 antibody. (P-R) Boutons that bind
BSI-B4 but lack CGRP-immunoreactivity appear
green in (P) and again are either weakly labelled
(arrowhead) or unlabelled (arrowhead with
asterisk) with the VGLUT2 antibody. Images in
(A-I, J-L and M-O) are built from sets of four,
three and two optical sections at 0.5 pm
separation, respectively. Those in (P-R) are from a
single optical section. Scale bar, 5 pm.
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and H). In the sections reacted with GluRl and GluR2/3 antibodies,
gold particles were present at many asymmetrical synapses, and
where the plane of section was perpendicular to the cleft, most of
the particles were seen to be associated with the postsynaptic density

(Fig. 7C inset). The numbers of gold particles at immunolabelled
synapses were similar for each of the sections reacted with GluR
antibodies, and the data from each animal were therefore pooled for the
histograms in Figure 8. For the somatostatin-immunoreactive boutons

© 2003 Federation of European Neuroscience Societies, European Journal of Neuroscience, 17, 13-27



22 A. J. Todd et al.

NOS VG2
A, 4 |

a b C

GAD65/67 VG2

*

m %

% %
d e f

GLYT2/ChAT VG2

9 h 1

5-HT/D[3H VG2

■w

j k 1

Fig. 6. Lack of VGLUT2-immunoreactivity in various populations of axons in laminae I—III of the dorsal horn. (A-C) NOS- (green) and VGLUT2- (red)
immunoreactivity in lamina II. None of the boutons in this field are labelled with both antibodies. (D) shows part of lamina II immunostained for GAD65 (blue) and
GAD67 (green). Most immunoreactive axons contain both GAD isoforms and therefore appear cyan. (E and F) Although VGLUT2-immunoreactive profiles (VG2,
red) are present in this field, they are different from those that contain GAD. (G-I) A field from the superficial part of lamina III immunostained to reveal GLYT2
(green), ChAT (blue) and VGLUT2 (red). As GLYT2 is a membrane protein, it forms rings around the immunoreactive boutons. None of the GLYT2- or ChAT-
immunoreactive boutons are VGLUT2-immunoreactive. (J-L) Part of lamina I stained with antibodies against serotonin (5-HT, green), D(3H (blue) and VGLUT2
(red). None of the serotonin- or D(3H-immunoreactive axons are labelled with the VGLUT2 antibody. Images in (A-C), (D-F) and (J-L) are built from sets of two,
four and three optical sections at 0.5 pm separation, respectively. (G-I) are from a single optical section. Scale bar, 5 pm.
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Fig. 7. Post-embedding immunogold detection of neuropeptides and AMPA receptors in the superficial dorsal horn (laminae I—II) on Lowicryl-embedded material.
(A-C) Three serial ultrathin sections reacted with antibodies against CGRP, somatostatin (SOM) and a cocktail of GluRl and GluR2/3 antibodies (GluRs). A
bouton contains dense-cored vesicles that are labelled with the somatostatin antibody, but are not CGRP-immunoreactive. This bouton forms an asymmetrical
synapse (seen in C), which is labelled with the GluR antibodies. Inset in (C) shows the synapse at a higher magnification, and reveals the lOnm gold particles more
clearly. (D-F) A bouton that contains dense-cored vesicles labelled with CGRP and somatostatin antibodies forms an oblique synapse at which numerous gold
particles representing GluR immunoreactivity are present. The inset in (F) shows the synapse at higher magnification. This bouton also forms another synapse (near
the bottom of the field in D and E); however, this synapse has disappeared on the section shown in (F). (G—I) Show a corresponding field from three serial sections.
The first has not undergone a postembedding reaction, whereas the second and third have been reacted with antibody to met-enkephalin (M-Enk) and the two GluR
antibodies, respectively. An axon with dense-cored vesicles that are enkephalin-immunoreactive makes an asymmetrical synapse onto a small profile. The synapse
is associated with several gold particles representing GluR-immunoreactivity (shown at higher magnification in the inset). Scale bar, 0.5 pm.
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FIG. 8. Frequency histograms showing the
numbers of gold particles at synapses on sections
reacted with a mixture of GluRl and GluR2/3
antibodies. Results from boutons that were
somatostatin-immunoreactive (Som) but lacked
CGRP, that were both somatostatin- and
CGRP-immunoreactive, and that were
enkephalin-immunoreactive are shown on the
left, middle and right, respectively.

that were not CGRP-labelled, 39 of 45 synapses were classified as
immunolabelled with the GluR antibodies (i.e. they had two or more

gold particles) (Figs7A-C and 8). All 27 of the synapses formed by
boutons with both somatostatin and CGRP (Figs 7D-F and 8), and 44
of 57 of those formed by boutons with enkephalin (Figs 7G-I and 8)
were GluR-immunoreactive. Although most of the synapses examined
were asymmetrical, two of those formed by enkephalin-immunoreac¬
tive boutons that had no gold particles on the section reacted with GluR
antibodies were symmetrical.

Discussion

In this study we have shown that in the mid-lumbar spinal cord of the
rat, VCLUT2- immunoreactivity is frequently present in four types of
peptidergic axon that arc likely to be derived from intrinsic spinal
neurons — those containing neurotensin, enkephalin, somatostatin and
substance P — suggesting that the neurons that give rise to these axons
are glutamatergic. For two of these populations (those with somatos¬
tatin and enkephalin) we also demonstrated that AMPA receptors are
present at many of their synapses. In addition, we have provided
evidence that whereas most myelinated primary afferents express
VGLUT1 or VGLUT2 (and in some cases both), unmyelinated
afferents either have a low level of VGLUT2 or do not express either
transporter.

VGLUT antibodies and their role as markers for

glutamatergic axon terminals
Most results were obtained with the guinea-pig antibodies against the
VGLUTs. Although the peptide sequences against which these were
raised were not stated by the supplier, there are several lines of
evidence to support their specificity: (i) dual-immunofluorescence
staining with these antibodies and well-characterized rabbit VGLUT
antibodies (Takamori et al., 2001) showed that, in each case, the same

structures were labelled; (ii) the distribution of immunostaining in the
spinal cord with the guinea-pig antibodies was precisely the same as
that described by Varoqui et al. (2002); and (iii), we have found that
these antibodies give the same staining pattern in other CNS areas
(Hughes & Todd, unpublished observations) as that reported in studies
with other antibodies (e.g. Bellochio et al., 1998; Sakata-Haga et al.,
2001; Kaneko et al., 2002; Varoqui et al., 2002).
The two VGLUTs are generally accepted as markers of glutama¬

tergic axons because they are found in populations of axons that are
known to be glutamatergic and because their expression in cultured
cells results in glutamate uptake and can convert neurons to a

glutamatergic phenotype (Ni et al., 1995; Bellochio et al., 1998,
2000; Takamori et al., 2000, 2001; Fremeau et al., 2001; Varoqui
et al., 2002). In agreement with this, we found that the VGLUTs were
never present in glycinergic, cholinergic or monoaminergic axons in

the spinal cord, and although occasional coexistence of VGLUT2 and
GAD immunoreactivity was observed, this occurred in less than 0.1 %
of the GAD-immunoreactive boutons sampled.

VGLUTs and primary afferents
Based on the laminar distribution of VGLUT1, Varoqui et al. (2002)
concluded that it was present in central terminals ofmechanoreceptive
afferents, and our results confirm this (Fig. 3A-F). Our findings
suggest that all low-threshold cutaneous and proprioceptive myeli¬
nated afferents express VGLUT 1, whereas some cutaneous afferents
(which arborize in laminae III-VI) also contain a low level of
VGLUT2 (Fig. 4D-F). The significance of this coexistence is not
known; however, Sakata-Haga et al. (2001) reported that many
boutono in tho medial habenular nucleus contained both transporters.
The axons in lamina I that arc transganglionically labollod following
injection of CTb into the sciatic nerve are thought to be A5 nociceptors
(LaMotte et al., 1991; Rivero-Melian & Grant, 1991), and these were

mostly VGLUT2-, but not VGLUT1-, immunoreactive (Figs3A-C
and 4A-C). AS down-hair afferents arborize on either side of the
lamina II/III border (Light & Perl, 1979), and will presumably have
been included among the CTb-labelled axons in this area, all of which
were VGLUT 1-immunoreactive. This suggests that the expression
pattern of VGLUTs in myelinated afferents is related to sensory
modality rather than fibre size.

We examined peptidergic afferents that contained substance P and
somatostatin, as well as axons that bound BSI-B4 and lacked CGRP
(nonpeptidergic C afferents). Most substance P-containing afferents
and all of those in the other two groups have unmyelinated axons, and
between them these populations probably included the majority of C
afferents (Lawson, 1992; Lawson et al., 1997). In contrast to the
situation with myelinated afferents, axons belonging to each of these
three populations either showed weak VGLUT2 immunoreactivity, or
were negative with both VGLUT antibodies. Because all primary
afferents are thought to be glutamatergic (De Biasi & Rustioni,
1988; Broman et al., 1993), this raises the possibility that another
vesicular glutamate transporter is expressed by unmyelinated primary
afferents. Interestingly, a third transporter (named VGLUT3) has
recently been identified, and mRNA for this protein has been found
in dorsal root ganglion (Gras et al., 2002).
Although a substantial proportion of the VGLUT I-immunoreactive

boutons are a primary afferent origin, some are likely to have been
derived from other sources. For example, the few VGLUTl-immunor-
eactive boutons in lamina I and the dorsal part of lamina II were never

transganglionically labelled following injection of CTb into the sciatic
nerve (Fig. 3A-C). Some VGLUT1-immunoreactive boutons in the
spinal cord are probably derived from descending axons, as pyramidal
cells in the neocortex (which are the source of corticospinal axons)
show high levels of VGLUT1 mRNA (Fremeau et al., 2001).
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Among the neuropeptides that are present in dorsal horn neurons (Hunt
et al., 1981), some, including neurotensin, NPY and enkephalin, are
not normally expressed by primary afferents. Because axons descend¬
ing from the brain do not appear to make a significant contribution to
the peptidergic plexuses in the superficial laminae (e.g. Maxwell et al.,
1996), it is likely that axons in laminae I and II that contain these
peptides are derived almost exclusively from local neurons (Todd &
Spike, 1993). Somatostatin and substance P are synthesized by primary
afferents and local neurons; however, in the rat both of these popula¬
tions of primary afferents contain CGRP (Ju et al., 1987), and the
absence of CGRP from boutons in the superficial dorsal horn that are
substance P- or somatostatin-immunoreactive strongly suggests that
these are derived from spinal neurons (Ribeiro-da-Silva, 1995; Saka¬
moto et al., 1999; Todd et al., 2002). Most peptide-containing cells in
the superficial laminae are likely to be interneurons, although some of
those with substance P project to the brain (Noguchi & Ruda, 1992;
Blomqvist & Mackerlova, 1995). We have reported previously that
somatostatin- and neurotensin-immunoreactive cell bodies in the

superficial dorsal horn are not GABA-immunoreactive (Todd et al.,
1992a; Proudlock et al., 1993), and that neurotensin-containing axons
are enriched with glutamate (Todd et al., 1994b). The presence of
VGLUT2 in 94% of neurotensin-immunoreactive axons and in 98% of
those that contain somatostatin but not CGRP suggests that most spinal
neurons that synthesize somatostatin or neurotensin are glutamatergic.
In contrast, NPY-containing cells in the dorsal horn are GABA-
immunoreactive (Rowan et al., 1993), which is consistent with the
finding that very few NPY-immunoreactive axons contained VGLUT2.
We have reported that the majority of enkephalin-immunoreactive cell
bodies in laminae I—III (69%) were GABA-immunoreactive (Todd
et al., 1992b), and this appears to be at odds with the finding that 85%
of enkephalin-immunoreactive boutons contain VGLUT2. However,
in our previous study we did not use colchicine, and relatively few
enkephalin-immunoreactive cell bodies were observed (5-10 per side
in a 70 pm thick transverse section) compared with the numbers seen
after colchicine treatment (e.g. 30 per side in 20 pm thick transverse
sections; Senba et al., 1988). It is therefore likely that we only detected
a small proportion of the neurons that synthesize enkephalin in that
study, and that we substantially overestimated the proportion that are
GABAergic. The results of the present study suggest that all spinal
neurons that synthesize substance P are glutamatergic. As substance P
and enkephalin coexist in many lamina II neurons (Senba et al., 1988;
Ribeiro-da-Silva et al., 1991), it is likely that some of the enkephalin-
immunoreactive axons belong to the same population as those with
substance P- but not CGRP-immunoreactivity. In addition to the
neuropeptides, we also examined NOS, which is present in some cell
bodies and axon terminals in the dorsal horn (Valtschanoff et al.,
1992). Most cells in the mid-lumbar spinal cord with NADPH dia-
phorase activity (a marker for NOS) are GABA- and/or glycine-
immunoreactive (Spike et al., 1993); however, a small proportion
are not, and the present results suggest that at least some of these are
glutamatergic.
The finding of gold particles representing subunits of the AMPA

receptor at most of the synapses formed by both somatostatin-immu¬
noreactive boutons that lacked CGRP and enkephalin-immunoreactive
boutons provides further evidence that many spinal neurons that
synthesize somatostatin or enkephalin are glutamatergic. Even in
cases where AMPA receptors were not detected, it is possible that
the presynaptic terminal was glutamatergic, as these may be silent
synapses that lack AMPA, but have NMDA receptors (Nusser et al.,
1998). However, the enkephalin-immunoreactive boutons that formed
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symmetrical, AMPA-negative synapses are likely to have been derived
from neurons that contained enkephalin and GABA.
The results of this study indicate that several populations of

glutamatergic interneurons exist in the dorsal horn, and are consis¬
tent with the suggestion that all neurons in this region that are not
GABAergic or glycinergic are excitatory, and use glutamate as their
transmitter. At present, little is known about the functions of excita¬
tory interneurons in the dorsal horn, although it is likely that many
of those in laminae I—II are activated by noxious peripheral stimula¬
tion, as this induces expression of the immediate early gene c-fos in
many cells in this area (Hunt et al., 1987), and most of these are
not GABA-immunoreactive (Todd et al., 1994a). Although some
VGLUT2-immunoreactive axons in this region are derived from AS
nociceptors, and probably also from descending axons, many originate
from excitatory interneurons and the availability of antibodies against
VGLUT2 will be valuable in the study of synaptic connections formed
by these cells.
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Abstract Serotonin 5-HT3 receptors are abundant in the
superficial dorsal horn and are likely to have an involve¬
ment in processing of nociceptive information. It has been
shown previously that 5-HT3 receptors are present on
primary afferent terminals and some dorsal horn cells.
The primary aim of the present study was to determine
what classes of primary afferent possess 5-HT3A receptor
subunits. We performed a series of double- and triple-
labelling immunofluorescence experiments. Subunits
were labelled with an anti-peptide antibody and primary
afferent axons were identified by the presence of calci¬
tonin gene-related peptide (CGRP) and binding of the
lectin IB4. Quantitative confocal microscopic analysis
revealed that approximately 10% of axons displaying 5-
HT3A immunoreactivity were also labelled for CGRP but
that only 3% of these fibres bind IB4. We also investi¬
gated the relationship between immunoreactivity for the
subunit and descending serotoninergic systems, axons
originating from inhibitory neurons that contain glutamic
acid decarboxylase, and axons of a subpopulation of
excitatory neurons that contain neurotensin. None of these
types of axon was associated with immunoreactivity for
receptor subunits. Ultrastructural studies confirmed that
punctate immunorcactivc structures observed with the
light microscope were axon terminals. These terminals
invariably formed asymmetric synaptic junctions with
dendritic profiles and often contained a mixture of
granular and agranular vesicles. Some terminals formed
glomerular-like arrangements. Immunoreactive cells were
also examined and were found to contain intense patches
of reaction product within the cytoplasm. We conclude
that the majority (about 87%) of dorsal horn axons that
are immunoreactive for 5-HT3A receptor subunits do not
originate from the subtypes of primary afferent fibres that
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bind IB4 or contain CGRP. It is likely that most of these
axons have an excitatory action and they may originate
from dorsal horn interneurons and/or fine myelinated
primary afferent fibres.

Keywords Spinal cord • Serotonin ■ Nociception •

Primary afferent • Immunocytochemistry • Confocal
microscopy • Electron microscopy

Introduction

Serotonin (5-HT) has profound, often selective, actions on
nociceptive transmission in the spinal cord but the
mechanisms, circuitry and receptors responsible for these
actions are poorly understood. This is partly as a
consequence of the large number of 5-HT receptor
subtypes that mediate the effects of 5-HT. One of the
receptors that may have a role in nociceptive processing is
the 5-HT3 subtype (5-HT3R; e.g. see Bardin et al. 2000).
The 5-HT3 receptor is unique amongst serotonin receptors
in that it is a ligand-gated ion channel (Derkach et al.
1989), which when activated becomes permeable to
monovalent cations and causes membrane dcpolarisation.
To date, two subunits of the 5-HT3 receptor have been
identified and have been designated 5-HT3A and 5-HT3B
subunits (Davies et al. 1999; Dubin et al. 1999).
Homomeric receptors composed of 5-HT3A subunits
and heteromeric receptors composed of both subunits
have been shown to be functional but receptors composed
only of 5-HT3B subunits are not functional.

There is controversy about the precise role of the 5-
HT3 receptor in nociceptive processing mechanisms. Both
pro- (Ali et al. 1996; Green et al. 2000) and anti¬
nociceptive (Glaum et al. 1988; Alhadier et al. 1991; Peng
et al. 1996; Khasabov et al. 1999) functions have been
proposed. It has also been suggested that this receptor
may not have any involvement in nociceptive regulation
(Xu et al. 1994). There is also disagreement about the site
of action of 5-HT on 5-HT3 receptors in the dorsal hom;
both presynaptic (Khasabov et al. 1999; Green et al. 2000)
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and postsynaptic (Alhadier et al. 1991; Peng et al. 1996)
effects may be mediated through this receptor. Immnuno-
cytochemical and radioligand studies have shown that the
receptor is particularly concentrated in the superficial
laminae of the dorsal horn (Glaum and Anderson 1988;
Hamon et al. 1989; Kidd et al. 1993; Laporte et al. 1995;
Kia et al. 1995; Morales et al. 1998; Doucet et al. 2000).
Treatment with capsaicin or rhizotomy results in a
decrease of binding sites and immunoreactivity, indicat¬
ing that primary afferents possess the receptor (Hamon et
al. 1989; Kidd et al. 1993; Kia et al. 1995). Furthermore,
in situ hybridisation studies have shown that dorsal root
ganglion cells contain mRNA sequences that code for
both 5-HTjA and 5-HT3B subunits (Kia et al. 1995;
Morales et al. 2001). However, not all binding sites are
abolished following rhizotomy, and in situ hybridisation
and immmunocytochemical studies indicate that intrinsic
neurons of the dorsal horn also possess this receptor (Kia
et al. 1995; Morales et al. 1998).

The initial aim of the present investigation was to
determine whether the 5-HT3 receptor is associated with
particular types of primary afferent fibres. We also
investigated the possibility that descending 5-HT systems
possess the receptor, and whether it is present on
terminals of inhibitory and/or excitatory interneurons. In
order to achieve these aims we used an anti-peptide
antibody that was raised against a peptide sequence of the
large intracellular loop of the 5-HT3A subunil. We
performed quantitative immunocytochemical investiga¬
tions in conjunction with confocal microscopy to examine
the relationship between 5-HTyA subunit immunoreac¬
tivity (5-HT3A-IR) and immunoreactivity to other chem¬
ical markers that identify various types of axon terminal
in the dorsal horn. We also performed ultrastructural
investigations in order to examine the organisation of
structures that are immunoreactive for the receptor.

Materials and methods

Confocal microscopy

Three male Sprague-Dawley rats (250 g; Harlan, Bicester, UK)
were deeply anaesthetised with sodium pentobarbitone (1 ml i.p.)
and perfused through the left ventricle with saline followed by a
fixative containing 4% formaldehyde in phosphate buffer pH 7.6.
The L4 lumbar segment was removed from each animal and
postfixed in the same solution for 8 h. Transverse and parasaggital
sections (50-pm thick) were cut with a Vibratome. Sections were
treated with 50% ethanol (30 min) to enhance antibody penetration,
which was followed by blocking in 10% normal donkey serum for
1 h.

Three-colour immunofluorescence was performed by incubat¬
ing sections in rabbit anti-5-HTjA antiserum (diluted 1:200;
Oncogene Research Products, Boston, MA, USA), goat anti-
calcitonin gene-related peptide (CGRP, 1:5,000; Affiniti, Exeter,
UK) and biotinylated isolectin B4 (1B4, 1:200; Sigma-Aldrich,
Poole, UK) for 72 h. The latter two markers were chosen to label
subpopulations of primary afferent axons (see Silverman and
Kruger 1990). Double-labelling experiments were performed with
the rabbit anti-S-HT^A antiserum, which was incubated for 48 h
with each one of the following antisera: sheep anti-glutamic acid
decarboxylase (GAD, 1:400; Oertel et al. 1982), rat anti-neuroten-

sin (NT, 1:200; Affiniti) and rat anti-5-HT (1:200; Affiniti). These
were chosen to label axon terminals of GABAergic inhibitory
neurons (Todd and Spike 1993), a subpopulation of NT axon
terminals that originate from glutamatergic excitatory interneurons
(Todd et al. 1994) and descending 5-HT axons (Steinbusch 1981),
respectively (see Discussion for further details). Antibodies were
diluted in phosphate-buffered saline (PBS) containing 0.3% Triton
X-100 and 1% normal donkey serum. Sections were rinsed and
incubated in solutions containing species-specific secondary anti¬
bodies (all raised in donkey and diluted 1:100) coupled to
fluorophores; fluorescein isothyoanate, to identify 5-HTj immuno¬
reactivity, or lissamine rhodamine to identify the marker (Jackson
ImmunoResearch, Luton, UK). In three-colour studies, the presence
of IB4 was identified with avidin coupled to lissamine rhodamine
and an anti-goat IgG antibody coupled to cyanine 5.18 was used to
identify CGRP immunoreactivity. Sections were then mounted and
examined with a BioRad MRC 1024 confocal laser scanning
microscope (Hemel Hempstead, UK). Fields from the superficial
dorsal horn were scanned systematically from sections cut in the
parasaggital plane. Each field (106x106 pm) consisted of six pairs
of optical sections gathered sequentially with a X40 oil-immersion
lens at 0.5 pm intervals in the Z-axis and a zoom factor of 3. A total
of ten fields per marker was collected from each of the three
animals (i.e. 30 fields each composed of six optical sections per
marker). The extent of overlap of neurochemical markers with 5-
HT3A-IR was quantified by using a Kontron KS400 image analysis
system (Kontron Elektronik, GmbH, Eching, Germany).

The analysis programme converted pairs of optical images,
corresponding to the same optical plane, into binary images,
calculated the total area occupied by 5-HT3 immunoreactivity and
the percentage of this area that was masked by fluorescence for
each marker (for discussion and full details see Maxwell et al.
1996). The parameters used to extract the areas were defined in the
analysis programme and were constant for all images analysed. For
each animal, the mean percentage overlap value was estimated for
the markers, and the overall mean value of this percentage was
calculated for all three animals (See Fig. 3). We also calculated the
overlap of 5-HT3A-IR with CGRP and IB4 labelling from the same
series of images and expressed this value as a percentage of the
total area that was labelled for IB4 and CGRP.

Electron microscopy

Three male Sprague-Dawley rats (250 g; Harlan) were prepared for
immunoelectron microscopy. The animals were deeply anaes¬
thetised with sodium pentobarbitone (1 ml i.p.) and perfused with
saline followed by a fixative containing 1% glutaraldehyde and 1%
formaldehyde in phosphate buffer (pH 7.6). L4 segments were
removed and placed in the same fixative for 8 h, and then were cut
into 50-pm transverse sections with a Vibratome. The sections were
treated with 50% ethanol for 30 min to improve antibody
penetration and then with 1% sodium borohydride for 30 min to
counteract the effects of glutaraldehyde. After blocking in 10%
normal goat serum for 1 h, sections were incubated for 48 h in
rabbit anti-5-HTiA antiserum (1:500), rinsed in PBS and then
placed for 2 h in biotinylated donkey anti-rabbit IgG (1:500;
Jackson ImmunoResearch). Primary and secondary antibodies were
diluted in PBS supplemented with 1% normal goat serum. After a
further rinse in PBS, sections were incubated in avidin-biotin-
horseradish peroxidase complex (Vector Elite, Peterborough, UK)
for 1 h and then reacted in presence of 4-dimethylaminobenzene
(DAB) to reveal peroxidase activity. Sections were treated for
30 min with 1 % osmium tetroxide in phosphate buffer, dehydrated
in a series of acetone solutions and Hat-embedded between acetate

foils in Durcupan. After polymerisation of the resin, sections were
examined with a light microscope and photographed. Selected
sections from each animal were mounted onto blocks of cured resin
and trimmed to include the superficial dorsal horn (laminae I-III).
Ultrathin sections were cut with a diamond knife and collected on

Formvar-coated single-slot grids and examined with an electron
microscope.
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Fig. 1 Confocal microscope
images of immunofluorescence
for the 5-HT3A subunit. The top
plate shows the general pattern
of labelling in the dorsal horn
(scale bar 100 pm). Most of the
immunolabelling is punctate but
occasional cells are also present
(asterisk in inset; scale bar
10 pm). Pre-adsorption of the
antibody with the peptide that
was used to raise it (5 pg/ml
with the antibody at a dilution
of 1:200) completely abolished
immunoreactivity (Control),
whereas the normal antibody
(diluted to 1:200) produced a
standard reaction on tissue from
the same animal (Test). (DC
dorsal columns, LWC lateral
white column)

Control experiments

Pre-adsorption control experiments were performed by incubating
the 5-HT3A antibody for 24 h at its normal working dilution with
5 pg/ml of the peptide that was used to raise the antibody.
Antibodies treated in this way did not produce an immunoreaction
(Fig. 1). Omission controls were also performed for the double- and
triple-labelling experiments. Each of the primary antibodies was
omitted systematically from the protocols described above. This
resulted in a complete absence of immunofluorescence for the
omitted antibody on each occasion.

Results

Confocal microscopy

Confocal microscopy revealed the presence of an intense
band of immunoreactivity for the 5-HTrA receptor
subunit in laminae I and II of the dorsal horn (Fig. 1).
This band consisted mainly of punctate structures but
small (10-15 pm in diameter) immunoreactive cells were
also present. The intensity of immunoreactivity was
always greater in lateral regions of the grey matter. In
addition, sparse immunoreactive axon-like structures
were also observed in deeper laminae but we did not
observe immunoreactivity associated with neuronal cell
bodies in these regions.



Fig. 2A-F Double- and triple-
labelling experiments. A-C
Single optical sections illustrat¬
ing fluorescence for the 5-HT3A
subunit (green), IB4 lectin (red)
and calcitonin gene-related
peptide (CGRP, blue). In A all
three channels have been

merged, in B the blue and green
channels have been merged, and
in C the red and green channels
were merged. Note that there is
considerable overlap between 5-
HT3A immunoreactivity and
immunoreactivity for CGRP
(arrows in B), but very little
overlap with IB4 (arrowhead in
C). Scale bar 10 pm. D-F
Merged single optical sections
illustrating immunofluores¬
cence for the 5-HT3A subunit
(green) and glutamic acid de¬
carboxylase (GAD, D), neuro¬
tensin (NT, E) and serotonin (5-
HT, F), each respectively in
red. Note that there is no over¬

lap with any of these markers.
All illustrations are taken from
mid-lamina II. Scale bar 10 pm

Double- and triple-labelling experiments (Fig. 2) re¬
vealed that a subpopulation of CGRP-immunoreactive
axon terminals was also immunoreactive for the 5-HT3A
subunit. Occasional IB4 terminals were double-labelled

(Fig. 2C), but we could not find evidence for colocali-
sation of 5-HT3A-IR with GAD, NT or 5-HT (Figs. 2D-
F). Quantitative analysis (Fig. 3) confirmed that approx¬
imately 10% of 5-HT3A-IR axons were masked by

immunoreactivity for CGRP (mean overlap ±SD was
10.6±10.3%). However, this represents only a small
proportion of the total area occupied by CGRP-immuno-
reactive fibres (3.8±0.8%). There was minimal overlap
with IB4-staining (3.3±2.4%; this equals 2.0±1.0% of the
total area of IB4-labelled axons) and almost no overlap of
immunoreactivity for 5-HT3A-IR and GAD (1.4±1.0%),
NT (0.17±0.2%) or 5-HT (0.18±0.2%).
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Fig. 3 Quantitative image analysis of overlap of labelling for
neurochemical markers and the 5-HT3A subunit. The level of
overlap of labelling for calcitonin gene-related peptide (CGRP),
IB4 lectin (1B4), glutamic acid decarboxylase (GAD), serotonin (5-
HT) and neurotensin (NT) is expressed as a percentage of the total
area of immunoreactivity for the 5-HT3A subunit. Average
percentages for three animals are illustrated

Electron microscopy

Material prepared for combined light and electron
microscopy displayed a similar pattern of immunoreac¬
tivity to tissue prepared for immunofluorescence. There
was a concentration of immunoreactivity in laminae I and
II where numerous punctate structures and some cells
were located (Fig. 4). Ultrastructural analysis confirmed
that the punctate structures were synaptic boutons. In
total, 33 boutons were examined with the electron
microscope (Fig. 5); these invariably formed pronounced
asymmetric synaptic junctions (Fig. 5A) with large and
small dendritic profiles (Fig. 5A, D). Occasionally
postsynaptic profiles contained vesicle-like structures
and were tentatively identified as vesicle-containing
dendrites (Fig. 5B). Almost all immunoreactive boutons
contained a mixture of dense-core and agranular vesicles.
Dense-core vesicles were often associated with a very
intense reaction product. Some immunoreactive boutons
resembled central terminals of glomeruli (n=7) and were
associated with several dendritic profiles (Fig. 5C).

Four immunoreactive cells from lamina II were

examined with the electron microscope. Intense patches
of immunoreactivity were observed within the cytoplasm
of these cells (Fig. 6). It was not possible to ascertain
whether such patches were associated with any particular
structure within the cytoplasm but some of them were in
the vicinity of the Golgi apparatus.

Discussion

Specificity of the antibody

The anti-5-HT3A antibody used in this study was obtained
from a commercial source and was raised against a
peptide sequence (444SLEKRDEMREVARD457) associat¬

ed with the large intracellular loop of the 5-HT3A receptor
subunit. Pre-adsorption of the antibody with this peptide
completely abolished immunoreactivity in the spinal cord
thus confirming its specificity. The pattern of immuno¬
reactivity observed in the present study is very similar to
that reported in previous studies where anti- 5HT3A
subunit antibodies have been used in the spinal cord (Kia
et al. 1995; Morales et al. 1998; Doucet et al. 2000). For
example, Kia et al. (1995) used an antibody that also
produced intense immunolabelling in the superficial
dorsal horn. This antibody was directed against a fusion
protein that consists of the whole of the second intracel¬
lular loop domain of the subunit. In addition, ligand
binding studies, in situ hybridisation and pharmacological
studies (e.g. Kidd et al. 1993; Kia et al. 1995; Khasabov et
al. 1999) also confirm the abundance of 5-HT3 receptors
in the superficial dorsal horn.

An anti-5-HT3A antibody was produced previously
with the same peptide sequence (Morales et al. 1996a) as
the antibody used in the present study. It has been
suggested that this antibody may not recognise an active
form of the receptor but may detect pre-assembled
subunits (Morales et al. 1998). It is therefore possible
that the antibody used in the present study also detects
pre-assembled subunits. We noted that dense-core vesi¬
cles in axon terminals were often associated with very
intense immunoreactions and it is possible that such
vesicles are storage sites for pre-assembled receptor
subunits.

Primary afferent terminals

There is good evidence to support the idea that 5-HT3
receptors are present on primary afferent terminals in the
superficial dorsal horn. Binding sites and immunoreac¬
tivity for the receptor are reduced following rhizotomy or
neonatal capsaicin treatment, and some dorsal root
ganglion cells express mRNA sequences that code for
5-HT3 subunits (Hamon et al. 1989; Kidd et al. 1993; Kia
et al. 1995; Morales et al. 2001; Zeitz et al. 2002).
Furthermore, pharmacological studies indicate that the
receptor is present at a presynaptic location, probably on
terminals of primary afferents (Todorovic and Anderson
1990; Khasabov et al. 1999; Green et al. 2000). In this
study we have shown that approximately 10% of 5-HT3A-
IR terminals in the dorsal horn contain CGRP. Calcitonin

gene-related peptide is considered to be a specific marker
for peptidergic primary afferent axons. It is likely that the
majority of CGRP-containing fibres in laminae I and II
originate from unmyelinated primary afferents, although
some fibres in lamina I could be fine myelinated AS axons
(Fawson et al. 2002). Only about 3% of 5-HT3A-IR axons
were labelled with IB4. Although there is some overlap
between primary afferents that bind IB4 and those that
contain CGRP, these two markers mostly label distinct
populations of afferent fibres and dorsal root ganglion
cells (see Silverman and Kruger 1990). It has been
estimated that almost all unmyelinated (C) primary



Fig. 4 Light micrographs of 5-
HT3A subunit immunoreactivity
in tissue prepared for combined
light and electron microscopy.
The top plate shows the pattern
of immunoreactivity in the dor¬
sal horn (scale liar 100 pnr).
The bottom plate is st magnified
view of the area delineated by
the box. Note the numerous

punctate structures (scale bar
50 pm). Two 5-HTj-receptor
immunoreactive cells (asterisk)
located in the inner region of
lamina 11 are shown at a higher
magnification in the inset. (DC
dorsal columns, LWC lateral
white column)

afferent fibres in the superficial dorsal horn are labelled
by either one of the two markers used in our study
(Averill et al. 1995). We therefore conclude that only a
limited number of 5-HTrA-IR axons originate from C
fibres.

Studies using radiolabeled zacopride show that up to
80% of autoradiographic labelling is reduced in the dorsal
horn following rhizotomy or neonatal treatment with
capsaicin (Kidd et al. 1993; Kia et al. 1995). On this basis,
it might be predicted that larger numbers of 5-HT3A-IR
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Fig. 5A-D Electron micro¬
graphs of 5-HTjA immunore-
active terminals. A An
immunoreactive terminal that
forms a pronounced asymmetric
synaptic junction with a small
dendritic profile (Den); scale
bar 0.5 pm. B An immunore¬
active axon that is presynaptic
to two small dendrites (asterisk)
that contain vesicle-like struc¬

tures; scale bar 0.2 pm. C An
immunoreactive terminal that
forms a central bouton of a

glomerular-like arrangement. In
this plane of section, the termi¬
nal forms synapses with three
small dendritic profiles (aster¬
isk); scale bar 1 pm. D An
immunoreactive bouton that is

presynaptic to a large dendritic
profile. This terminal contains
several dense-core vesicles that
are intensely immunoreactive
(arrows)', scale bar 1 pm

axon terminals would originate from primary afferent
fibres. The reasons for this discrepancy are not obvious
but there are several possible explanations. Firstly, neither
autoradiography nor immunocytochemistry lend them¬
selves easily to quantification. The quantitative method
used in the present study produces relative but not
absolute values (see Maxwell et al. 1996). Secondly, the
5-HTjA antibody may not label the entire population of
subunits; the possibility that the antibody does not
recognise an active form of the receptor has been
discussed above. A third possibility is that some 5-
HT3A-IR in lamina I may be associated with fine
myelinated A5 primary afferent fibres that terminate
specifically in this region (Light and Perl 1979). Only the
subgroup of AS fibres that contain CGRP would have
been identified by the methods used in the present study

and, as these form a small minority of A<5 afferents
(Lawson et al. 2002), the majority of fibres belonging to
this class of would not have been detected. Evidence

supporting this possibility was published recently by Zeitz
et al. (2002), who showed that approximately 13% of
dorsal root ganglion cells that express 5-HT3A receptor
subunits are immunoreactive for the vanilloid VR1

receptor (a marker for capsaicin-sensitive C nociceptors)
whereas approximately 80% of cells that express the
subunit are immunoreactive for N-52, (a neurofilament
marker for myelinated primary afferents). These authors
also showed that only a small proportion of cells that
express the receptor bind IB4 or are immunoreactive for
substance P. Therefore, their observations are consistent
with our suggestion that only a limited number of
presumed C fibre afferents are associated with 5-HT3A-
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Fig. 6 An electron micrograph
of a 5-HT3A immunoreactive
cell located in the innei legion
of lamina II. Note the intense

patches of reaction product
contained within the cytoplasm,
especially in the vicinity of the
Golgi apparatus (G.A.) (Nuc
Nucleus). Scale bar 2 pm

IR. However, the evidence produced by Zeitz et al.,
(2002) also suggests that a considerable proportion of
myelinated primary afferent fibres express 5-HT3A
receptor subunits. It is unlikely that many 5-HT3A-IR
axons originate from large Aaf} axons which terminate in
deepet laminae of the dorsal hoi 11 (e.g. see Willis and
Coggeshall 1991) where 5-HT3A immunoreactivity is
sparse, and therefore the majority of myelinated primary
afferent axons that express the subunit are likely to be A<5
fibres. Although this could account for some 5-HT3A-IR
axons in lamina I, our evidence suggests that the majority
of 5-HT3A-IR axons in lamina II do not originate from
primary afferent fibres, since it is principally C fibres that
terminate in this region.

Our ultrastructural observations also support the idea
that some primary afferent terminals are associated with
5-HT3 receptor subunits. Several 5-HT3A-IR axons
formed central boutons of glomerular-like structures; it
is generally accepted that such central boutons are
primary afferent terminals. Ribeiro-da-Silva and Coimbra
(1982) classified central boutons in the rat dorsal horn
according to certain morphological criteria. The terminals
we observed most closely resembled the dense-core
vesicle-containing subgroup of the Type I glomerulus.
This is consistent with our observation that peptidergic
primary afferents constitute a proportion of 5-HT3A-IR
axons, since this type of central bouton is known to
contain a mixture of CGRP and substance P (Ribeiro-da-
Silva et al. 1989; Ribeiro-da-Silva 1995).

Descending systems and intrinsic axons

Our findings suggest that the majority of 5-HT3A-IR
terminals in the dorsal horn do not originate from primary
afferents labelled with IB4 or CGRP and, therefore, may
be axons of intrinsic neurons 01 descending systems. In
keeping with previous reports (Kia et al. 1995; Morales et
al. 1998), we observed a number of small cell bodies in
lamina II that were immunoreactive for the receptor; such
cells are therefore a likely source of 5-HT3A immunore¬
active axon terminals in the dorsal horn.

We could find no evidence to show that 5-HT-

containing axons possess 5-HT3A receptor subunits and
therefore the 5-HT3 receptor does not appear to function
as an autoreceptor in the dorsal horn. This finding
confirms studies that indicate that there is no reduction of
5-HT3 binding sites in the spinal cord following treatment
with 5,7-dihydroxytrypatmine (Kidd et al. 1993). There
was also no colocalisation of 5-HT3A and GAD immu¬
noreactivity. It has been shown that 5-HT3 receptors are
present on GABAergic cells in the neocortex, hippocam¬
pus and telencephalon (Morales 1996b; Morales and
Bloom 1997) but, since almost all inhibitory interneurons
in the superficial dorsal horn contain GABA or a mixture
of GABA and glycine (Todd and Spike 1993), our
evidence suggests that the majority of inhibitory cells in
the dorsal horn lack the 5-HT3 receptor. Tsuchiya et al.
(1999) showed, by using single cell reverse transcription-
polymerase chain reaction analysis, that approximately
25% dorsal horn cells that contain enkephalin mRNA also
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contain 5-HT3 receptor mRNA. Only a proportion of
enkephalinergic cells in the dorsal horn contain co-
localised GABA (Todd and Spike 1993), therefore this
finding is not inconsistent with our conclusion that
GABAergic cells lack the receptor.

In addition, the 5-HT3A-IR was not associated with
NT terminals, which originate from a subset of gluta-
matergic dorsal horn interneurons (Todd et al. 1994).
Nevertheless, our ultrastructural investigations show that
5-HT3A-IR boutons invariably form pronounced asym¬
metric synaptic junctions which are generally thought to
be indicative of excitatory synapses (Uchizono 1965).
This evidence, taken together with our finding that 5-
HT3A-IR terminals do not contain GAD, indicates that
most 5-HT3A-IR axons contain an excitatory transmitter.
The majority of these terminals contain dense-core
vesicles in addition to agranular vesicles and therefore
may contain a mixture of neuropeptides in addition to an
excitatory amino acid (Merighi et al. 1992).

Functional implications

To date, there are two principal hypotheses concerning
the role of 5-HT3 receptors in the regulation of sensory
transmission in the dorsal horn. Firstly, serotonin could
act directly on 5-HT3 receptors on the terminals of
primary afferent axons to modulate transmitter release
(e.g. see Khasabov et al. 1999; Green et al. 2000) or,
secondly, it could have an indirect action on dorsal horn
cells or primary afferents terminals by activating inhib¬
itory interneurons that possess 5-HT3 receptors (e.g.
Alhadier et al. 1991; Peng et al. 1996).

In the present study, we have shown that about 10% of
5-HT3A-IR axons originate from peptidergic primary
afferents and therefore transmission at terminals of these
fibres is likely to be modulated by 5-HT acting through 5-
HT3 receptors. Peptidergic primary afferent fibres are
known to convey nociceptive information to the dorsal
horn (Lawson et al. 1997) and the presence of 5-HT3A
subunits suggests that 5-HT3 receptors do have a role in
nociceptive processing. However, it must be stressed that
only a small percentage of the total population of
peptidergic fibres possess the subunit (approximately
4%), therefore this role may be relatively limited. Dorsal
root ganglion cells are depolarised by 5-HT acting at 5-
HT3 receptors (Todorovic and Anderson 1990). It has
been suggested that this depolarisation may be similar to
the mechanism mediated by GABA acting at GABAa
receptors on primary afferent terminals; i.e. it could
induce presynaptic inhibition by shunting current invad¬
ing the terminal (Todorovic et al. 1997). In support of this
idea, application of selective 5-HT3 receptor agonists at
terminals of primary afferents in an in vitro preparation of
the young rat spinal cord was shown to generate primary
afferent depolarisation and attenuate dorsal root-evoked
excitatory postsynaptic potentials recorded from dorsal
horn cells (Khasabov et al. 1999). It is interesting to note
also that 5-HT3 receptors appear to have an involvement

in the generation of dorsal root reflexes which may
contribute to neurogenic inflammation by causing the
release of substance P and CGRP from peripheral nerve
endings of peptidergic primary afferents (Peng et al.
2001). Green et al. (2000), however, have suggested that
5-HT3 receptors may not have a major role in the dorsal
horn under normal conditions but that this system may be
activated as a consequence of inflammation. They noted
that the selective 5-HT3 antagonist, ondansetron had no
significant effects on trans-cutaneously evoked electrical
responses of dorsal horn cells in normal rats but that it
inhibited the response to subcutaneously injected forma¬
lin, thus suggesting a pro-nociceptive action of 5-HT.
They suggest that differences between their findings and
studies reporting an anti-nociceptive action of 5-HT
operating through 5-HT3 receptors may be explained by
the high concentrations of agonists used in such studies,
which would result in depolarisation of primary afferent
terminals and a reduction of transmitter release via

presynaptic inhibition. It is likely that the concentration
of 5-HT around the terminals of CGRP-containing
primary afferents is relatively low because this class of
afferent is not usually associated with axo-axonic synap¬
ses (Alvarez et al. 1993) and 5-HT-containing axons
seldom form axo-axonic arrangements (Maxwell et al.
1983). Hence, any interaction between 5-HT and 5-HT3
receptors located on the terminals of peptidergic primary
afferents must occur via volume transmission.

In addition to its well-characterised inhibitory effects,
5-HT has also been shown to excite dorsal horn cells

(Todd and Millar 1983). In particular, it has been
suggested that 5-HT. acting at 5-HT3 recepors, may
excite GABAergic interneurons, which in turn have pre-or
post-synaptic inhibitory effects on dorsal horn cells
(Alhadier et al. 1991; Peng et al. 1996). We found cells
that were immunoreactive for the 5-HT3A subunit but,
since 5-HT3A-IR axons were not associated with GAD
immunoreactivity, it seems unlikely that these cells
contain GABA. Indeed, as we have discussed above, the
majority of 5-HT3A-IR terminals in the dorsal horn
probably arise from excitatory neurons.

In conclusion, we have shown that a small proportion
of 5-HT3A-IR axons in the superficial dorsal horn
contains CGRP and therefore originate from peptidergic
primary afferents. The markers used in this study did not
label the majority of 5-HT3A-IR axons and we tentatively
conclude that these axons originate from excitatory dorsal
horn interneurons or fine-myelinated primary afferents.
This raises the possibility that 5-HT can modulate activity
at terminals of excitatory interneurons in addition to
terminals of primary afferent axons.
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Abstract

In this study we used confocal microscopy to show that most (83.67%) ct,c-adrenergic receptor (a2C-AR)-immunoreactive terminals in
the superficial dorsal horn contain the vesicular glutamate transporter 2 and hence are glutamatergic. Few (11.33%) terminals contain
glutamic acid decarboxylase (a marker for GABAergic axons) and none were associated with the B subunit of cholera toxin (a marker for
myelinated primary afferents) or the vesicular glutamate transporter 1. These data indicate that most dorsal horn axons possessing the
a2C-AR are excitatory and add further support to the suggestion that they originate principally from spinal interneurons.
© 2003 Elsevier Science B.V. All rights reserved.
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Pharmacological evidence indicates that antinociceptive
actions of noradrenaline in the spinal cord are mediated
principally by a2-adrenergic receptors (ct2-ARs; [4,21,10]).
Such receptors belong to the family of G-protein-coupled
receptors [3] and induce membrane hyperpolarisation
[15,13]. The a2A and a2C subtypes of ct2-ARs are found
predominantly in the spinal cord and, whilst the an¬
tinociceptive role of the a2A subtype is now well estab¬
lished (e.g. see Ref. [5]), it has been shown only recently
that the a2C subtype also has an involvement in spinal
analgesia [I]. Immunocytochemical studies reveal that
a2A-ARs, are present on the terminals of capsaicin-sensi-
tive peptidergic primary afferents [14] but that immuno-
reactivity for the a2C-AR is associated principally with
spinal interneurons [12,14,9]. A dense plexus of a2C-AR-
immunoreactive axons is present in the superficial dorsal
horn. In a previous study [9], we suggested that the
majority of these axons were likely to have an excitatory
action because few of them contained glutamic acid
decarboxylase (GAD; the synthetic enzyme for GABA)

•"Corresponding author. Tel.: +44-141-339-8855x0994; fax: +44-141-
330-2868.
E-mail address: david.maxwell@bio.gla.ac.uk (D.J. Maxwell).

and most of them formed asymmetric synapses which are
thought to mediate excitation [19]. These axons are not +
immunoreactive for calcitonin gene-related peptide
(CGRP) or bind the lectin IB4 and therefore do not

originate from peptidergic or the IB4 class of unmyelinated
primary afferents. Although the majority of a2C-AR axons
undoubtedly originate from spinal interneurons [14,9], in
situ hybridization studies indicate that mRNA encoding the
a,c-AR is present in some dorsal root ganglion cells [7,2]
and therefore there is a possibility that the receptor is
present on central terminals of primary afferents that are
not identified by CGRP or 1B4.

We had two specific aims in this study. Firstly, we
wanted to determine if a2C-AR-immunoreactive axons are
excitatory. We used confocal microscopy and quantitative
immunocytochemistry to establish what proportion of axon
terminals that possess a2C-ARs is also immunoreactive for
the vesicular glutamate transporters 1 and 2 (VGLUT1 and
VGLUT2) which are specific markers for glutamatergic
axons [16,20]. Secondly, we investigated the possibility
that a2C-ARs are present on central terminals of myeli¬
nated primary afferents which were identified by labelling
them with the B subunit of cholera toxin (CTb).
Three male Sprague-Dawley rats (250 g; Harlan) were

0006-8993/02/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved,
doi: 10.1016/S0006-8993(02>04124-0
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deeply anaesthetised with halothane and 4 p.1 1% cholera
toxin B subunit (CTb; List Laboratories, CA, USA) was

injected into the left sciatic nerve to label terminations of
myelinated primary afferents [6,11]. Then 3 days later, the
animals were deeply anaesthetised with sodium pentobar¬
bitone (1 ml of 60 mg/ml i.p.) and perfused through the
left ventricle with saline followed by a fixative containing
4% formaldehyde in phosphate buffer pH 7.6. All pro¬
cedures were carried out according to British Home Office
legislation. The L4 lumbar segment was removed from
each animal and placed in the same fixative solution for 8
h. Transverse sections (50 p.m thick) were cut with a
Vibratome. Sections were treated with 50% ethanol (30
min) to enhance antibody penetration, which was followed
by blocking in 10% normal donkey serum for 1 h. Dual
immunofluorescence was performed with a guinea pig
anti-a2c-AR antiserum (diluted 1:500; Neuromics, Min¬
neapolis, USA.; see Ref. [14] for details) which was
incubated for 48 h with each one of the following
antibodies: rabbit anti-VGLUT2 (1:5000), rabbit anti-
VGLUT1 (1:5000) (both obtained from Synaptic Systems,
Gottingen, Germany), goat anti-CTb (1:5000) (List Lab¬
oratories) and a sheep anti-GAD (1:400), which recognises
both isoforms of the enzyme [8]. Sections were rinsed and
incubated in solutions containing species-specific secon¬
dary antibodies (all raised in donkey and diluted 1:100)
coupled to fluorescein isothyoanate, to identify a2c-AR-
immunoreactivity, or lissamine rhodamine to identify the
other marker (Jackson ImmunoResearch, Luton, UK).
Primary and secondary antibodies were diluted in phos¬
phate buffered saline (PBS) containing 0.3% Triton X-100
and 1% normal donkey serum. Once the sections were
mounted, fields from the central region of the superficial
dorsal horn (parts of lamina I and lamina II for VGLUT2
and GAD, Laminae II/III for VGLUT1 and lamina I and
lamina III for CTb) were systematically scanned with a
BioRad MRC 1024 confocal laser scanning microscope.
Initially, the appropriate region of the dorsal horn was
identified and a2C-AR-immunoreactivity examined. The
parameters were set for each type of immunofluorescence
and fields (70X70 p.m) consisting of six pairs of optical
sections gathered sequentially with a X40 oil-immersion
lens at 0.5 p,m intervals in the z-axis at a zoom factor of 3.
Multiple fields were collected for each combination of

antibodies. For each marker, two fields (one from the right
horn and one from the left horn except for CTb where
fields were taken only from the side ipsilateral to the
injection) were collected from five transverse sections for
each animal. Thus a total of 10 fields per marker was
collected from each of the three animals. In our previous
study [9], we used an automated method to estimate the
degree of overlap of various markers with immunoreactivi-
ty for a2c-AR-immunoreactive axons. Whilst this method
is excellent for comparing proportions of overlap of
various markers, the values it provides are relative and not
absolute. In the present work we decided to apply a
visual-assessment method because we wanted to produce
an accurate estimate of numbers of a?c-AR-immuno-
reactive puncta that possess immunoreactivity for the four
markers. For this purpose, 100 a,c-AR-immunoreactive
puncta per animal (i.e. 300 in total) were sampled from the
scanned fields with the aid of NeuroLucida for Confocal
software (MicroBrightField, Colchester, VT). For each
animal, a random sample of 10 boutons per marker was
extracted from the third and fourth optical sections from
each of the 10 fields collected. Sampled a2c-AR-IR
boutons were assessed individually to determine if they
contained -immunoreactivity for each one of the markers.
The numbers of double-labelled a2c-AR puncta were then
counted for each animal and the final overall mean

percentage value (±standard deviation) was calculated for
the three animals.

Immunoreactivity for the a,c-AR was concentrated on
axon terminals in the superficial laminae of the dorsal horn
(Fig. le) and in the lateral spinal nucleus and had a similar
pattern to that reported previously [ 14,9]. We used markers
to label terminals containing excitatory (i.e. VGLUT1 and
VGLUT2) or inhibitory (i.e. GAD) amino acid transmitters
in order to estimate the proportion of a2c-AR axons that
are likely to have an excitatory or inhibitory action.
Numerous a2c-AR-immunoreactive puncta contained im¬
munoreactivity for VGLUT2 (Fig. la). However the in¬
tensity of VGLUT2 labelling varied considerably in termi¬
nals from very intense to weak; all intensities of immuno¬
reactivity were considered positive for the purposes of the
quantitative analysis. A small number of a2c-AR terminals
were associated with GAD-immunoreactivity (Fig. lb) but
none of them were immunoreactive forVGLUTl (Fig. lc).

Fig. 1. (a-c) Confocal microscope images of a,c-AR-immunoreactivity (green) and immunorectivity for the markers (red) used in the study. Three sets of
single optical sections are shown. In each set, the first image shows immunoreactivity for the a,c-AR (a, b, c). the second image shows labelling for the
vesicular glutamate transporter 2 (VGLUT2), glutamic acid decarboxylase (GAD) and the vesicular glutamate transporter 1 (VGLUT1) (a', b' and c\
respectively) and the third image is the result of merging both images (a", b", c"). The presence of yellow profiles in a" and b" indicates overlap of
immunoreactivity. Arrows indicate selected a,c-AR-immunoreactive puncta that are double-labelled with intense VGLUT2 and arrowheads show terminals
that are associated with weak VGLUT2 in series a. Arrows indicate selected structures that are double labelled with GAD in series b [Scale bars=10 pm],
(d) A low-power image showing the pattern of labelling in the dorsal horn with the B subunit of cholera toxin following injection into the sciatic nerve
[Scale bar=100 |xm]; (e) A magnified view of the dorsolateral area of the dorsal horn illustrated in (d) showing the relationship between
immunoreactivities for the a,L-AR (A2C. green) and CTb (red) [Scale bar=50 pm]. (f) Details of the boxed area in (e) showing CTb labeling in lamina I
(red) and immunoreactivity for the a2c-AR (green). Note that there is no overlap of CTb and a2c-AR puncta [Scale bar=10 pmj Series g shows
immunolabelling for the a,c-AR (g) and CTb (g1) in lamina III. In the merged image (g") it can be seen that a,c-AR and CTb puncta do not overlap. [Scale
bar= 10 pmj.
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Quantitative analysis confirmed that 83.67±2.52% of a2c-
AR axons contain VGLUT2 but that only 1 1.33 ± 1.53%
contain GAD and that they do not contain VGLUT1 (Fig.
2). We could find no evidence to show that CTb-labelled

myelinated primary afferent terminals in lamina I or in
lamina III possess the receptor (Figs, ld-g and 2) even

though numerous CTb-labelled axons were present in these
regions (Fig. Id).
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Fig. 2. A histogram showing mean percentage values of numbers of
a,c-AR immunoreactive puncta that were double-labelled with the
markers. A substantial number of ot,c-AR puncta were immunoreactive
for the vesicular glutamate transporter 2 (VGLUT2) and a small number
were immunoreactive for glutamic acid decarboxylase (GAD) but none
were associated with the vesicular glutamate transporter 1 (VGLUT1) or
with CTb in lamina I (CTb-LI) or lamina III (CTb-LIII). The data were

obtained from three adult rats. Error bars=standard deviation.

The principal finding of the present study was that many
terminals (greater than 80%) in the superficial dorsal horn
that possess the a2c-AR also contain VGLUT2. This
evidence suggests that a2c-ARs are associated with axons
that predominantly have an excitatory action. We also
confirmed that only a small proportion (approximately
11%) of these axons contain GAD. Most GABAergic
neurons in the superficial dorsal horn contain GABA or a
mixture of GABA and glycine [17] and the GAD marker
would be predicted to label the entire population of
inhibitory axons that release classical inhibitory amino acid
transmitters. Therefore it is likely that only a small
proportion of a2c-AR-immunoreactive axons have an
inhibitory action. The conclusion that most ot2c-AR-im-
munoreactive terminals are excitatory is also supported by
findings from electron microscopic investigations which
show that more than 75% of a2c-AR-immunoreactive
terminals form asymmetric axo-dendritic synapses [9].

Terminals forming this type of synapse are predicted to
have an excitatory action [19]. Many a2c-AR-immuno-
reactive terminals also contain enkephalin, somatostatin or
neurotensin [9,14], It has recently been shown that all of
these types of peptidergic terminal are associated with high
proportions of VGLUT2-immunoreactivity [18], These
findings also support our suggestion that the majority of
a2c-AR-immunoreactive terminals contain glutamate and
have an excitatory action.
It was concluded previously that most a2c-AR-immuno-

reactive axons originate from spinal interneurons [14,9],
Immunoreactivity for the a2c-AR is not significantly
reduced following rhizotomy or neonatal capsaicin treat¬
ment and is not associated with markers such as CGRP or

1B4. Therefore it is presumed that the a2c-AR-immuno-
reactive axons in the superficial dorsal horn are not
terminals of primary afferents. Indeed some ot2(.-AR-im-
munoreactive axons contain enkephalin and neurotensin
which are markers that are specifically found in terminals
of spinal interneurons. Nevertheless, in situ hybridisation
studies indicate that both large and small dorsal root
ganglion cells contain a2c-AR mRNA [7,2] and therefore
this receptor would be expected to be present on central
terminals of primary afferent fibres. In the present study
we have shown that myelinated primary afferent axons that
take-up and transport CTb are not associated with a0c-AR-
immunoreactivity. The receptor was also not found on
terminals labeled with VGLUT1, a marker that is associ¬
ated mainly with large myelinated primary afferents [20].
Taken together with the previous findings, our evidence
suggests that few, if any, a2c-AR-immunoreactive axons in
the superficial dorsal horn originate from primary affer¬
ents. It is difficult to reconcile this conclusion with the

findings of the in situ hybridization studies but it is
possible that a2c-ARs manufactured in dorsal root gang¬
lion cells are not trafficked to central terminations and, in
this respect, may be similar to the neuropeptide Y Y1
receptor [22], Alternatively some a2c-ARs may be present
on a subgroup of primary afferents that are not labelled by
CTb, IB4 or CGRP.
In conclusion, we have shown that the majority of axon

terminals in the superficial dorsal horn that are immuno¬
reactive for the a2c-AR are likely to be excitatory. It is
also probable that most of these axons are terminals of
spinal interneurons. In our previous study [9] we observed
that many a2c-AR-immunoreactive terminals in lamina I
clustered around proximal dendrites and cell bodies in this
region. We tentatively suggested that such cells might be
projection neurons that have an involvement in nocicep¬
tion. The evidence obtained in the present study suggests
that noradrenaline could weaken excitatory synaptic trans¬
mission to spinal neurons by acting through a2c-ARs on
the terminals of interneurons. This could be one of the
mechanisms that underlies the antinociceptive action of
noradrenaline in the spinal cord.
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Abstract

GABA and glycine are inhibitory neurotransmitters used by many neurons in the spinal dorsal horn, and intrathecal administration of
GABAa and glycine receptor antagonists produces behavioural signs of allodynia, suggesting that these transmitters have an important role
in spinal pain mechanisms. Several studies have described a substantial loss of GABA-immunoreactive neurons from the dorsal horn in nerve

injury models, and it has been suggested that this may be associated with a loss of inhibition, which contributes to the behavioural signs of
neuropathic pain.

We have carried out a quantitative stereological analysis of the proportions of neurons in laminae 1, II and III of the rat dorsal horn that
show GABA- and/or glycine-immunoreactivity 2 weeks after nerve ligation in the chronic constriction injury (CCD model, as well as in
sham-operated and naive animals. At this time, rats that had undergone CCI showed a significant reduction in the latency ofwithdrawal of the
ipsilateral hindpaw to a radiant heat stimulus, suggesting that thermal hyperalgesia had developed. However, we did not observe any change
in the proportion of neurons in laminae I— 111 of the ipsilateral dorsal horn that showed GABA- or glycine-immunoreactivity compared to the
contralateral side in these animals, and these proportions did not differ significantly from those seen in sham-operated or naive animals. In
addition, we did not see any evidence for alterations of GABA- or glycine-immunostaining in the neuropil of laminae I—III in the animals
that had undergone CCI.
Our results suggest that significant loss of GABAergic or glycinergic neurons is not necessary for the development of thermal hyperalgesia

in the CCI model of neuropathic pain.
© 2003 International Association for the Study of Pain. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Injury to peripheral nerves frequently leads to neuro¬

pathic pain, the underlying mechanisms of which are
complex and poorly understood. Although abnormal firing
of damaged primary afferents undoubtedly plays an

important role in the development and maintenance of
neuropathic pain states, there is strong evidence that
changes in the central nervous system are also important
(Coderre et al., 1993). The dorsal horn of the spinal cord is
the site of the first central synapse in pathways that conduct

* Corresponding author. Tel.: 4-44-141-330-4184; fax: 4-44-141-330-
2868.

E-mail address: e.polgar@bio.gla.ac.uk (E. Polgar).

nociceptive information to the brain. Various changes that
occur in the dorsal horn following nerve injury, and which
may contribute to neuropathic pain, have been reported.
These include sprouting of myelinated low-threshold
afferents, central sensitisation of dorsal horn neurons and
a reduction in inhibitory neurotransmission (Woolf, 1997).

GABA is the principal inhibitory neurotransmitter in the
superficial laminae of the dorsal horn, and clearly has an
important role in regulation of nociceptive transmission,
since local application of the GABAa receptor antagonist
bicuculline (as well as the glycine receptor antagonist
strychnine) to the spinal cord in the rat produces behavioural
signs of tactile allodynia (Yaksh, 1989) and can cause low-
threshold mechanical stimuli to produce a flexion with¬
drawal reflex (Sivilotti and Woolf. 1994). It has been

0304-3959/03/$30.00 © 2003 International Association for the Study of Pain. Published by Elsevier Science B.V. All rights reserved,
doi: 10.1016/S0304-3959(03 )00011-3
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reported that approximately 30% of neurons in laminae I
and II, and 45% of those in lamina III are GABA-
immunoreactive (Todd and Sullivan, 1990). Many of these
neurons also have high levels of glycine-immunoreactivity
(Todd and Sullivan, 1990) and it is thought that GABA and
glycine act as co-transmitters at some synapses in the dorsal
horn (Todd et al.. 1996; Keller et al„ 2001). lbuki et al.
(1997) and Eaton et al. (1998) reported a dramatic loss of
GABA-immunostaining from the dorsal horn in the chronic
constriction injury (CCI) model of neuropathic pain, in
which one sciatic nerve is loosely ligated (Bennett and Xie,
1988). The loss ofGABA-immunoreactivity from the dorsal
horn occurred on both sides of the spinal cord, but was more
severe on the side ipsilateral to the sciatic nerve ligation,
and its time course matched that of behavioural signs of
neuropathic pain. Ralston et al. (1997) found substantially
reduced numbers of both GABA-immunoreactive neuronal
cell bodies and axon terminals in the dorsal horn in another

neuropathic model, which involved tight ligation of part of
the sciatic nerve (Seltzer et al., 1990), while Castro-Lopes
et al. (1993) reported a more modest reduction in the
number of GABA-immunoreactive neurons after sciatic
nerve transection. It has been suggested that the increased
primary afferent activity in these neuropathic models may
result in excitotoxic death of some neurons in the superficial
laminae of the dorsal horn (Sugimoto et al., 1990), and this
may therefore have contributed to the loss of GABAergic
neurons reported in these studies. However, since the loss of
GABA-immunoreactivity in the CCI model showed some
recovery at prolonged survival times, at least part of it was
thought to be caused by down-regulation of GABA
synthesis in surviving neurons (Ibuki et al., 1997). Recently,
Moore et al. (2002) have provided electrophysiological
evidence that GABAergic inhibition of lamina II neurons is
reduced in two neuropathic models: CCI and spared nerve
injury (SNI) (Decosterd and Woolf, 2000). GABA is
synthesised by the enzyme glutamic acid decarboxylase
(GAD), and two isoforms of this enzyme with slightly
differing molecular weights (GAD65 and GAD67) have
been identified (Martin and Tobin, 2000). Moore et al.
(2002) reported a 20-40% reduction in the level of GAD65,
with little change in GAD67, in the ipsilateral dorsal horn in
both CCI and SNI models.

In contrast to these findings, Somers and Clemente
(2002) found no significant change in the content of GABA
or glycine in synaptosome preparations from the ipsilateral
dorsal horn in the CCI model, while Satoh and Omote
(1996) reported that the concentrations of both amino acids
in the dorsal half of the spinal cord were significantly
increased on the ipsilateral side in this model, and Kontinen
et al. (2001) provided evidence for an increase in
GABAergic inhibition of dorsal horn neurons in the spinal
nerve ligation model of neuropathic pain (Kim and Chung.
1992).

Since there are clearly discrepancies in the findings of
these different groups regarding the possible involvement of

GABA in neuropathic pain, and as there have apparently
been no immunocytochemical studies of glycine in neuro¬

pathic models, we have carried out a quantitative study of
the proportion of neurons in laminae I—III that show
GABA- and glycine-immunoreactivity 2 weeks after nerve
ligation in the CCI model.

2. Methods

All experiments were approved by the Ethical Review
Process Applications Panel of the University of Glasgow,
and were performed in accordance with the UK Animals
(Scientific Procedures) Act 1986.

2.1. Animals and operative procedures

Thirteen adult male Sprague-Dawley rats (260-330 g)
were used in this study. Six of these underwent CCI, while
four received a sham operation and three were naive
controls. For the CCI model, the rats were anaesthetised
with halothane and four 4-0 chromic gut sutures spaced
~ 1 mm apart were tied loosely around the left sciatic nerve
proximal to the trifurcation (Bennett and Xie, 1988). Sham
operations were also carried out under halothane anaes¬
thesia, and involved exposure (but no manipulation) of the
left sciatic nerve.

2.2. Behavioural testing

Behavioural testing to detect signs of thermal hyper¬
algesia was carried out on all CCI and sham-operated rats on
seven occasions: 1 day before (baseline value), and 1, 4, 6,
8, 11 and 14 days after the operation. Responses to thermal
stimuli were tested with a Plantar Analgesia Instrument
(Ugo-Basile, Italy) (Hargreaves et al., 1988). The animals
were placed in a clear plastic cage with a glass floor and
allowed to acclimatise for 15 min. A radiant heat source was

aimed at the plantar surface of the hindpaw, and the time
taken for withdrawal of the foot was measured. This was

carried out on five occasions for each hindpaw during each
testing session. The order in which the two hindpaws were
stimulated was varied, and an interval of at least 10 min was

allowed between consecutive stimuli on the same paw. The
mean withdrawal latency for each foot was determined. The
differences between responses of the ipsilateral and
contralateral hindpaws in animals that had undergone CCI
or sham surgery at each post-operative time-point were
tested for significance using a one-tailed unpaired /-test.

2.3. Tissue processing and immunocytochemistry

On the 14th post-operative day, CCI and sham-operated
rats were deeply anaesthetised with pentobarbitone and
fixed by intracardiac perfusion, through a 16G cannula
which was inserted directly into the left ventricle. The
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perfusion was initiated with a brief rinse (approximately 5 s)
with Ringers' solution and this was followed by 1 1 of
fixative (1% glutaraldehyde and 1% freshly depolymerised
formaldehyde in 0.1 M phosphate buffer) (both at 37°C).
The nai've rats were anaesthetised and perfused in the same
way. The 4th and 5th lumbar (L4 and L5) segments from
each rat were dissected out and stored overnight in the same
fixative at 4°C. Transverse 60 jxm thick sections were cut
from the caudal half of L4 and the rostral half of L5 with a

Vibratome. The sections were osmicated (1% 0s04 for
20 min), dehydrated in acetone, block-stained in uranyl
acetate (saturated solution of uranyl acetate in 70% acetone
for 40 min) and flat-embedded in Durcupan.

From each animal two or three Vibratome sections were

selected and trimmed so that the block face contained the
whole of both right and left dorsal horns. In each case, a
notch was made in the deep part of the dorsal horn on one
side, in order to allow the two sides to be distinguished.
Series of ultrathin and semithin sections were cut from the
selected Vibratome sections with a diamond knife and

subsequently used for stereological analysis with the
disector method (Sterio, 1984; Coggeshall, 1992). Each
series consisted of two ultrathin sections (gold interference
colour) immediately followed by 16 semithin sections (each
0.5 p,m thick) (Fig. 1). The ultrathin sections were collected

Section Stain
U1
U2
S1 TB
S2
S3
S4
S5 GABA
S6 Glycine
S7 GFAP
S8 TB

S9 GFAP
S10
S11
S12 TB

S13
S14
S15
S16 TB

(Reference section)

(Look-up section)
Fig. 1. Scheme showing the way in which series of sections were processed
for the disector method. Two initial ultrathin sections (Ul, U2) were used to
reveal right and left dorsal horns with electron microscopy. Sixteen 0.5-p.m
thick semithin sections (SI-16) were then cut: the 1st, 8th, 12th and 16th
were stained with toluidine blue (TB), the 5th was immunostained for
GABA, the 6th for glycine, and the 7th and 9th for GFAP. Three such series
were analysed from each of the operated animals (CCI and sham-operated),
and two from each of the naive animals.

on Formvar-coated single-slot copper grids. Because of the
size of the block face, it was only possible to have one dorsal
horn (left or right) on each grid, and therefore two grids
were required to allow both sides to be viewed in their
entirety. The semithin sections were mounted individually
on gelatin-coated glass slides and kept in serial order. From
each of the CCI and sham-operated animals, three complete
series of ultra- and semithin sections (as shown in Fig. 1)
were obtained, while two complete series were taken from
each of the naive animals.

Ultrathin sections were contrasted with lead citrate,
while selected semithin sections were either stained with
toluidine blue or immunoreacted with antibodies against
GABA, glycine, or glial fibrillary acidic protein (GFAP)
according to the scheme shown in Fig. 1. Post-embedding
immunocytochemistry was carried out as described pre¬
viously (Polgar et al., 1999). Semithin sections were etched
for 40 min in a saturated solution of sodium hydroxide in
ethanol, rinsed and treated for 7 min with 1% sodium
metaperiodate to remove osmium tetroxide. They were then
incubated overnight in a humid chamber at 4°C in one of the
following primary antibodies: affinity-purified rabbit anti¬
body against GABA (Sigma, catalogue number A-2052,
diluted 1:10,000), rabbit antiserum against glycine (donated
by Dr D.V. Pow, and diluted 1:50,000; Pow and Crook,
1993), or rabbit antiserum against GFAP (Dako, catalogue
number Z0334, diluted 1:1000). After rinsing, sections were
incubated for 1 h in biotinylated donkey antirabbit IgG
(Jackson Immunoresearch, diluted 1:500), followed by 1 h
in ExtrAvidin peroxidase conjugate (Sigma, catalogue
number E-2886, diluted 1:1000). They were then treated
for 15 min in 0.05% 3,3'-diaminobenzidine in the presence
of H202 to reveal peroxidase activity and the reaction
product was intensified with 0.01% Os04 for 5 min.
Antibodies were diluted in phosphate buffered saline
containing 0.5 M sodium chloride.

The GABA and glycine antibodies have been character¬
ised and shown not to cross-react with the other amino acid,
or with aspartate, glutamate, taurine or 0-alanine (Pow and
Crook, 1993; Yang et al., 1997).

2.4. Stereological analysis

To avoid the possibility of bias, the person who carried
out the stereological analysis was blind to both the treatment
group from which the section was taken (CCI, sham-
operated or naive), and which side of the section was left or
right.

The physical disector method was used to allow an
unbiased sample of neurons to be obtained from each of the
superficial laminae (I—III) of the dorsal horn in the selected
Vibratome sections (Sterio, 1984; Coggeshall, 1992;
Guillery, 2002). For each series (Fig. 1), the reference
(8th) section, which had been stained with toluidine blue,
was initially examined. The section was first viewed
through a 20 X objective lens on a Nikon Optiphot II
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microscope with a camera lucida attachment. The outline of
the dorsal horn was drawn, and the boundaries between
laminae I, II and III were identified by means of the
distribution of myelinated axons. The approximate position
of the lamina III/IV boundary was located from the atlas of
Molander et al. (1984). In most cases, neuronal nuclei could
easily be recognised at this magnification, and these were
added to the drawing, together with capillaries, which acted
as fiducial markers. The pale staining of neuronal nuclei
meant that they were clearly distinct from nuclei of
oligodendrocytes, which were darkly stained (Ling et al.,
1973). In a few cases it was difficult to determine whether
nuclei belonged to neurons or astrocytes, particularly when
they had been cut tangentially and were therefore small.
Several approaches were used to resolve this: first, the
section was re-examined with a 100 X oil-immersion lens,
and secondly the two adjacent sections (7th and 9th) which
had been immunostained for GFAP were examined.

Because of the nature of the disector method used here

(see below) small, tangentially cut nuclei that were present
on the reference section and would be included in the

sample were invariably larger on sections earlier in the
series. The first semithin section (also stained with toluidine
blue) was therefore examined to determine whether such a

nucleus was neuronal. Finally, in a few cases where there
was still ambiguity, the ultrathin sections were used to
determine whether a nucleus was neuronal or astrocytic,
based on the presence of glial fibres or Nissl bodies in the
cytoplasm (Coggeshall et al., 2001).

The look-up (16th) section was then examined, and all of
the neuronal nuclei from the reference section that were still

present were identified, so that they could be excluded from
the sample. It is possible that in some cases two different
neuronal nuclei could appear in the same position in the
reference (8th) and look-up (16th) sections, and this would
mean that a nucleus was incorrectly excluded. To avoid this
possibility, an additional loluidine blue-stained section
(12th) was also examined. In this way, all neuronal nuclei
that were present on the reference section but absent from
the look-up section were included in the sample. These cells
were then identified on the sections that had been
immunostained with GABA and glycine antibodies, and
the presence or absence of immunostaining for each amino
acid was recorded. The total number of neurons included in
the sample in each lamina on each side of the section was
noted, as well as the number that contained GABA- and/or
glycine-immunoreactivity. For the CCI and sham-operated
rats, results from the three sets of sections analysed from
each animal were pooled, to allow comparison between
results for the ipsilateral and contralateral sides. From the
naive animals, data from both sides of the two sets of
sections were pooled for each animal. The proportions of
neurons in each lamina that were GABA- or glycine-
immunoreactive were compared between the ipsilateral and
contralateral sides of the CCI and sham-operated animals
and the naive animals using a one way ANOVA.

From examination of toluidine blue-stained parasagittal
sections of the superficial dorsal horn, we found that the
smallest rostrocaudal length of neuronal nuclei was 7 p.m
(E. Polgar, unpublished observations). The separation
between reference and look-up sections (3.5 p,m) was
chosen so that no neuronal nucleus could be contained

entirely within it (Coggeshall, 1992), and also so that all
neurons included in the sample would still have nuclei that
were present on sections reacted for GABA and glycine.

2.5. Comparison of the strength of GABA-immunostaining
in neurons in each dorsal horn in the CCI model

Since the concentration of GABA in the cell bodies of

GABAergic neurons might be reduced in the CCI model, we
compared the strength of GABA-immunostaining in the
sample of immunoreactive neurons that had been obtained
with the dissector method on the ipsilateral and contralateral
sides of the GABA-immunostained semithin section from
each of the six CCI rats (three sections from each rat).
Digital images were obtained with a Zeiss Axiocam through
a 20 X objective lens from the 18 GABA-immunostained
sections, and montages of these images were constructed
such that the whole of laminae I—III on both sides were

included for each section. The grey values of the resulting
images were then reversed, so that darker reaction product
gave higher luminance values, and the images were

analysed with a Zeiss KS400 image analysis system. Each
of the GABA-immunoreactive neurons that had been
included in the disector analysis was identified, and the
mean luminance value of the pixels corresponding to its cell
body was measured. For each section, we then determined
the median of these values for the selected population on the
ipsilateral and on the contralateral sides, and calculated the
ratio of these two median values (ipsilaterakcontralateral).
To obtain a single result from each animal, we determined
the mean of these ratios from the three semithin sections
taken from that animal. If the level of GABA-immunostain¬

ing in neurons on each side of the spinal cord was the same,
this would result in a ratio close to one, whereas if there was

a reduction in the strength of immunostaining on the
ipsilateral side, this would give a ratio ipsilateralxontra-
lateral of less than one.

We also measured the luminance values for the cell
bodies of 20 randomly selected non-immunoreactive
neurons per section, so that these could be compared to
the values from the selected GABA-immunoreactive cells.

3. Results

3.1. Behaviour

All of the rats with the CCI showed alterations of posture
that were similar to those described in other studies using
this model (Bennett and Xie, 1988; Attal et al., 1990). The
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animals tended to avoid weight-bearing on the affected foot,
both at rest and while walking. The foot was often held in an
everted position with the toes plantar-flexed. Sham-operated
rats had normal posture and gait.

Results of the tests for thermal hyperalgesia are shown in
Fig. 2. In the animals with CCI, withdrawal latencies of the
ipsilateral hindpaw to the radiant heat stimulus were
significantly reduced (P < 0.05, one-tailed unpaired r-test)
compared to those of the contralateral paw on the 8th post¬
operative day, and on days 11 and 14, these differences were
highly significant (P < 0.001). There were no significant
differences between withdrawal latencies of the two

hindpaws in the sham-operated rats at any of the times
tested.

3.2. Immunocytochemistry

In sections from animals with CCI, the pattern of GABA-
and glycine-immunostaining was very similar in both
ipsilateral and contralateral dorsal horns, and no consistent
differences between the two sides could be detected (Figs. 2
and 3). The appearance of immunostaining with both
antibodies in these sections was the same as that seen in the

sham-operated and naive animals, and closely resembled
that which has been reported previously in the dorsal horn of
normal rats (e.g. Magoul et al., 1987; van den Pol and Gores,

1988; Todd andMcKenzie, 1989; Todd and Sullivan, 1990).
In all sections, some neuronal cell bodies in each lamina
were GABA- or glycine-immunoreactive, while others were
not immunostained. The strength of the peroxidase reaction
product in immunoreactive neurons varied considerably, but
these could clearly be distinguished from non-immuno-
reactive cells. For all of the selected neurons classified as

GABA-immunoreactive in the CCI animals, the pixel
luminance value corresponding to reaction product in the
cell body exceeded the mean value for the non-immuno-
reactive cells in the corresponding section by more than 2
standard deviations.

Many small profiles in the neuropil showed GABA- or
glycine-immunoreactivity, and these presumably included
dendrites and axons of GABAergic or glycinergic neurons.
The density of GABA-immunostaining (in both cell bodies
and the neuropil) was highest in laminae I and II, and
diminished progressively in more ventral laminae (Fig. 3),
while glycine-immunoreactive profiles were less numerous
in laminae I and II than in lamina III (Fig. 4). No consistent
differences in the density of immunostaining in the neuropil
or in immunoreactive cell bodies were observed between the

ipsilateral and contralateral sides of the CCI animals with
either GABA or glycine antibodies (Figs. 3 and 4).

The results of the quantitative analysis with the disector
method are shown in Table 1. On the ipsilateral side in the
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Fig. 3. GABA-immunostaining in a semithin section from the L4 segment of a rat with CCI. The left side of the figure shows the dorsal horn on the side
ipsilateral to the nerve ligation, which was carried out 14 days previously, (a) A low-magnification view of the dorsal part of the spinal cord, in which the
symmetrical appearance of GABA-immunoreactivity can be seen. (b,c) and (d,e) show progressively higher magnification views of the medial part of the dorsal
horn on ipsilateral and contralateral sides. (b,c) Numerous immunoreactive and non-immunoreactive cell bodies can be seen on both sides. (d,e) At this
magnification, individual cell bodies can be seen clearly, as well as puncate immunostaining in the neuropil. Note that although the strength of immunostaining
varies considerably between neuronal cell bodies, it is consistent within each cell body, making it difficult to distinguish between nucleus and perikaryal
cytoplasm. Scale bars: a = 200 pan, b,c = 50 pan, d,e = 25 pan.

CCI rats, GABA-immunoreactivity was present in 26%
(± 3.5 SEM) of neurons in lamina I, 30.7% (± 2.4) of those
in lamina II and 43.5% (± 2.7) of those in lamina III. These
percentages did not differ significantly from those on the

contralateral side in the CCI rats, on either side of the sham-

operated animals or in the na'fve group (one way ANOVA,
P > 0.05). As reported previously (Todd and Sullivan.
1990), most of the glycine-immunoreactive cell bodies in
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Fig. 4. Glycine-immunostaining in a semithin section from the L4 segment of a rat with CCI. The left side of the figure shows the dorsal horn on the side
ipsilateral to the nerve ligation, which was carried out 14 days previously, (a) The distribution ofglycine-immunoreactivity is similar on both sides of the spinal
cord. Immunoreactive cell bodies are just visible at this magnification. (b,c) Higher magnification views show scattered immunoreactive cell bodies in the
medial part of the superficial dorsal horn on each side. Note that the immunostaining in the neuropil is less dense in the upper part of the grey matter shown in
this held (corresponding to laminae I and II), than in the lower part (lamina III). Immunoreactive cell bodies are also more numerous in lamina III than in the
more superficial laminae. (d,e) Regions including parts of laminae II and III on each side are shown at high magnification. Several immunoreactive and non-
immunoreactive cell bodies can be seen on each side. In the immunoreactive cells the strength of staining is similar in nucleus and cytoplasm. Scale bars:
a = 200 pnt, b,c = 50 pm, d,e = 25 pm.

laminae I—III were also GABA-immunoreactive (Table 1),
although a few of these, particularly in lamina III, lacked
GABA-immunoreactivity. The proportions of neurons that
were glycine-immunoreactive in laminae I-III in the
ipsilateral dorsal hom in the CCI rats were 12.2% (± 1.1),

16.8% (±2.0) and 35% (±2.3), respectively. Again, these
were not significantly different from the corresponding
values found on the contralateral side of the CCI rats, on
either side of the sham-operated or in the naive animals (one
way ANOVA, P > 0.05).
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Table 1
Results of the quantitative analysis of GABA- and glycine-immunoreactive cell bodies

CCI (n — 6) Sham (n = 4) Naive (n = 3)

Ipsi Contra Ipsi Contra

Lamina I Total cells 38 ± 3.4 43.8 + 3.6 37 + 4.6 28.5 3.0 62 ± 2.6
% GABA 26.0 ± 3.5 28.8 2.4 27.8 ± 2.6 23.3 ± 1.3 24.8 ± 1.2

% GLY 12.2 ± 1.1 9.3 1.1 9.4 3.4 11.2 1.8 1 1.9 ± 1.1
% GLY only 0 0 0 0 0

Lamina II Total cells 104.2 ± 6.6 110.7 ± 5.7 105.3 10.4 107 15.1 170.3 ± 15.5

% GABA 30.7 ± 2.4 31.2 1.1 29.1 2.4 32.2 1.7 31.3 ± 1.6
% GLY 16.8 ± 2.0 15.5 1.0 14.1 + 2.1 17.3 ± 3.0 11.6 ± 1.5

% GLY only 0.2 ± 0.2 0 0.2 ± 0.2 0 0

Lamina III Total cells 100.7 ± 5.7 100.8 6.1 90 ± 5.1 90.8 + 4.2 138.3 ± 6.9

% GABA 43.5 ± 2.7 38.0 ± 1.4 37.1 + 2.4 43.6 1.6 40.2 ± 1.4
% GLY 35 ± 2.3 33.0 1.5 35.8 1.8 42.1 + 3.4 35.9 ± 1.5

% GLY only 0.2 ± 0.2 1.3 0.6 1.3 + 1.3 2.7 ± 1.3 1.6 ± 1.2

The numbers of cells analysed with the disector method and the proportions that were GABA- and/or glycine-immunoreactive are shown for each group.
For the CCI and sham-operated animals, data for each side are shown separately, and from each of these animals results from the three sets of semithin sections
were pooled. For the naive animals, data from both sides of the spinal cord in the two sets of semithin sections were pooled in each case. For this reason the total
number of cells sampled in each lamina per animal is higher for the naive group (2x2 dorsal horns) than for the CCI and sham-operated groups (three sections
each for ipsilateral and contralateral dorsal horns). For each lamina, the mean (± SEM) values for the total number of cells sampled by the dissector method
(total cells) in each animal are shown, together with the proportion that was GABA-immunoreactive (%GABA) and the proportion that was glycine-
immunoreactive (%GLY). Most of the glycine-immunoreactive cells were also GABA-immunoreactive, however a few were not, and the proportion of cells
that were glycine- but not GABA-immunoreactive is also given (%GLY only).

Measurement of the ratios of the median pixel luminance
values (ipsilaterahcontralateral) for the selected GABA-
immunoreactive cells in the six CCI rats gave the following
mean values: 0.934, 0.93, 0.982, 1.049, 1.148 and 0.975.
The mean of these ratios (1.003) was not significantly
different from one (one sample r-test, n = 6, P > 0.05),
indicating that the strength of immunoreactivity in the
sample of GABA-immunoreactive neurons in laminae I—III
of the ipsilateral dorsal horn in the CCI animals did not
differ significantly from that in the sample of neurons on the
contralateral side.

4. Discussion

The major finding of this study was that there was no
reduction in the proportion of neurons in laminae I—III that
showed GABA- or glycine-like immunoreactivity in the
ipsilateral dorsal horn in the CCI model, despite the
presence of significant thermal hyperalgesia. We cannot
determine whether there was any loss of neurons in this
region of the dorsal horn, as is thought to occur in the CCI
model (Sugimoto et al., 1990; Whiteside and Munglani,
2001; Moore et al., 2002), however if there was, then
presumably GABAergic, glycinergic and other neurons
were affected equally. We also found no evidence for a
reduction of either GABA- or glycine-immunostaining in
the neuropil (Figs. 3 and 4), which suggests that there was
not a major loss of GABAergic or glycinergic axons from
the dorsal horn.

4.1. Technical considerations

In order to achieve optimal retention of GABA and
glycine for immunocytochemical detection in CNS tissue, it
is necessary to obtain rapid, thorough vascular perfusion
with a glutaraldehyde-containing fixative (Somogyi et al.,
1985; Ottersen and Storm-Mathisen, 1987). Glutaraldehyde,
which has two aldehyde groups, is capable of binding free
amino acids to nearby proteins in the tissue, and thus
preventing their loss through diffusion. An additional reason
for using glutaraldchyde is that most of the antibodies raised
against GABA and glycine are directed against glutaralde¬
hyde conjugates of these amino acids.

Care was taken in these experiments to ensure rapid
fixation, by minimising the time between opening of the
thoracic cavity and commencing the perfusion, by using
only a brief rinse, and by perfusing with warm rinsing and
fixative solutions (to minimise vasoconstriction). We have
previously found that sub-optimal perfusion fixation results
in an alteration of the subcellular distribution of GABA- and

glycine-immunoreactivity, such that within individual
neurons nuclear staining is stronger than that seen in the
cytoplasm (A.J. Todd and D.J. Maxwell, unpublished
observations). This probably results from redistribution of
free amino acids within neurons prior to their fixation, and
the relatively high efficiency of binding of amino acids to
the lysine-rich histones in the nucleus (Ottersen and
Storm-Mathisen, 1984). In the sections used in the present
study, we found that the strength of nuclear and cytoplasmic
staining in individual neurons was very similar (Figs. 3b e



E. Polgdr et al. / Pain 104 (2003) 229-239 237

and 4b-e), suggesting that the retention of GABA and
glycine was good in this tissue.

Post-embedding immunostaining of semithin resin sec¬
tions offers several advantages over conventional immuno-
cytochemical methods (Somogyi el al., 1985; Ottersen et al..
1988). Since the sections are much thinner than the diameter
of neuronal cell bodies, each cell body appears on several
serial sections, and these can be used to demonstrate co-

localisation of transmitters. The thinness of the sections also
allows the physical disector method to be performed, thus
providing reliable quantitative information (see below). In
addition, the possibility of false-negative results due to
failure of the antibodies to penetrate into the section does
not arise.

To obtain estimates of the proportion of neurons in each
lamina that were GABA- or glycine-immunoreactive, we
used the physical disector method (Sterio, 1984; Cogge-
shall, 1992; Guillery, 2002) on series of 0.5-p.m thick
(semithin) resin-embedded sections. Using this approach,
we selected neurons only if the lower surface of their
nucleus was located between the 8th and 16th section of the
series (i.e. if the nucleus was visible on section 8 and had
disappeared by section 16). Since for each neuron there is
only one lower surface for the nucleus (irrespective of the
shape or size of the cell) this should have provided a sample
of neurons that was unbiased, and thus a reliable estimate of
the proportion of neurons with each type of
immunoreactivity.

Although the presence or absence of GABA- and
glycine-immunostaining was judged subjectively, compari¬
son of neurons classified as GABA-immunoreactive or non-

immunoreactive in sections from the CCI rats suggested that
even the most weakly stained cells that were classified as
immunoreactive differed significantly from the non-
immunoreactive cells, since their mean pixel luminance
values differed by more than 2 standard deviations from the
mean value for non-immunoreactive cells.

4.2. GABA and glycine in the dorsal horn of normal and
neuropathic rats

In a previous study (Todd and Sullivan, 1990), we
estimated that the proportions of neurons in laminae I—III
with GABA-immunoreactivity were 28, 31 and 46%,
respectively. The values for laminae I and II in that study
are similar to those obtained in each group of rats in the
present experiments (23-29% for lamina I, 29-32% for
lamina II, Table 1). However, we obtained somewhat lower
proportions for GABA-immunoreactive cells in lamina III
in this study (between 37 and 44%, Table 1). We previously
estimated that the proportions of glycine-immunoreactive
cells in laminae I—III were 9, 14 and 30% (Todd and
Sullivan, 1990), while in the present study the ranges for
each lamina were 9-12, 12-17 and 33-42%. Again, the
values for laminae I and II are similar, but in this case the
value for lamina III is higher than we previously found. It is

possible that the discrepancies for lamina III are due to the
fact that a stereological method was not used in our previous
study (Todd and Sullivan, 1990), however that is unlikely to
explain both the reduction in the proportion of GABA-
immunoreactive neurons and the increase in the proportion
of glycine-immunoreactive neurons that were found in the
present study. A more likely explanation is that there is a
difference between strains of rat, as the study of Todd and
Sullivan was carried out on Albino-Swiss rats, which are

derived from the Wistar strain, while Sprague-Dawley rats
were used in this study.

Two studies have described dramatic loss of GABA-

immunostaining from the dorsal horn in the CCI model,
which peaked at around 2 weeks after nerve ligation. Ibuki
et al. (1997) reported that at this time there was an almost
complete absence of GABA-immunoreactive cell bodies
from the dorsal horn on both ipsi- and contralateral sides,
while Eaton et al. (1998) observed a 90% reduction in the
number of GABA-immunoreactive cell bodies on the

ipsilateral side and an 80% reduction on the contralateral
side. It is very difficult to explain the differences between
the results of Ibuki et al. (1997) and Eaton et al. (1998), and
those reported here, particularly since the degree of thermal
hyperalgesia observed by Ibuki et al. was very similar to that
seen in the present study (cf. Fig. 2 with Fig. 6B of Ibuki
et al., 1997). Ibuki et al. (1997) used formaldehyde (rather
than glutaraldehyde) as a fixative, and it is therefore likely
that there was relatively poor retention of GABA in their
tissue. In support of this, we found many more GABA-
immunoreactive cells per section in our material than they
observed. The mean number of GABA-immunoreactive cell
bodies in laminae I—III on one side in each disector sample
in our naive rats was 31 (calculated from data in Table I).
Since the disector method excluded many of the neurons
that were present in the reference section, the total number
of GABA-immunoreactive cells that were present in a single
semithin section would have been considerably higher than
this. In contrast, Ibuki et al. (1997) observed 17-18 GABA-
immunoreactive cell bodies in laminae I—III on each side in

10|xm cryostat sections in their control group. Although
Eaton et al. (1998) included glutaraldehyde in their fixative,
the immunostaining for GABA which they illustrate in the
normal dorsal horn is much weaker than that reported in
other studies of the dorsal horn of the rat, cat or monkey
(e.g. Magoul et al., 1987; Todd and Sullivan, 1990, Carlton
and Hayes, 1990; Maxwell et al., 1991). A possible
explanation for the difference between our results and
those of Ibuki et al. (1997) and Eaton et al. (1998) is that
there was a modest loss of GABA from GABAergic neurons
that was sufficient to take them below the detection
threshold in these studies, but not with the more sensitive
post-embedding method used here. However, this seems
unlikely since we found no evidence that GABA-immu-
nostaining was weaker in cell bodies on the ipsilateral side
in the CCI model compared to the contralateral side,
whereas both Ibuki et al. (1997) and Eaton et al. (1998)
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reported a greater loss of GABA-immunoreactivc neurons
on the ipsilateral side.

Because of the technical difficulties associated with

immunostaining for amino acids (see above), it is possible
that variation in the quality of fixation and immunostaining
may have contributed to the changes in GABA-immuno-
staining in the CCI model seen in the studies of Ibuki et ai.
(1997) and Eaton et al. (1998), although it seems unlikely
that this could fully account for the depletion of GABA that
these authors described. However, even if the extent of
GABA loss in these studies was as severe as reported, the
results of the present experiments demonstrate that
substantial loss of GABA (or glycine) from inhibitory
interneurons in laminae I—III of the dorsal horn is not

necessary for the development of thermal hyperalgesia in
the CCI model of neuropathic pain.

Functional evidence for a loss of GABAergic inhibition
in neuropathic models comes from the study of Moore et: al.
(2002), who recorded from in vitro slices taken from rats
that had undergone CCI or SNI. They found a significant
reduction in the incidence and size of primary afferent-
evoked GABA-mediated inhibitory post-synaptic currents
(IPSCs) in lamina II neurons in these models, compared to
those seen in slices from normal rats. As suggested by these
authors, this effect may have been caused by a loss of
GABAergic axons (e.g. due to death of GABAergic
interneurons) or by depletion of GABA from axon
terminals. However, the results of the present study suggest
that substantial loss of GABAergic neurons does not occur
in the CCI model, and we did not see evidence of a loss of
GABA-immunostaining from the neuropil, which would
have been expected if there was significant depletion of
GABA from axon terminals in the dorsal horn. An

alternative possibility is that there is a loss of synaptic
connections between GABAergic axon terminals and
lamina II neurons, which could explain the reduction of
IPSCs in these neuropathic models. Changes affecting
GABAa receptors may also have contributed to the loss of
GABAergic inhibition observed by Moore et al. (2002).
Although they found no evidence for down-regulation of
GABAa (32/3 subunits, they used an immunofluorescence
method, which is unlikely to have detected these receptors
at synaptic locations (Nusser et al., 1998). Quantitative
electron microscopic immunocytochemistry to look for
depletion ofGABA from axon terminals, together with post-
embedding immunogold labelling of GABAa receptors at
synapses (Nusser et al.. 1998) will be needed to address
these issues.
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DISTRIBUTION OF AND ORGANISATION OF DORSAL HORN
NEURONAL CELL BODIES THAT POSSESS THE MUSCARINIC m2
ACETYLCHOLINE RECEPTOR

W. STEWART AND D. J. MAXWELL*

Spinal Cord Group, Institute of Biomedical and Life Sciences, West
Medical Building, University of Glasgow, Glasgow G12 8QQ, UK

Abstract—Cholinergic systems in the dorsal horn are in¬
volved in antinociception but little is known about the organi¬
sation of receptors that mediate this process. In this study we
examined immunocytochemical properties of dorsal horn
neuronal cell bodies that express the m2 muscarinic acetyl¬
choline receptor. Tissue was examined with confocal laser
scanning microscopy and quantitative analysis performed.
Immunoreactive cells were found throughout the dorsal horn
and in lamina X. Quantitative analysis revealed that 22% of
neuronal somata in the dorsal horn possess the receptor. The
greatest concentration of cells was found in deeper laminae
(IV—VI) and around lamina X. A proportion of cholinergic cells
(labelled with an antibody against choline acetyltransferase)
were immunoreactive for the receptor (approximately, 40% of
dorsal horn cells and 44% of lamina X cells). Populations of
presumed inhibitory interneurons also displayed immunore-
activity for the receptor. Between 27-34% of cells immunore¬
active for GABA, nitric oxide synthase and the somatostatin
receptor2A expressed the receptor but only 8% of parvalbu-
min-immunoreactive cells displayed receptor immunoreac-
tivity. Cells labelled with neurotensin, which belong to a

subgroup of excitatory neurons, displayed no receptor im-
munoreactivity. A small number neurokinin-1 receptor-immu-
noreactive cells in lamina I possessed m2 immunoreactivity
but 42% of laminae lll/IV neurokinin-1 cells possessed it.

This study shows that a significant proportion of cell
bodies in the dorsal horn express the muscarinic m2 acetyl¬
choline receptor. The receptor is present on some cholin¬
ergic neurons and therefore may function as an autoreceptor.
It is associated with inhibitory local circuit neurons and may
have a role in the modulation of specific inhibitory systems.
It is also found on a proportion of projection cells that pos¬
sess the neurokinin-1 receptor. This could be the basis of
some of the antinociceptive actions of acetylcholine. © 2003
IBRO. Published by Elsevier Science Ltd. All rights reserved.

Key words: acetylcholine, nociception, spinal cord,
immunocytochemistry, confocal microscopy.
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ered saline; Prl, propidium iodide; Sst2A, somatostatin2A receptor.

Cholinergic systems are involved in a variety of processes
in the spinal cord that include antinociception (Iwamoto
and Marion, 1993; Naguib and Yaksh, 1994; Abram and
Winne, 1995), regulation of blood pressure (Feldman etal.,
1996), and control of motor responses (Zieglgansberger
and Reiter, 1974; Cowley and Schmidt, 1994). Immunocy¬
tochemical studies show that cholinergic cell bodies are
concentrated in several regions of the grey matter of the
spinal cord, including motor nuclei of the ventral horn,
around the central canal in lamina X, and in laminae III—V
of the dorsal horn (Barber et al., 1984; Borges and Iversen,
1986). In the dorsal horn, there is a plexus of cholinergic
axon terminals, which extends through the inner region of
lamina II and the dorsal region of lamina III, and probably
originates from the cells in laminae III—V (Ribeiro-da-Silva
and Cuello, 1990; Sherriff and Henderson, 1994). These
axons form axo-dendritic and axo-axonic synapses and
therefore are likely to regulate transmission through the
dorsal horn by both postsynaptic and presynaptic actions.
Actions of acetylcholine in the dorsal horn are mediated
through nicotinic and muscarinic receptors (e.g. Bleazard
and Morris, 1993; Bannon et al., 1998) but relatively little is
known about the organisation of these receptors. To date,
five muscarinic acetylcholine receptor (mAChR) subtypes
have been identified by molecular techniques (denoted
m1-m5; Bonner et al., 1987; Caulfield, 1993) and at least
four of these correspond to pharmacological subtypes
which are designated M1-M4. Immunocytochemical and
binding studies indicate that m2, m3 and m4 receptors are
present in the grey matter of the spinal cord, with the m2
and m3 subtypes being particularly concentrated in the
superficial laminae of the dorsal horn (Hoglund and Bagh-
doyan, 1997; Yung and Lo, 1997). At least a proportion of
these receptors are likely to be located on the terminals of
primary afferents as mAChR have been identified within
dorsal root ganglion cells (Bernardini et al., 1999; Haber-
berger et al., 1999) and are particularly associated with
cells which bind the lectin IB4 (Haberberger et al., 1999).
However, during the course of an investigation of m2-
receptor immunoreactivity in the ventral horn of the spinal
cord (Welton et al., 1999), we observed that considerable
numbers of dorsal horn cells were immunoreactive for the
m2 mAChR.

Pharmacological data indicate that muscarinic ago¬
nists are likely to regulate nociceptive transmission in lam¬
ina II and III (Bleazard and Morris, 1993; Baba et al., 1998).
However there is disagreement about the role m2 recep¬
tors in this process. Some studies report that intrathecally
applied m2 agonists produce behavioural analgesia

0306-4522/03$30.00+0.00 © 2003 IBRO. Published by Elsevier Science Ltd. All rights reserved,
doi: 10.1016/S0306-4522(03)00116-7



122 W. Stewart and D. J. Maxwell / Neuroscience 119 (2003) 121-135

(Iwamoto and Marion, 1993) whereas others suggest that
m2 receptors are not involved in antinociception (Naguib
and Yaksh, 1994; Honda et al., 2000). Nevertheless, mice
lacking the m2 receptor demonstrate a significant loss of
muscarinic agonist-induced analgesia, indicating that the
receptor is involved in antinociceptive processes (Gomeza
et al., 1999). Clearly there is confusion regarding the func¬
tion of the m2 mAChR in the spinal dorsal horn and more
information is required about organisation of the neuronal
circuits that are regulated by this receptor. We performed a
series of experiments which employed a combination of
immunofluorescence and confocal laser scanning micros¬
copy in order to quantify and characterise the cells which
express the m2 receptor. We attempted to answer three
questions about these cells: 1) What proportion of neuro¬
nal somata in the dorsal horn possess the receptor? 2) Is
the receptor expressed preferentially by cholinergic neu¬
rons? 3) Is the receptor expressed by populations of exci¬
tatory or inhibitory neurons? Preliminary data from this
study have been presented in the form of an abstract
(Stewart and Maxwell, 1999).

EXPERIMENTAL PROCEDURES

Experimental animals

Adult female Albino-Swiss rats (n=7) aged less than 6 months
were used in the experiments. Animals were obtained from the
colony of The Laboratory of Human Anatomy, University of Glas¬
gow. All procedures were conducted according to British Home
Office regulations and steps were taken to avoid suffering and
minimise the numbers of animals used in the experiments.

Immunocytochemistry

Animals were anaesthetised with sodium pentobarbitone (1 ml of
60mg/ml, i.p.) and fixed by perfusion through the left ventricle with
a solution containing 4% formaldehyde in 0.1-M phosphate buffer
(pH 7.6). Mid-lumbar spinal cord blocks (L3/4) were removed and
postfixed for 4 h in the same solution. Blocks were rinsed in
phosphate-buffered saline (PBS) and cut into 50-p.m transverse
sections with a Vibratome. The sections were placed in a solution
of 50% ethanol for 30 min (to enhance antibody penetration),
rinsed in PBS then transferred to a blocking solution consisting of
10% normal donkey serum (NDS) in PBS with 0.3% Triton X-100
for 1 h. The sections were then rinsed again and transferred to a
cocktail of primary antibodies diluted in PBS with 1% NDS and
0.3% Triton X-100. Primary-antibody incubations normally lasted
for 16 h and were preformed at room temperature (except when
the antibody to GABA was included where incubations were for
48 h at 4 °C; see below). Following incubation in primary-antibody
cocktails, sections were transferred to solutions of secondary
antibodies raised in donkeys against immunoglobulin of the ap¬
propriate species which were coupled to fluorescein isothiocya-
nate (FITC), or lissamine-rhodamine succinyl chloride (LRSC) or
cyanine 5.18 (Cy-5) (obtained from Jackson Immunoresearch,
Luton, UK). Secondary-antibody solutions (at a dilution of 1:100)
were prepared in PBS with 0.3% Triton X-100. After a 3-h incu¬
bation in secondary antibodies, the sections were rinsed, mounted
with anti-fade medium (Vectashield, Vector Laboratories, Peter¬
borough, UK) and stored at -20 °C until required for examination
with the confocal microscope.

Quantification and statistical methods

Quantitative analysis was performed only on sections that exhib¬
ited good immunoreactivity; those displaying weak reactions or
incomplete penetration of antibodies were rejected from the anal¬
ysis. Two methods were used to estimate numbers of cells pos¬
sessing the m2 receptor. We used the optical dissector technique
(Coggeshall, 1992) to estimate the percentage of neuronal cell
bodies in the dorsal horn that possess the receptor. This is a
standard stereological sampling method that is designed to mini¬
mise selection bias toward larger cells. In experiments where
markers were used to identify specific neuronal subtypes, it was
possible to count the total numbers of cells of each subtype
contained within a spinal cord section as the numbers of cells in
these samples were relatively small. The percentage of m2-pos-
itive cells was estimated for each animal and the final percentage
value for each type of cell is expressed as the mean for three
animals (±S.D.).

In addition, each section was examined at a low magnification
with dark-field microscopy to determine the borders between lam¬
inae I and II and laminae II and III. In dark-field illumination, lamina
II appears as a dark band and its dorsal and ventral boundaries
can be identified without much difficulty. Laminae were designated
according to the scheme of Molander et al. (1984). The laminar
location of cells labelled with each type of neuronal marker was
recorded and plotted on a composite diagram. The numbers of
m2-positive cells found in each lamina were recorded for each
marker and the mean percentage per lamina for three animals
(±S.D.) was calculated. Statistical analysis was performed to
determine if differences in the numbers of positively labelled cells
contained within each lamina were significant. Student's f-test was
used when two populations of cells were to be compared and
one-way analysis of variance (ANOVA) was used to compare
more than two populations of cells. Tukey's HSD method was
performed post hoc if the F value obtained with ANOVA was
significant. For all tests, P values of <0.05 were considered to be
significant.

Neuronal cell bodies possessing the m2 receptor

In order to examine the distribution and quantify the proportion of
m2-immunoreactive cell bodies in the dorsal horn, sections from
three rats were incubated in a rat monoclonal antibody raised
against the m2 receptor (1:500; Chemicon International, Harlow,
UK; Levey et al., 1995) and a mouse monoclonal antibody for the
neuronal nuclear protein NeuN (1:500; Chemicon International;
Mullen et al., 1992). These were followed by appropriate second¬
ary antibodies coupled to FITC and Cy-5 (revealing m2-receptor
and NeuN immunoreactivity respectively). Cell nuclei were then
labelled by staining them with propidium iodide (Prl; 1% in PBS;
Sigma-Aldrich Co Ltd, Poole, UK) in the presence of RNAase
(10mg/ml; Sigma). Prl is excited at 568 nm and has an emission
spectrum which is distinct from those produced by FITC and Cy-5.
Therefore structures labelled with these three fluorophores can be
identified by using three-colour confocal laser-scanning micros¬
copy.

The dissector method employed in this study was essentially
the same as that used by Todd et al., (1998) and the reader is
directed to this paper for a full explanation and discussion of the
method. Series of 15 optical sections were collected sequentially
for each fluorescence signal at 1-|j.m steps in the z plane with the
first optical section being the first full field from the surface of the
section. Overlapping series of fields were then scanned such that
a 15-p.m-thick section was sampled over the entire extent of the
dorsal horn and lamina X. The fifth and twelfth optical sections
from the series of images collected for Prl fluorescence were then
selected and designated as the reference and look-up sections
respectively. These were chosen because the separation between
the images was such that it was less than the diameter of the
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smallest neuronal nucleus likely to be encountered and therefore
no nucleus could lie entirely between the two sections. Images 5
and 12 were then attributed a separate pseudocolour (red and
green) and merged using Confocal Assistant (T. C. Brelje ftp://
ftp.genetics.bio-rad.com/Public/confocal/cas). Any cell present in
both the reference and look-up section then automatically ap¬
peared with a separate pseudocolour (yellow) and was excluded
from the analysis (see Fig. 2). Only cells present in the reference
but not the look-up section were analysed. These cells were
confirmed to be neuronal (as opposed to glial) by their immuno-
reactivity for NeuN. They were then followed through series of
optical sections and examined for the presence of m2-receptor
immunoreactivity. Data from two dorsal horns from each of the
three experimental animals (six sections in total) were plotted on
a composite image of the lumbar spinal dorsal horn and analysed
as described above.

Presence of the m2 receptor on cholinergic cells

Sections were incubated in a mixture of primary antibodies con¬
sisting of rat anti-m2 (1:500; Chemicon) and goat anti-choline
acetyltransferase (ChAT; 1:100; Chemicon International). Sec¬
ondary antibodies coupled to FITC (for the receptor) and LRSC
(for ChAT) were used to reveal binding of primary antibodies in
tissue. All ChAT-immunoreactive cells within the dorsal horn and
lamina X were examined for the presence of the m2 receptor in
sections prepared in this way. This was achieved by creating a
reference image of the dorsal horn and lamina X for ChAT immu¬
noreactivity which was composed of overlapping series of confo¬
cal images through the full thickness of the dorsal horn collected
at 1-p.m steps in the z plane with a X20 objective lens. Data were
gathered from three animals from four spinal cord sections ob¬
tained from each animal. Individual cholinergic neurons were then
identified with epifluorescence using a x40 oil objective lens and
examined with the confocal microscope for the presence of m2-
receptor immunoreactivity. The result was recorded on the refer¬
ence image and pooled data were plotted on a composite diagram
of the dorsal horn and analysed as described above.

Presence of the m2 receptor on other identified
dorsal horn neurons

Mid-lumbar spinal cord sections from three animals were incu¬
bated in cocktails of primary antibodies which contained the rat
monoclonal antibody to the muscarinic m2 receptor (1:500) and a
second antibody to permit identification of specific dorsal horn
neuronal subtypes in the same tissue. These included rabbit
antibodies raised against GABA (1:1000; obtained from Dr D. V.
Pow, Australia; Pow et al., 1995) or neurotensin (NT; 1:1000;
Peninsula Laboratories, St. Helens, UK), guinea-pig antibodies for
the neurokinin-1 receptor (NK-1; 1:1000; Affiniti Research Prod¬
ucts Ltd., Exeter, UK; Polgar et al., 1999) or the somatostatin
receptor sst2A (1:100; Gramsch Laboratories, Schwabhausen,
Germany; Todd et al., 1998), mouse antibodies for parvalbumin
(1:100; Sigma) or sheep antibodies for nitric oxide synthase (NOS;
1:2000; obtained from Dr P. C. Emson, Cambridge; Herbison et
al., 1996). Following a 16-h incubation in primary antiserum, the
sections were rinsed, incubated in the secondary antibody solu¬
tions (coupled to FITC and LRSC for m2 and the other marker
respectively) and stored until required. Cells labelled with parval¬
bumin, NOS and sst2A would be expected to come from inhibitory
populations of neurons, as these markers co-exist with GABA in
the dorsal horn (Todd and Spike, 1993; Laing et al., 1994; Todd et
al., 1998), whereas those labelled with NT, and NK-1 would be
expected to come from populations of excitatory cells (Todd et al.,
1994; Littlewood et al., 1995). On this basis, it is possible to use
these markers to identify m2-mmunoreactive cells that are likely to
be excitatory or inhibitory.

The relationship of the muscarinic m2 receptor with each of
these markers was examined in tissue obtained from three rats
and three spinal cord sections from each animal were examined
for each marker. Series of images through the entire extent of
laminae l-lll were gathered at 2-fj.m steps in the z plane by using
a X40 oil objective lens. Series began at the first full optical
section from the surface of the tissue section. Adjacent, overlap¬
ping stacks of images were then gathered until the whole of the
superficial dorsal horn had been sampled. Individual optical sec¬
tions from these series were then examined. Cells labelled with
each of the markers were recorded on a composite diagram and
examined for the presence or absence of m2-receptor immuno¬
reactivity. If required, areas of interest could be enlarged on¬
screen for closer analysis and each channel could be viewed
either individually or as merged two-colour images.

Control experiments

Omission controls were performed in all double-labelling experi¬
ments. Each of the primary antibodies was omitted from the
incubation medium but both secondary antibodies were used as
normal. In such circumstances, no immunoreactivity was ob¬
served for the omitted primary antibody but the pattern of immu¬
noreactivity for the remaining antibody was identical to that ob¬
served in double-labelling experiments. It is likely therefore that
cross-reactions were not occurring in double-labelling experi¬
ments. We also could detect no evidence of cross-reaction in

merged two-colour images; in each image there were many obvi¬
ous examples of structures that were labelled for the m2 receptor
but not with the other marker and vice versa for the marker.

RESULTS

Distribution of the muscarinic m2 receptor in the
dorsal horn

Muscarinic m2-receptor immunoreactivity was present
throughout the grey matter of the lumbar spinal cord with a
high density of labelling found in the superficial dorsal
horn, motor nuclei and lamina X. Within the dorsal horn,
much of the labelling was punctate although a significant
number of immunoreactive somatic profiles were present.
Immunolabelling was concentrated around the plasma
membrane and occasionally extended into proximal den¬
drites (Fig. 1).

A total of 1246 dorsal horn neurons, which were dou¬
ble-stained for NeuN and Prl, were sampled using the
Dissector Technique (Fig. 2) and 22±3% of these cells
were found to express immunoreactivity for the m2 recep¬
tor. Immunoreactive cells were distributed throughout the
dorsal horn, but the proportion of positive cells in each
region increased from superficial to the deep laminae (Ta¬
ble 1). The lowest proportion of m2-immunoreactive neu¬
rons was found in lamina I where only 9% of neurons
sampled expressed the receptor. In contrast, 28% of cells
in laminae IV-VI were immunoreactive for the receptor. In
addition, 23% of cells around the central canal in lamina X
expressed the receptor.

Relationship of the m2 receptor with cholinergic
neurons of the dorsal horn

In total, 246 ChAT-immunoreactive neurons in the dorsal
horn and lamina X were examined for m2-receptor immu¬
noreactivity and 41 ±5% of these were positively labelled.
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Table 1. Proportions of dorsal horn cells that possess the m2 musca-
rininc receptor

Location m2-Positive cells (%)

Lamina I 9 (±5)
Lamina ll/lll 19 (±7)
Lamina IV-VI 28 (±2)
Lamina X 23 (±10)

Mean percentage values±SD (n=3 animals) for dorsal horn neuronal
cell bodies that display immunoreactivity for the m2 receptor in various
dorsal horn laminae. The sample of cells was obtained by using the
optical dissector method (see text for details). One-way ANOVA re¬
vealed a significant difference between laminae (P<U.Ub). I Ukey'S
HSD method showed that there was a significant difference between
mean values for lamina I and lamina IV—VI. All other comparisons were
not significant (family error rate=0.05).

Fig. 1.

The proportion of cells that were immunoreactive was
similar in lamina III and lamina X (47 and 45% respective¬
ly). Fewer cells in laminae IV and V (35%) possessed the
receptor but this difference was not statistically significant
(Fig. 10). Cells were distributed in a fairly uniform manner
throughout lamina III—V and within lamina X. However, a
cluster of cells was present in the lateral region of lamina
VI which was associated with a relatively high proportion of
m2-receptor immunoreactivity (Fig. 3).

Relationship of the m2 receptor with identified cells
of the superficial dorsal horn

The use of markers to identify specific populations of dor¬
sal liom neurons revealed that the proportion of each type
of cell expressing the m2 receptor is not uniform (Fig. 10).
One thousand and ninety-four GABA-immunoreactive neu¬
rons were identified in laminae l-lll of which 34±2% dis¬

played immunoreactivity for the m2 receptor with little vari¬
ation in proportion of positive cells between laminae (Fig.
4). A similar proportion of NOS-immunoreactive neurons
was identified as m2-receptor immunoreactive (28±1%;
Fig. 10) but, in contrast to GABA, there was a significant
variation in the proportion of cells that were positively
labelled within each of the laminae, with 6%, 20% and 55%
of NOS-immunoreactive neurons displaying immunoreac¬
tivity for the receptor in lamina I, II and III respectively (Fig.
5). Within lamina III it is the dorsally located NOS cells
which tend to express the m2 receptor. A correlation be¬
tween cell location and m2-receptor immunoreactivity was
also noted for parvalbumin-immunoreactive neurons (Fig.
6). Of the 125 parvalbumin neurons identified, only 7±6%
were identified as m2 receptor-positive (Fig. 10). The parv¬
albumin cells that were sampled were distributed evenly
across the mediolateral extent of the dorsal horn around
the border of lamina II with lamina III. However, m2-recep-

Fig. 1. Single optical sections showing immunoreactivity for the m2
muscarinic receptor in various laminae of the dorsal horn. (A) Lamina
III, (B) lamina VI and (C) lamina X. Selected examples of immunore¬
active cells are indicated with an asterisk. Note that immunoreactivity
is associated with the plasma membranes of cell bodies and their
proximal dendrites. Scale bar=25 (j,m.
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Fig. 2. The dissector method was used to estimate the proportion of dorsal horn neurons expressing the m2 receptor. (A) Neurons were identified
by their immunoreactivity for NeuN (single optical section). (B) Combined immunofluorescence for NeuN and Prl enabled neuronal nuclei to be located
(red, Prl; blue, NeuN; single optical section). (C) The fifth (red in image) and twelfth (green in image) of the optical sections in the series of Prl images
were then merged. Where a cell was present in both the fifth and the twelfth sections it appears as yellow and is excluded from the analysis
(arrowheads). Only those cells present in the fifth (i.e. red cells) but not the twelfth optical section were included in the analysis (arrows). (D) These
cells were then examined for m2-receptor immunoreactivity (single optical section of fifth in series). Two of the sampled neurons are m2-receptor
positive (asterisks). Scale bar=10 p.m.

tor immunoreactive neurons were found predominantly
amongst the cells at the medial extent of this region. Two
cells, not contained within this medial location, were found
at the extreme lateral margin of the dorsal horn grey mat¬
ter. Of the 456 somatostatin2A receptor (Sst2A)-immunore-
active neurons examined, 27±8% were found to co-ex-

press the m2 receptor with a greater proportion of lamina II
neurons displaying immunoreactivity than lamina I neurons

(29% and 6% respectively; Fig. 7). Thus, with the excep¬
tion of parvalbumin, 27-34% of the presumed inhibitory
dorsal horn neurons examined were found to be immuno¬
reactive for the m2 receptor.

The high proportion of m2-immunoreactive inhibitory
cells contrasts with the findings for NT-immunoreactive
neurons which are presumed to be excitatory. Of the 151
NT-immunoreactive neurons sampled from laminae l-lll
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ChAT
Fig. 3. (A) Muscarinic m2 receptor-immunoreactive ChAT cells were found throughout the dorsal horn and lamina X as illustrated in this composite
diagram showing the locations of 246 ChAT cells examined in this study. A relatively high density of m2-immunoreactive cells is found in the lateral
region of lamina VI. The inset shows a cartoon which defines the laminae of the dorsal horn. (B and C) Two examples of m2 receptor-immunoreactive
ChAT cells (arrowheads) from lamina VI are shown confocal microscope images (single optical sections). Two m2 receptor-positive cells which are
not ChAT immunoreactive are also shown (asterisks). Scale bar=20 |j.m.

none expressed the m2 receptor (Fig. 8). Low m2 re¬
ceptor immunoreactivity was also associated with NK-1
receptor-immunoreactive neurons in lamina I (122 cells);
only 10±13% were m2-receptor positive. In contrast
the proportion of NK-1 neurons in the deeper dorsal
horn (laminae III and IV; 86 cells) which expressed
the m2 receptor was considerably greater, with 42±

13% displaying immunoreactivity for the receptor (Fig.
9).

DISCUSSION

The principal finding of this study is that the muscarinic m2
acetylcholine receptor is expressed by a significant pro-
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Fig. 4. (A) A composite diagram illustrating the distribution of 1094 GABA-immunoreactive neurons. GABA-immunoreactive neurons which expressed
the m2 receptor were identified throughout laminae I—III. (B and C) Single optical sections showing the relationship between the m2-receptor and
GABAergic cells in lamina II (arrowheads=m2 receptor positive; arrows=m2 receptor negative). A single m2 receptor-immunoreactive cell, which was
not GABA-positive, is also present (asterisk). Scale bar=25 pm.

portion (approximately 22%) of neurons in the lumbar dor¬
sal horn and in lamina X of the rat spinal cord. A previous
immunocytochemical study of the rat spinal cord indicated
that most of the immunostaining for the m2 receptor in the
dorsal horn was punctate (Yung and Lo, 1997). Although
we can confirm this observation, it is evident that many
cells in the dorsal horn also display immunoreactivity for
the receptor. This discrepancy can probably be explained

by differences in the methods used to identify the receptor.
In the present study, we used immunofluorescence in con¬
junction with confocal microscopy, which is not only very
sensitive but also enables thin optical sections of tissue to
be examined. In contrast, Yung and Lo (1997) used a
peroxidase marker in conjunction with diaminobenzidine
histochemistry on thick (60-70 p.m) sections. It is likely
that the intensity of the reaction product associated with
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Fig. 5. (A) Composite diagram showing the locations of 486 NOS-immunoreactive cells which were positive or negative for m2-receptor immuno-
reactivity. Double-labelled cells were present in laminae l-lll. However the proportion of positive cells increased from lamina I—III. (B and C) The
confocal images show single optical sections illustrating the relationship between the receptor and two NOS-immunoreactive cells in lamina III
(arrowhead=m2 receptor positive; arrow=m2 receptor negative; asterisk=m2-receptor positive/NOS-negative cell). Scale bar=20 p,m.

punctate labelling in conjunction with the thickness of the
sections would have masked any labelled cells that were
present in tissue reacted in this way.

Immunoreactivity for the m2 receptor was distributed
over plasma membranes of cell bodies of dorsal horn
cells. It is possible that the receptor is also present on
other components of dorsal horn cells such as distal
dendritic shafts or axons but this was not investigated in

the present study. This pattern of m2 immunoreactivity is
similar to that observed in association with motoneurons
in the spinal ventral horn (Welton et al., 1999) and cells
in other regions of the CNS (e.g. Levey et al., 1995). It
appears that the m2 receptor, like many other G-protein-
coupled receptors (e.g. Liu et al., 1994), is not concen¬
trated at synaptic regions but is present on the entire
surface of the plasma membrane of the cell body. Ace-
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Negative Positive

arvalbumin

Fig. 6. (A) The composite diagram shows the locations of 136 parvalbumin neurons studied and their relationship to the m2 receptor. Few
parvalbumin-immunoreactive cells in the dorsal horn displayed immunoreactivity for the m2 receptor. Neurons which were m2-receptor immunore-
active were located at the medial or lateral extremes of the dorsal horn. (B and C) This relationship is illustrated in a single optical section showing
three parvalbumin-immunoreactive neurons in lamina IV. One of these cells also shows m2-receptor immunoreactivity (arrows =m2 negative;
arrowhead=m2-receptor positive). Scale bar=20 p.m.

tylcholine therefore could influence the activity of neu¬
rons that possess the receptor by a diffuse, non-synap-
tic, method of transmission and m2 receptors may not be
involved in fast synaptic signalling but may be con¬
cerned with altering the gain of neurons or changing
their metabolic properties. The precise action of m2
receptors in the spinal cord remains obscure mainly

because of the paucity of pharmacological information,
which is an inevitable consequence of the lack of highly
specific agonists and antagonists for subtypes of
mAChR. Muscarinic m2 receptors attenuate adenylyl
cyclase and activate potassium channels in a pertussis
toxin-sensitive manner, but may also be coupled to other
signal transduction pathways (Hosey, 1992). Specific
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Fig. 7. (A) The composite diagram shows the locations of 456 Sst2a-immunoreactive neurons sampled. Immunoreactivity for the m2 receptor was
commonly associated with lamina II Sst2a-immunoreactive neurons but infrequently associated with lamina I cells. (B and C) Both m2 receptor-positive
(arrowhead) and m2 receptor-negative (arrows) Sst2a cells are shown in the single optical sections (lamina II). An m2 receptor-immunoreactive neuron
which was negative for Sst2a is also present (asterisk). Scale bar=20 |xm.

m2 agonists evoke inhibitory responses in spinal mo¬
toneurons (Kurihara et al., 1993) and therefore activa¬
tion of m2 receptors in the dorsal horn may result in a
reduction of excitability. However, in the hippocampus,
m2 receptors appear to mediate a slow excitatory re¬
sponse (Muller and Misged, 1986) and therefore the
precise role of this receptor in the dorsal horn remains a
matter of speculation.

Presence of the m2 receptor on cholinergic neurons

Between 35 and 47% of cholinergic neurons in the dorsal
horn or lamina X possess the m2 receptor. In other regions
of the CNS, m2 receptors have well-established roles as
autoreceptors (e.g. Vilaro et al., 1992; Rouse et al., 1997).
However, if the receptor acts as an autoreceptor in the
spinal cord it might be predicted that a greater proportion of



Fig. 8. (A) Composite diagram illustrating the locations of the 151 neurotensin-immunoreactive neurons examined. None of the cells displayed
m2-receptor immunoreactivity. (B and C) Single optical sections showing neurotensin cells that are negative for the receptor (arrows) in lamina II. Scale
bar=20 p,m.

cholinergic neurons would possess it. Cholinergic neurons
in laminae III—IV frequently contain colocalised GABA and
NOS (Spike et al., 1993) and therefore these cells may not
necessarily possess the receptor because they are cholin¬
ergic but may possess it because they are associated with
these other neurochemicals (see Results and below). Al¬
though m2 AChRs are located on axon-like structures in

the dorsal horn (Yung and Lo, 1997), it is not known if they
are present on axon terminals of cholinergic neurons and
further studies are required to establish this.

As in the dorsal horn, a significant number of neurons
in lamina X were identified as m2-receptor immunoreac-
tive. Cholinergic neurons of this region are known to give
rise to a propriospinal system (Sherriff and Henderson,
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Fig. 9. (A) This composite diagram shows that few lamina I NK-1 neurons express the m2 receptor. However in the deeper laminae (III—V) the
proportion of m2 receptor-positive, NK-1-immunoreactive neurons increases. (B and C) Single optical sections illustrating an NK-1 neuron form lamina
III that was also immunoreactive for the m2 receptor. Scale bar=25 p,m. i

1994) and are active during programmed motor activity
(Carr et al., 1995; Huang et al., 2000). The expression of
the m2 receptor on many of these neurons raises the
possibility that these cells may be regulated by acetylcho¬
line in a feedback-control mechanism.

Dorsal horn cells that possess the receptor

We have shown in this study that it is predominantly inhib¬
itory neurons of the dorsal horn that possess the m2 re¬

ceptor. Of the markers we examined, significant numbers
of cells immunoreactive for GABA, NOS and Sst2A were
associated with the receptor. NOS and Sst2A are generally
found to be co-localised with GABA in the superficial dorsal
horn (Spike et al., 1993; Todd et al., 1998) and therefore
may be regarded as subtypes of GABAergic neurons. The
immunostaining we observed with these markers was
comparable to that obtained in other studies (e.g. Todd et
al., 1998) and, although we cannot be certain that entire
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Neurons that Possess the m2 Receptor
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Fig. 10. Mean percentage values (n=3 animals) for neuronal cell bodies that display immunoreactivity for the m2 receptor of populations of dorsal
horn cells. Values for various chemical markers and their location within the laminae of the grey matter are plotted. The values were estimated from
total cell counts. PARV, parvalbumin; error bar=S.D. 1. No significant differences between laminae (ANOVA). 2. No significant differences between
laminae (ANOVA). 3. Significant differences between laminae (ANOVA; P<0.001). Tukey's HSD revealed a significant difference between mean
values for lamina I and lamina III and lamina II and lamina III but differences between lamina I and II were not significant (family error rate=0.05). 4.
No significant difference between laminae (Student's f-test). 5. Significant difference between laminae (Student's t-test; P<0.05). 6. Significant
difference between laminae (Student's f-test; P<0.05).

populations of cells were labelled, substantial numbers of
each type of cell were detected. A very small proportion of
parvalbumin-immunoreactive cells was found to possess
the receptor and therefore variation exists in m2-receptor
expression between different subpopulations of GABAer-
gic neurons. The findings for NT (which is a marker for a
population of presumed excitatory dorsal horn interneu-
rons with axon terminals that are enriched with glutamate,
see Todd et al., 1994), contrast markedly with those for
inhibitory neurons since these cells were not found to be
immunoreactive for the m2 receptor. It is likely that most, if
not all, of the inhibitory neurons investigated in this study
are local circuit cells (e.g. see Todd and Spike, 1993) and
therefore the subgroups of inhibitory cells which possess
the m2 receptor are likely to influence activity of the dorsal
horn itself.

Evidence obtained in this study also indicates that
greater proportions of m2-immunoreactive inhibitory cells
are concentrated in the deeper laminae of the superficial
dorsal horn. This was most evident for the NOS-immuno-
reactive neurons of lamina III where the majority (55%)
showed receptor immunoreactivity. It is likely that this con¬
centration of m2-immunoreactive cells is related to the

plexus of cholinergic terminals, which is particularly dense
in the region between inner lamina II and dorsal lamina III

(Barber et al., 1984; Borges and Iversen, 1986; Ribeiro-
da-Silva and Cuello, 1990). Acetylcholine released from
this plexus may influence the activity of inhibitory local
circuit neurons. It is known that carbachol (a non-specific
muscarinic agonist) evokes a release of GABA in the sub¬
stantia gelatinosa (Baba et al., 1998) but this action may
not be mediated through m2 receptors as the m2-receptor
agonist, arecaidine, does not mimic the effects of carba¬
chol. mAChRs also have an involvement in the alleviation
of neuropathic pain that follows intrathecal application of
the a2 adrenergic receptor agonist, clonidine (Xu et al.,
2000). It is suggested that nitric oxide is responsible for the
analgesic effect and that mAChRs play a crucial role in the
release of this gas. We found that many NOS-containing
cells in the dorsal horn possess m2 receptors and there¬
fore this effect may be mediated through the m2 class of
receptor. Many NOS cells in lamina III contain GABA and
are immunoreactive for ChAT (Spike et al., 1993) and
therefore it is possibly this type of NOS interneuron that
predominantly expresses the m2 receptor.

The NK-1-immunoreactive cells examined in this study
represent a population of excitatory dorsal horn neurons
(Littlewood et al., 1995) which project to various regions of
the brainstem and thalamus (Todd et al., 2000). There was
a marked difference in immunoreactivity for the m2 recep-



134 W. Stewart and D. J. Maxwell / Neuroscience 119 (2003) 121-135

tor between NK-1 neurons in lamina I and those of lamina
III. A significant proportion (42%) of lamina III neurons
were found to be immunoreactive for the muscarinic m2

receptor whereas only 10% of cells in lamina I displayed
immunoreactivity. Lamina III NK-1 cells are likely to be
involved in transmission of nociceptive information (Nairn
et a!., 1997; Todd et al., 2000) and acetylcholine may
influence activity of this pathway by operating through the
m2 receptor.

In conclusion, we have shown that m2 receptors are
present on many inhibitory local circuit neurons and some
lamina III projection cells which possess the NK-1 recep¬
tor. Acetylcholine therefore could modulate activity in the
dorsal horn by interacting with m2 receptors associated
with these cells.
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Abstract—The inhibitory neurotransmitter GABA is synthe-
sised by glutamic acid decarboxylase (GAD), and two iso-
forms of this enzyme exist: GAD65 and GAD67. Immunocy-
tochemical studies of the spinal cord have shown that whilst
both are present in the dorsal horn, GAD67 is the predomi¬
nant form in the ventral horn. The present study was carried
out to determine the pattern of coexistence of the two GAD
isoforms in axonal boutons in different laminae of the cord,
and also to examine the relation of the GADs to the glycine
transporter GLYT2 (a marker for glycinergic axons), since
many spinal neurons are thought to use GABA and glycine as
co-transmitters.

Virtually all GAD-immunoreactive boutons throughout the
spinal grey matter were labelled by both GAD65 and GAD67
antibodies; however, the relative intensity of staining with the
two antibodies varied considerably. In the ventral horn, most
immunoreactive boutons showed much stronger labelling
with the GAD67 antibody, and many of these were also
GLYT2 immunoreactive. However, clusters of boutons with
high levels of GAD65 immunoreactivity were observed in the
motor nuclei, and these were not labelled with the GLYT2
antibody. In the dorsal horn, some GAD-immunoreactive bou¬
tons had relatively high levels of labelling with either GAD65
or GAD67 antibody, whilst others showed a similar degree of
labelling with both antibodies. GLYT2 immunoreactivity was
associated with many GAD-immunoreactive boutons; how¬
ever, this did not appear to be related to the pattern of GAD
expression.

It has recently been reported that there is selective deple¬
tion of GAD65, accompanied by a loss of GABAergic inhibi¬
tion, in the ipsilateral dorsal horn in rats that have undergone
peripheral nerve injuries [J Neurosci 22 (2002) 6724]. Our
finding that some boutons in the superficial laminae showed
relatively high levels of GAD65 and low levels of GAD67
immunoreactivity is therefore significant, since a reduction in
GABA synthesis in these axons may contribute to neuro¬
pathic pain. © 2003 IBRO. Published by Elsevier Science Ltd.
All rights reserved.

Key words: GAD65, GAD67, GLYT2, GABA, glycine.

GABA is the main inhibitory neurotransmitter in the dorsal
horn of the spinal cord and also plays an important role in
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the ventral horn (Todd and Maxwell, 2000). GABA can
produce both presynaptic inhibition of primary afferents
through axoaxonic synapses, and postsynaptic inhibition
of spinal neurons, which is mediated by axosomatic and
axodendritic synapses. GABA-immunoreactive axon termi¬
nals and cell bodies frequently contain relatively high lev¬
els of glycine (Todd and Sullivan, 1990; Todd et al., 1996),
and there is evidence that GABA and glycine can act as
co-transmitters at synapses in the spinal cord (Jonas et al.,
1998; Keller et al., 2001). Intrathecal administration of the
GABAa antagonist bicuculline (or the glycine receptor an¬
tagonist strychnine) produces behavioural signs of tactile
allodynia, in which normally innocuous stimuli are per¬
ceived as painful (Yaksh, 1989), and both bicuculline and
strychnine increase the sensitivity of the flexion withdrawal
reflex, such that it can be evoked by light mechanical
stimuli (Sivilotti and Woolf, 1994). These results suggest
that one of the functions of GABAergic inhibition is to
suppress the responses of dorsal horn neurons to low-
threshold mechanical stimuli. In the ventral horn, GABA
acts at both pre- and postsynaptic sites to regulate mo¬
toneuron activity, and is thus vital for normal motor func¬
tion. Dysfunction of these inhibitory systems leads to ex¬
aggerated reflexes associated with spasticity.

GABA is produced through decarboxylation of L-gluta-
mate by the enzyme glutamate decarboxylase (GAD). Two
isoforms of this enzyme, coded by different genes, have
been identified (Erlanderand Tobin, 1991). Based on their
molecular weights, these have been named GAD65 and
GAD67. All GABAergic neurons in the CNS are thought to
contain both isoforms of GAD; however, the relative
amounts of the two enzymes vary widely, with some cells
expressing predominantly GAD65 and others mainly
GAD67 (Soghomonian and Martin, 1998; Martin and To¬
bin, 2000). Early studies of the distribution of GAD in the
spinal cord were carried out with antibodies that did not
distinguish between the two isoforms of the enzyme
(McLaughlin etal., 1975; Barber etal., 1978, 1982; Huntet
al., 1981). McLaughlin et al. (1975) reported that GAD was
present in axon terminals throughout the grey matter, with
the highest concentration in laminae l-lll of the dorsal
horn, and intermediate levels in the medial part of the deep
dorsal horn and the area around the central canal. Barber
et al. (1978) used electron microscopic immunocytochem-
istry to demonstrate that most GAD-immunoreactive ax¬
onal boutons formed axo-dendritic or axo-somatic syn¬
apses, but that some made axo-axonic synapses on pri¬
mary afferent terminals. Levels of GAD in neuronal cell
bodies are apparently very low in the spinal cord, and
administration of colchicine has been used to reveal GAD-
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immunoreactive cell bodies, which were found in all lami¬
nae of the spinal cord (Hunt et al., 1981; Barber et al.,
1982). More recently, Feldblum et al. (1995) and
Tillakaratne et al. (2000) have examined the distribution of
GAD65 and GAD67 in the spinal cord of rat and cat,
respectively, and reported that both forms were present
throughout the dorsal horn (with particularly high levels in
the superficial laminae) and in lamina X, whereas GAD67
was the predominant form in the ventral horn.

There have been various suggestions concerning the
functional significance of the two GAD isoforms (Sogho-
monian and Martin, 1998; Martin and Tobin, 2000). It has
been proposed that GAD65 is principally involved in syn-
thesising GABA for vesicular release, whilst some of the
GABA produced by GAD67 may be released through a
non-vesicular mechanism. There is also evidence that

GABAergic neurons with phasic activity have higher levels
of GAD65, whilst those which fire tonically have relatively
more GAD67. In addition, regulation of the two enzymes
may differ in pathological conditions: Moore et al. (2002)
have recently reported that in rat models of neuropathic
pain, levels of GAD65 were significantly reduced in the
dorsal horn ipsilateral to the nerve injury, whereas GAD67
expression was not affected.

Since GAD65 may be selectively down-regulated in
neuropathic pain states (Moore et al., 2002) it is important
to determine the extent of coexistence of the two GAD
isoforms in individual GABAergic axons in the spinal cord.
For example, if some boutons show much higher levels of
GAD65 than of GAD67, then GABA synthesis in these
axons may be significantly reduced following nerve injury.
In this study, we have used immunofluorescence staining
and confocal microscopy to study the pattern of coexist¬
ence of GAD65 and GAD67 in each lamina. In addition, we
examined the two types of GAD immunoreactivity in bou¬
tons that were labelled with an antibody against the neu¬
ronal glycine transporter GLYT2, to determine whether
either of the GADs was preferentially associated with bou¬
tons that were both GABA- and glycinergic.

EXPERIMENTAL PROCEDURES

Animals

Six adult male Wistar rats (230-300 g; Harlan UK Ltd, Bicester,
UK) were deeply anaesthetised with pentobarbitone and perfused
through the left cardiac ventricle with a fixative containing 4%
freshly depolymerised formaldehyde. All experiments were per¬
formed in accordance with the UK Animals (Scientific Procedures)
Act 1986, and all efforts were made to minimise the number of
animals used and their suffering.

Immunocytochemistry
Mid-lumbar spinal cord segments (L3-L5) were removed and
post-fixed overnight. Transverse sections (70 p.m thick) were cut
with a Vibratome and immersed in 50% ethanol for 30 min to
enhance antibody penetration (Llewellyn-Smith and Minson,
1992). Immunoperoxidase staining for each GAD isoform was
carried out by incubating sections for 3 days at 4 °C in either
monoclonal mouse antibody against GAD65 (GAD6 antibody;
Developmental Studies Hybridoma Bank, University of Iowa; di¬
luted 1:500-1000) or in rabbit antiserum against GAD67 (K2

antibody; Chemicon International, Harrow, UK; diluted 1:40,000).
This was followed by incubation in biotinylated donkey anti-mouse
or anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA,
USA; diluted 1:500) and then in avidin-peroxidase conjugate (Sig¬
ma, Poole, Dorset, UK, diluted 1:1000) for 24 h each. Peroxidase
activity was revealed with 3,3'-diaminobenzidine (DAB) in the
presence of hydrogen peroxide, and the sections were then de¬
hydrated, cleared and mounted. In some cases the DAB reaction
product was intensified with nickel chloride.

For immunofluorescence staining, sections were incubated
for 3 days at 4 °C in a cocktail of primary antibodies containing
GAD6 (1:100 or 1:200), K2 (1:5000), and in some cases guinea-
pig antiserum against the neuronal glycine transporter, GLYT2
(Chemicon, 1:10,000). The sections were then rinsed and incu¬
bated overnight in species-specific secondary antibodies (Jack¬
son Immunoresearch, all raised in donkey and diluted 1:100):
anti-mouse and anti-rabbit IgGs, conjugated to Rhodamine Red-X
and fluorescein isothiocyanate, respectively, and (when anti-
GLYT2 was included in the primary antibody cocktail) anti-guinea-
pig IgG conjugated to cyanine 5.18. The sections were mounted in
anti-fade medium (Vectashield, Vector Laboratories, Peterbor¬
ough, UK) and stored at -20 °C. All antibodies were made up in
phosphate-buffered saline containing 0.3% Triton X-100.

Confocal microscopy and analysis
Sections were examined with a Bio-Rad MRC 1024 confocal laser

scanning microscope equipped with a krypton-argon laser (Bio-
Rad, Hemel Hempstead, UK). For quantitative analysis of coex¬
istence of GAD65 and GAD67, a single section was selected from
each of four rats, and the grey matter of one side was examined.
The sections were scanned sequentially with the 488- and 568-nm
lines of the laser (to reveal rhodamine and fluorescein, respec¬
tively), through a 60X oil-immersion lens. Z-series consisting of 11
optical sections separated by 0.5 p.m were obtained, and in all
cases each optical section was averaged over four scans. Each
z-series covered a field of 103x103 p.m, and approximately 20
overlapping fields were scanned to include a vertical strip extend¬
ing from lamina I to lamina VIII. In addition, single fields from
laminae IX and X were also scanned in the same way. To ensure
that the signal for the two GAD antibodies was not saturated, the
gain of each of the photomultipliers was set so that the maximum
pixel luminance value sampled anywhere in the section was less
than the maximum possible value (255). Sections were also
scanned with dry lenses (4x, 10x and 20x) using a transmitted
light detector and a dark-field condenser, in order to allow laminar
boundaries to be identified.

Analysis was performed using Neurolucida for Confocal soft¬
ware (MicroBrightField, Colchester, VT, USA). Initially, drawings
of the grey-matter outline on each section were made from the
images scanned with dry lenses, and the laminar boundaries were
identified as described previously (Todd et al., 1998). The confo¬
cal z-series obtained with the 60x lens were then analysed. For
each of these z-series, the two channels (corresponding to
GAD65 and GAD67) were initially merged in such a way that both
types of immunoreactivity appeared grey, and these files were
then used to select 100 GAD-immunoreactive boutons from each
lamina in each animal. The locations of these were plotted onto
the drawings. By merging the images corresponding to GAD65
and GAD67 in this way, it was possible to select GAD-immuno-
reactive boutons without knowing which of the two isoforms was
the predominant one. The original confocal images were then
examined, and for each of the 1000 selected boutons, the lumi¬
nance value of the brightest (maximum) pixel in each channel
(fluorescein and rhodamine) was recorded. When this was com¬
pleted, the maximum pixel luminance values obtained for each of
the selected boutons were normalised by expressing them as a
percentage of the value of the brightest pixel sampled (in any of
the 1000 selected boutons) for the corresponding channel in that
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z-series. For each of the selected boutons, these normalised
values for GAD65 and GAD67 were added, and the percentage of
this total value corresponding to GAD65-immunostaining was de¬
termined. Boutons in which the GAD65 component made up more
than 50% of this total value were defined as predominantly GAD65
immunoreactive, whilst the remainder were classed as predomi¬
nantly GAD67 immunoreactive. One-way ANOVA was used to
determine whether the proportion of boutons in each lamina that
were classified as predominantly GAD65 immunoreactive differed
significantly from the proportions in other laminae (P<0.05). Dif¬
ferences between individual laminae were then examined post
hoc, by using Tukey's pairwise test to determine whether these
were significant (P<0.05). We also determined the mean of these
normalised maximum pixel luminance values corresponding to
GAD65 and GAD67 for the 100 selected boutons in each lamina
from each animal.

Two sections that had been reacted with GAD65, GAD67 and
GLYT2 antibodies were examined from each of three rats. In each
case, z-series consisting of 11 sections at 0.5 |j.m z-spacing were
obtained from each lamina by scanning sequentially with the 488-,
568- and 647-nm lines of the laser, through a 60x oil-immersion
lens. These z-series were then examined to determine whether
boutons that were both GLYT2 and GAD immunoreactive had a

particular pattern of expression of the two GAD isoforms.

Antibodies

Both GAD antibodies have been extensively characterised. The
GAD6 monoclonal antibody is highly selective for GAD65, and
does not appear to cross-react with GAD67 (Chang and Gottlieb,
1988). The K2 antibody (Kaufman et al., 1991) recognises
GAD67, but also cross-reacts very weakly with GAD65 (Esclapez
et al., 1994). The guinea-pig GLYT2 antibody was raised against
a peptide corresponding to amino acids 780-799 of the rat
GLYT2. Pre-absorption with this peptide completely abolishes
immunostaining (manufacturer's specification). Double immuno¬
fluorescence staining using this antibody and a well-characterised
rabbit anti-GLYT2 (Zafra et al., 1995) resulted in staining of iden¬
tical structures by both antibodies (M. Mackie, unpublished obser¬
vations).

RESULTS

Immunoperoxidase staining

Staining with both GAD antibodies was present throughout
the grey matter in the mid-lumbar spinal cord, although the
laminar distribution of each type of immunoreactivity dif¬
fered (Figs. 1,2). The immunostaining with both antibodies
appeared punctate at high magnification, and these puncta
presumably corresponded to axonal boutons. Few immu¬
noreactive cell bodies were seen with either antibody.

Profiles that showed strong GAD67 immunoreactivity
were numerous in all laminae of the spinal grey matter,
although they were concentrated in laminae I—III, and to a
lesser extent, around the central canal (Fig. 1). In lamina II,
immunostaining was particularly strong in the inner (ven¬
tral) part (lamina lli), compared with its outer (dorsal) part
(lamina No) (Fig. 1a, b). In the ventral horn, large unstained
cell bodies (probably belonging to motoneurons) were of¬
ten surrounded by GAD67-immunoreactive puncta (Fig.
1d).

The distribution of GAD65-immunoreactive profiles
varied considerably in different laminae: strongly immuno¬
reactive structures were numerous in laminae l-lll, and
were found in moderate numbers in the deeper part of the

dorsal horn (laminae IV—VI), particularly in its medial part,
as well as in the region around the central canal (Fig. 2).
Within the superficial part of the dorsal horn, GAD65 im¬
munoreactivity showed two distinct bands: one in lamina I
and another that corresponded to lamina lli (Fig. 2a, b).
Few profiles with strong GAD65 immunoreactivity were
seen in laminae VII or VIII; however, within the motor
nuclei (lamina IX), distinctive clusters of profiles with strong
GAD65 immunoreactivity were observed (Fig. 2a, d). In
addition to the profiles that were strongly stained with the
GAD65 antibody, many weakly immunoreactive structures
were seen throughout the grey matter.

Immunofluorescence staining for GADs

The laminar distribution of GAD67 and GAD65 immunore¬

activity observed with the immunofluorescence matched
that seen with immunoperoxidase staining. Examination of
confocal images revealed that most immunoreactive struc¬
tures were stained with both antibodies, although the rel¬
ative intensity of each type of GAD immunostaining varied
considerably: in some cases boutons showed a much
higher level of immunostaining with either GAD65 or
GAD67 antibodies, whereas in others the levels were sim¬
ilar. In some cases, immunostaining with one of the anti¬
bodies was so weak that it was difficult to see on the
confocal images (e.g. Fig. 3m-o), however measurement
of pixel luminance values generally showed that a low level
of immunoreactivity was present over these profiles.

In laminae I and II, profiles with high levels of GAD65
immunoreactivity were relatively common (Fig. 3a-c);
however, these became progressively less numerous in
more ventral laminae (III—VIII and X) (Fig. 3d—I), where
profiles that contained relatively high levels of GAD67
immunoreactivity predominated. Although GAD-immuno-
reactive profiles were less densely packed in lamina No
than in lamina lli, no difference in the relative staining
intensity for the two isoforms was observed between these
two regions. In lamina IX, the majority of immunoreactive
profiles, including those that surrounded the presumed
motoneuron cell bodies, had high levels of GAD67 immu¬
noreactivity and were very weakly stained with the GAD65
antibody (Figs. 3m-o, 4b). However, as with immunoper¬
oxidase staining, clusters of profiles with strong GAD65
immunostaining were seen, and these showed weak
GAD67 immunoreactivity (Figs. 3m-o, 4b).

The results of the quantitative analysis (Fig. 5) con¬
firmed these observations. One-way ANOVA established
that there was a highly significant difference (P<0.001) in
the proportions of boutons that were predominantly
GAD65 or GAD67 immunoreactive between different lam¬
inae. Tukey's post hoc pairwise test confirmed these dif¬
ferences for certain individual laminae (P<0.05): laminae I
and II contained significantly more profiles that were pre¬
dominantly GAD65 immunoreactive than several of the
deeper laminae (V, VI, VII, VIII, X for lamina I; VII, VIII, X
for lamina II). Lamina IX contained significantly more pro¬
files that were predominantly GAD65 immunoreactive than
laminae VIII and X. The lowest proportion of these profiles
was found in lamina VIII, and this was significantly different
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Fig. 1. Immunoperoxidase staining for GAD67 in a section through the mid-lumbar spinal cord, (a) Staining is present throughout the grey matter, but
is particularly dense in the superficial part of the dorsal horn, with moderate levels in the deeper laminae of the dorsal horn and the area around the
central canal, (b-d) Higher-magnification views of the superficial dorsal horn, the medial aspect of the deep dorsal horn and the ventral horn,
respectively. In all areas, the staining is mainly punctate and few immunostained cell bodies are seen, (b) In the superficial part of the dorsal horn,
a dense band of staining, corresponding to the inner part of lamina II (IN) is visible, (c) Punctate staining in the medial part of the deep dorsal horn,
(d) In the ventral horn, numerous immunostained puncta are visible, and some of these surround large unlabelled cell bodies that presumably belong
to motoneurons (one of these is indicated with an arrow). Scale bar=200 pm (a), b-d =50 pm.

from laminae I, II, III and IX. Table 1 shows the means for
the normalised brightest pixel luminance values in the
selected GAD-immunoreactive boutons in each lamina.

Co-localisation of GAD with GLYT2

The laminar distribution of immunostaining with the GLYT2
antibody was similar to that reported previously, with low
levels in laminae I and II, and much higher levels through¬
out the remainder of the grey matter (Zafra et al., 1995). At
high magnification, GLYT2 immunoreactivity was seen to
surround numerous profiles that resembled axonal bou¬
tons.

In the ventral horn, GLYT2 immunostaining was asso¬
ciated with many of the profiles that showed relatively

strong GAD67 and weak GAD65 immunoreactivity, includ¬
ing some of those that surrounded presumed motoneuron
cell bodies (Fig. 4). However, the clustered profiles with
intense GAD65 immunoreactivity in the motor nuclei were
never labelled with the GLYT2 antibody (Fig. 4). Many
GLYT2-immunoreactive structures were not labelled with
either GAD antibody.

In the remainder of the grey matter (dorsal horn, inter¬
mediate area and lamina X), there was no obvious rela¬
tionship between GLYT2 immunoreactivity and the pattern
of GAD expression. GLYT2 immunostaining was seen
around many GAD-immunoreactive profiles, but was also
associated with boutons that were not GAD immunoreac-
tive (Fig. 6). The GLYT2- and GAD-immunoreactive pro-



M. Mackie et al. / Neuroscience 119 (2003) 461-472 465

. t.

f •
4

a d
Fig. 2. Immunoperoxidase staining for GAD65 in a mid-lumbar spinal cord section, (a) The immunostaining pattern is generally similar to that for
GAD67, except that much lower levels are present in the intermediate area (lamina VII) and the ventral horn. However, clusters of immunolabelled
profiles can be seen in the lateral part of the ventral horn, which corresponds to the motor nucleus. Throughout the grey matter, the staining is mainly
punctate, and few immunoreactive cell bodies are visible, (b) In the superficial dorsal horn, numerous labelled puncta are seen in lamina I and in the
inner part of lamina II (Ili), but these are relatively uncommon in the outer part of lamina II (llo). (c) Immunostained puncta in the medial part of the
deep dorsal horn, (d) In the motor nuclei, small clusters of strongly immunoreactive profiles are seen, but motoneuron cell bodies are not outlined by
the strongly labelled puncta. Scale bars =200 pm (a), b-d=50 pm.

files included some that showed relatively high levels of
GAD65 immunoreactivity and others where GAD67 was
the predominant form (Fig. 6).

DISCUSSION

The main finding of this study was that although most
GAD-immunoreactive boutons were labelled with both
GAD65 and GAD67 antibodies, the strength of immuno¬
staining with each antibody in individual boutons varied
considerably: some showed much higher levels of one or
other type of immunoreactivity, whilst in others the levels
were similar. This pattern of coexistence varied in different

parts of the grey matter; for example, most boutons in the
ventral horn showed much higher levels of GAD67 than of
GAD65. In the ventral horn the presence or absence of
GLYT2 immunoreactivity was related to the pattern of GAD
expression (since GLYT2 was not present on those bou¬
tons that had high levels of GAD65); however, no such
relationship was seen in the dorsal horn.

Technical considerations

The K2 antibody used to detect GAD67 shows very weak
cross-reaction with GAD65 (Esclapez et al., 1994). It is
therefore possible that boutons which showed strong
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Table 1. Mean brightest pixel values corresponding to GAD65 or
GAD67 for the selected boutons

Lamina GAD65 GAD67

I 24.71 ±2.45 27.12±4.03
II 21.96±1.82 27.22±2.60
III 17.94±1.15 31.4±2.40
IV 18.09±1.61 28.35±3.17
V 16.63±3.06 30.48±1.76

VI 14.73±1.65 30.43±2.35

VII 13.03±3.65 29.78±2.04
VIII 8.26±1.76 33.04±2.52
IX 21.92 ±1.3 31.91 ±2.22

X 11,42±1.22 30.39±4.17

Results were obtained from a single Vibratome section from each of
the four rats used for quantitative analysis. The luminance value of the
brightest pixel representing GAD65 and GAD67 in each selected
bouton was determined, and normalised by expressing it as a percent¬
age of the brightest pixel in any of the selected boutons for that GAD
isoform in that section. For each animal the mean of these brightest
pixel values was then determined from the 100 selected boutons in
each lamina. The Table shows the means (±S.E.) of these mean
values from the four animals.

GAD65 and very weak GAD67 immunoreactivity could
have contained only GAD65, and that the staining with the
K2 antibody represented cross-reaction with GAD65. How¬
ever, in each of the four experiments analysed, the number
of boutons in which the contribution of GAD67 immunore¬

activity to the total GAD immunostaining was less than
10% (as defined in Experimental Procedures) never ex¬
ceeded 1% of the total population sampled, and it is there¬
fore highly unlikely that a significant number of boutons
express only GAD65.

It is not possible to estimate the absolute concentration
of either of the GADs with immunocytochemistry, as the
relationship between antigen concentration and strength of
immunostaining is unknown: we cannot therefore deter¬
mine the ratio of the concentrations of the two enzymes in
individual axonal boutons. An additional problem is that the
intensity of each type of immunofluorescence can vary
considerably from section to section, depending on the
precise conditions under which the immunoreaction is car¬
ried out. For this reason, it was necessary to standardise
the strength of each type of immunostaining in order to
permit a semi-quantitative analysis of the expression of the
two GADs in single axons, and we did this by comparing
the brightest pixel (for each fluorochrome) in each bouton
with the brightest pixel in any of the boutons sampled on
that section. Although this does not provide a ratio of the
absolute concentrations (see above), it does allow com¬
parisons to be made between boutons in different laminae.

The luminance value of the brightest pixel was used as a
measure, since it was often difficult to determine precisely
the outline of immunoreactive boutons, and therefore it
was not possible to calculate the mean pixel luminance
value.

The distribution of GLYT2-immunoreactive boutons in
the spinal cord closely matches that of glycinergic syn¬
apses, and we have previously shown that these boutons
are glycine enriched (Spike et al., 1997). GLYT2 antibod¬
ies therefore provide a convenient marker for glycinergic
axons in sections used for confocal microscopy (Puskar et
al., 2001; Geiman et al., 2002). GLYT2 is present in the
plasma membrane, and as expected, in individual boutons
GLYT2 immunofluorescence surrounded the GAD label¬

ling, which was presumably associated with cytoplasm and
synaptic vesicles (Figs. 4, 6).

Comparison with GAD expression patterns
elsewhere in the CNS

Immunocytochemical studies have suggested that in sev¬
eral brain regions, including neocortex, cerebellar cortex
and olfactory bulb, GAD65 is mainly present in axonal
boutons, and GAD67 in cell bodies of GABAergic neurons
(Kaufman et al., 1991; Esclapez et al., 1994). This has led
to the proposal that the two isoforms may contribute to
different "pools" of GABA, with GAD65 being mainly re¬
sponsible for vesicular GABA which is released by con¬
ventional exocytosis of synaptic vesicles, and GAD67 for a
cytoplasmic pool that can be released through reversed
action of a membrane GABA transporter, such as GAT-1.
(Soghomonian and Martin, 1998; Martin and Tobin, 2000).

The results of the present study, and that of Feldblum
et al. (1995), suggest that a different arrangement is
present in the rat spinal cord, since not only are both GADs
detected mainly in profiles that resemble axonal boutons
(rather than in cell bodies), but in the ventral horn, GAD67
appears to be the predominant form in GABAergic bou¬
tons, including those that surround the cell bodies of mo¬
toneurons (Figs. 1, 2, 4). Feldblum et al. (1995) reported
that only a few cell bodies were detected with either anti¬
body, and a similar observation was made in the present
study. Since many GABAergic nerve cell bodies are
present throughout the spinal grey matter (Todd and Mc-
Kenzie, 1989; Todd and Sullivan, 1990), only a very small
proportion of these could have been labelled with the GAD
antibodies. Esclapez et al. (1994) showed that the extent
of somatic labelling for both GADs was increased when
detergent was omitted from the antibody diluents, and in
both our study and that of Feldblum et al. (1995), Triton
was included to enhance penetration of immunolabelling.

Fig. 3. Confocal images showing the relative intensities of GAD67 and GAD65 immunolabelling in individual boutons in different parts of the grey
matter (a-c: lamina I; d-f: lamina III; g-i: lamina V; j-l: lamina X; m-o: lamina IX). In each case, GAD67 (green) is shown on the left, GAD65 (red)
in the middle, and a merged image on the right. All images are taken from projections of three optical sections at a z-separation of 0.5 pm. The images
are all taken from the same Vibratome section, and have had the same adjustments of brightness and contrast, so that strength of immunoreactivity
of boutons in each region can be compared. Note the great range of intensities of each type of GAD immunostaining between individual boutons, and
the relatively high density of labelled profiles in laminae I and III. Some boutons are more strongly labelled for GAD65 and appear red in the merged
image, some are more strongly stained for GAD67 and appear green, whilst others show a similar level of labelling with each antibody, and appear
yellow. Scale bar=5 pm.
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However, we also carried out immunostaining of spinal
cord sections without the use of detergents, and again
found that few cell bodies were labelled with either GAD

antibody. It is unlikely that our failure to detect many GAD-
immunoreactive cell bodies in the spinal cord is due to a
technical problem, as we have immunostained sections of
neocortex with these antibodies (with or without detergent)
and found numerous immunolabelled cell bodies with each

antibody (Mackie and Todd, unpublished observations).
Interestingly, Tillakaratne et al. (2000) reported that the K2
antibody did stain significant numbers of neuronal cell
bodies in the cat spinal cord, so there may be a species
difference in the levels of GAD67 in spinal cord neuronal
cell bodies.

Expression of the two GADs in the rat spinal cord

The laminar distribution of immunostaining for each GAD
isoform (Figs. 1, 2) was generally similar to that reported by

Feldblum et al. (1995), who used the same antibodies. The
combined distribution of GAD65 and GAD67 also resembles
that obtained previously with antibodies that recognise both
isoforms (e.g. McLaughlin et al., 1975; Barber et al., 1978).
The results of these studies indicate that GABAergic axons
are not uniformly distributed within the spinal grey matter, but
are particularly concentrated in laminae I—III, with moderate
numbers in the medial part of laminae IV-VI as well as in
lamina X and the motor nuclei, and relatively fewer in other
regions. This distribution is similar to that of GABA-immuno-
reactive cell bodies (Todd and McKenzie, 1989; Todd and
Sullivan, 1990), and it is likely that many of the GABAergic
axons are derived from local interneurons. However, there is
also evidence for a significant descending GABAergic input
from the medulla to both ventral and dorsal horns of the spinal
cord (Holstege, 1991; Antal etal., 1996), and this presumably
accounts for some of the GAD-immunoreactive terminals that
were seen in this study.

Fig. 4. GLYT2 and GAD immunostaining in the ventral horn. GLYT2 immunoreactivity (green) is shown in a, b shows the corresponding field scanned
to reveal GAD67 (blue) and GAD65 (red), whilst in c the three colours are merged, (a) Numerous GLYT2-immunoreactive boutons are present in the
field, and many of these surround a large cell body, which presumably belongs to a motoneuron, (b) Most of the GAD-immunoreactive profiles appear
blue, reflecting the relatively high level of GAD67 in most GAD-immunoreactive boutons in this region, although two clusters of boutons that are
strongly labelled for GAD65 are also visible (large arrows), (c) In the merged image it can be seen that many of the GAD-immunoreactive profiles that
are predominantly stained with the GAD67 antibody are also GLYT2 immunoreactive: some of these are marked with small arrows. However, the
boutons that show strong GAD65 immunostaining are not GLYT2 immunoreactive. Images were projected from two optical sections at z-separation
of 0.5 pm. Scale bar=10 pm.
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and have had the same adjustments of brightness and contrast, so that strength of immunoreactivity of boutons in each region can be compared.
Several GLYT2-immunoreactive profiles are visible in each field, and some of these are indicated by arrows. Although many of these are GAD
immunoreactive, the relative strength of staining with the two GAD antibodies varies considerably: some are more strongly stained with the GAD67
antibody and appear blue, whilst others show stronger staining with the GAD65 antibody, and appear pink. Scale bar=5 pm.

In the ventral horn, most GAD-immunoreactive bou¬
tons contained relatively high levels of GAD67, and many
of these were associated with GLYT2 immunoreactivity,
which suggests that they belonged to neurons that were
both GABA- and glycinergic. Some of these boutons con¬
tacted the somata of large cells that were presumably
motoneurons, although in this situation they were outnum¬
bered by boutons that were GLYT2, but not GAD immu¬
noreactive (Fig. 4). These findings are consistent with the
results of Ornung et al. (1996) who reported that 43% of
the boutons in contact with motoneuron somata in the cat

spinal cord contained only glycine immunoreactivity, whilst
25% were both GABA and glycine immunoreactive, and
2% were only GABA immunoreactive. Little is known about
the origins of the GAD-/GLYT2-immunoreactive boutons in
the ventral horn: some of them probably belong to Ren-
shaw cells, as some of these are thought to use both
GABA and glycine as transmitters (Cullheim and Kellerth,
1981; Schneider and Fyffe, 1992; Ornung et al., 1996).
Some are likely to have been presynaptic to Renshaw
cells, since Geiman et al. (2002) have found that a high
proportion of the boutons presynaptic to these cells are
both GLYT2 and GAD immunoreactive. The boutons with

high levels of GAD65, which occurred in clusters in the
ventral horn, have not apparently been described previ¬
ously. These invariably lacked GLYT2, suggesting that

they originated from cells that were GABAergic, but not
glycinergic. It is possible that these correspond to the P
boutons which form axoaxonic synapses on la primary
afferent terminals (Conradi, 1969), as it has been reported
that most of these are GABA, but not glycine immunore¬
active (Ornung et al., 1996; Watson and Bazzaz, 2001).

We have previously shown that several neurochemi-
cally distinct classes of GABAergic neuron can be recog¬
nised in the dorsal horn (Todd and Spike, 1993; Todd and
Maxwell, 2000). A major distinction can be made between
those that are also glycine immunoreactive, and those
which are not. In the superficial laminae, GABAergic neu¬
rons that are not enriched with glycine may contain neu¬
ropeptides, such as neuropeptide Y, galanin, enkephalin or
thyrotropin-releasing hormone, and some of those in the
deeper laminae are cholinergic (Todd and Maxwell, 2000).
Neurons that have both GABA and glycine immunoreac¬
tivity may contain parvalbumin or nitric oxide synthase
(NOS) (Todd and Maxwell, 2000). We have also found
evidence that some of these types of GABAergic neuron
have specific postsynaptic targets, since axons that con¬
tain neuropeptide Y and GABA selectively target projection
neurons in laminae III and IV that express the neurokinin 1
receptor (Polgar et al., 1999), whilst NOS-containing axons
innervate a population of large spinoparabrachial neurons
in lamina I (Puskar et al., 2001). The heterogeneous pat-
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tern of GAD expression by GABAergic boutons that we
observed in the dorsal horn suggests that axons belonging
to particular neurochemical populations may show specific
patterns of expression of GAD65 and GAD67. However,
since we found that GLYT2-immunoreactive (presumed
glycinergic) boutons could show relatively high levels of
either GAD, the relationship between expression of the two
GADs and that of other neurochemical markers may be
quite complex. Moore et al. (2002) reported that there was
a significant depletion of GAD65, but not GAD67, in the
dorsal horn ipsilateral to the nerve injury in two different
models of neuropathic pain in the rat, and found evidence
for a reduction in GABAergic inhibition of neurons recorded
in lamina II in these models. Since some GABAergic bou¬
tons in the dorsal horn appear to have relatively high levels
of GAD65 and low levels of GAD67, these would presum¬
ably be particularly affected, since the low level of GAD67
is unlikely to be able to compensate for any loss of GAD65,
which might lead to a reduction in GABA synthesis in these
boutons. It will be important to identify the post-synaptic
targets of these boutons, for example to determine
whether they form synapses with projection neurons, or
are presynaptic to primary afferent terminals at axo-axonic
synapses.

Acknowledgements—We thank Mrs. M. M. McGill, Mrs. Christine
Watt and Mr. Robert Kerr for expert technical assistance and the
Wellcome Trust for financial support.

REFERENCES

Antal M, Petko M, Polgar E, Heizmann CW, Storm-Mathisen J (1996)
Direct evidence of an extensive GABAergic innervation of the spinal
dorsal horn by fibres descending from the rostral ventromedial
medulla. Neuroscience 73:509-518.

Barber RP, Vaughn JE, Roberts E (1982) The cytoarchitecture of
GABAergic neurons in rat spinal cord. Brain Res 238:305-328.

Barber RP, Vaughn JE, Saito K, McLaughlin BJ, Roberts E (1978)
GABAergic terminals are presynaptic to primary afferent terminals
in the substantia gelatinosa of the rat spinal cord. Brain Res 141:
35-55.

Chang Y-C, Gottlieb Dl (1988) Characterization of the proteins purified
with monoclonal antibodies to glutamic acid decarboxylase. J Neu-
rosci 8:2123-2130.

Conradi S (1969) Ultrastructure and distribution of neuronal and glial
elements on the motoneuron surface in the lumbosacral spinal cord
of the adult rat. Acta Physiol Scand 332 (suppl):54-8.

Cullheim S, Kellerth J-0 (1981) Two kinds of recurrent inhibition of cat
spinal a-motoneurons as differentiated pharmacologically.
J Physiol 312:209-224.

Erlander MG, Tobin AJ (1991) The structural and functional heteroge¬
neity of glutamic acid decarboxylase: a review. Neurochem Res
16:215-226.

Esclapez M, Tillakaratne NJK, Kaufman DL, Tobin AJ, Houser CR
(1994) Comparative localization of two forms of glutamic acid de¬
carboxylase and their mRNAs in rat brain supports the concept of
functional differences between the forms. J Neurosci 14:1834-
1855.

Feldblum S, Erlander MG, Tobin AJ (1995) Different distribution of
GAD65 and GAD67 mRNA suggest that the two glutamate decar¬
boxylases play different functional roles. J Neurosci Res 34:689-
706.

Geiman EJ, Zheng W, Fritschy J-M, Alvarez FJ (2002) Glycine and
GABAa receptor subunits on Renshaw cells: relationship with pre¬

synaptic neurotransmitters and postsynaptic gephyrin clusters.
J Comp Neurol 444:275-289.

Holstege JC (1991) Ultrastructural evidence for GABAergic brain stem
projections to spinal motoneurons in the rat. J Neurosci 11:159-
167.

Hunt SP, Kelly JS, Emson PC, Kimmel JR, Miller RJ, Wu JY (1981) An
immunohistochemical study of neuronal populations containing
neuropeptides or 7-aminobutyrate within the superficial layers of
the rat dorsal horn. Neuroscience 6:1883-1898.

Jonas P, Bischofberger J, Sandkuhler J (1998) Corelease of two
fast neurotransmitters at a central synapse. Science 281:419-
424.

Kaufman DL, Houser CR, Tobin AJ (1991) Two forms of the gamma-
aminobutyric acid synthetic enzyme glutamate decarboxylase have
distinctive intraneuronal distributions and cofactor interactions.
J Neurochem 56:720-723.

Keller AF, Coull JA, Chery N, Poisbeau P, De Koninck Y (2001)
Region-specific developmental specialization of GABA-glycine co-
synapses in laminas l-ll of the rat spinal dorsal horn. J Neurosci
21:7871-7880.

Llewellyn-Smith IJ, Minson JB (1992) Complete penetration of anti¬
bodies into Vibratome sections after glutaraldehyde fixation and
ethanol treatment: light and electron microscopy for neuropeptides.
J Histochem Cytochem 40:1741-1749.

Martin, DL, Tobin, AJ (2000) Mechanisms controlling GABA synthesis
and degradation in the brain. In: GABA in the nervous system: the
view at fifty years (Martin DL, Olsen RW, eds), pp 25-41. Philadel¬
phia, PA, USA: Lippincott, Williams & Wilkins.

McLaughlin BJ, Barber R, Saito K, Roberts E, Wu JY (1975) Immu-
nocytochemical localization of glutamate decarboxylase in rat spi¬
nal cord. J Comp Neurol 164:305-322.

Moore KA, Kohno T, Karchewski LA, Scholz J, Baba H, Woolf CJ
(2002) Partial peripheral nerve injury promotes a selective loss of
GABAergic inhibition in the superficial dorsal horn of the spinal
cord. J Neurosci 22:6724-6731.

Ornung G, Shupliakov O, Linda H, Ottersen OP, Storm-Mathisen J,
Ulfhake B, Cullheim S (1996) Qualitative and quantitative analysis
of glycine- and GABA-immunoreactive nerve terminals on mo¬
toneuron cell bodies in the cat spinal cord: a post-embedding
electron microscopic study. J Comp Neurol 365:413-426.

Polgar E, Fowler JH, McGill MM, Todd AJ (1999) The types of neuron
which contain protein kinase C gamma in rat spinal cord. Brain Res
833.71-80.

Puskar Z, Polgar E, Todd AJ (2001) A population of large lamina I
projection neurons with selective inhibitory input in rat spinal cord.
Neuroscience 102:167-176.

Schneider S, Fyffe REW (1992) Involvement of GABA and glycine in
recurrent inhibition of spinal motoneurons. J Neurophysiol 68:397-
405.

Sivilotti L, Woolf CJ (1994) The contribution of GABAA and glycine
receptors to central sensitization: disinhibition and touch-evoked
allodynia in the spinal cord. J Neurophysiol 72:169-179.

Soghomonian J-J, Martin DL (1998) Two isoforms of glutamate
decarboxylase: why? Trends Pharmacol Sci 19:500-505.

Spike RC, Watt C, Zafra F, Todd AJ (1997) An ultrastructural study of
the glycine transporter GLYT2 and its association with glycine in the
superficial laminae of the rat spinal dorsal horn. Neuroscience
77:543-551.

Tillakaratne NJK, Mouria M, Ziv NB, Roy RR, Edgerton VR, Tobin AJ
(2000) Increased expression of glutamate decarboxylase (GAD67)
in feline lumbar spinal cord after complete thoracic spinal cord
transection. J Neurosci Res 60:219-230.

Todd AJ, McKenzie J (1989) GABA-immunoreactive neurones in the
dorsal horn of the rat spinal cord. Neuroscience 31:799-806.



472 M. Mackie et al. / Neuroscience 119 (2003) 461-472

Todd, AJ, Maxwell, DJ (2000) GABA in the mammalian spinal cord. In:
GABA in the nervous system: the view at fifty years (Martin DL,
Olsen RW, eds), pp 439-457. Philadelphia, PA, USA: Lippincott,
Williams & Wilkins.

Todd AJ, Spike RC (1993) The localization of classical transmitters
and neuropeptides within neurons in laminae l-lll of the mamma¬
lian spinal dorsal horn. Prog Neurobiol 41:609-646.

Todd AJ, Spike RC, Polgar E (1998) A quantitative study of neurons
which express neurokinin 1 or somatostatin sst2a receptor in rat
spinal dorsal horn. Neuroscience 85:459-473.

Todd AJ, Sullivan AC (1990) A light microscope study of the coexist¬
ence of GABA-like and glycine-like immunoreactivities in the dorsal
horn of the rat spinal cord. J Comp Neurol 296:496-505.

Todd AJ, Watt C, Spike RC, Sieghart W (1996) Co-localisation of
GABA, glycine and their receptors at synapses in the rat spinal
cord. J Neurosci 16:974-982.

Watson AH, Bazzaz AA (2001) GABA and glycine-like immunoreac-
tivity at axoaxonic synapses on 1a muscle afferent terminals in the
spinal cord of the rat. J Comp Neurol 433:355-348.

Yaksh TL (1989) Behavioural and autonomic correlates of the tactile
evoked allodynia produced by spinal glycine inhibition: effects of
modulatory receptor systems and excitatory amino acid antago¬
nists. Pain 37:111-123.

Zafra F, Aragon C, Olivares L, Danbolt NC, Gimenez C, Storm-Mathi-
sen J (1995) Glycine transporters are differentially expressed
among CNS cells. J Neurosci 15:3952-3969.

(Accepted 21 February 2003)



1316 I. Hammar et al.

Harrison, P.J. & Jankowska, E. (1985) Organization of input to the interneur-
ones mediating group I non-reciprocal inhibition of motoneurones in the cat.
J. Physiol (Loud.), 361, 403^18.

Harrison, P.J., Jankowska, E. & Zytnicki. D. (1986) Lamina VIII interneurones
interposed in crossed reflex pathways in the cat. J. Physiol (Lond.), 371,
147-166.

Jack T 1 R (1978) Some methods for selective activation of muscle afferent
fibres. In Porter, R. (ed.), Studies in Neurophysiology. University Press,
Cambridge, pp 15£—176.

Jankowska, E. (2001) Spinal interneuronal systems: identification, multifunc¬
tional character and reconfigurations in mammals. J. Physiol (Lond.), 533,
31-40

Jankowska, E., Hammar, I., Chojnicka, B. & Heden, C.H. (2000) Effects of
monoamines on interneurons in four spinal reflex pathways from group I and/
or group IT muscle afferents. Eur. J. Neurosci., 12, 701-714.

Jankowska, E., Hammar, I., Slawinska, U., Maleszak, K. & Edgley, S.A. (2003)
Neuronal basis of crossed actions from the reticular fonnation on feline
hinrjlimb motoneurons. J. NcurosciM 23, 1867 1878.

Jankowska, E., Maxwell, D.J., Dolk, S. & Dahlstrom, A. (1997) A confocal and
electron microscopic study of contacts between 5-HT fibres and feline dorsal
horn interneurons in pathways from muscle afferents I Cnmp Neurol 387
430-438.

Jankowska, E. & Noga, B.R. (1990) Contralateral^ projecting lamina VIII
interneurones in middle lumbar segments in the cat. Brain Res., 535, 327-
3.30.

Jankowska, E., Slawinska, U. & Hammar, I. (2002a) Differential presynaptic
inhibition of actions of group II afferents in di- and polysynaptic pathways to
feline motoneurones. J. Physiol (land ), 542 287-799

Jankowska, E., Slawinska, U. & Hammar, I. (2002b) On organization of a
neuronal network in pathways from group II muscle afferents in feline lumbar
spinal segments. J. Physiol. (Lond.), 542, 301-314.

Kiehn, O., Sillar, K.T., Kjaerulff, O. & McDearmid, J.R. (1999) Effects of
noradrenaline on locomotor rhythm-generating networks in the isolated
neonatal rat spinal cord 7 Neurnphysiol, 82, 741-746.

Krutki. P., Jankowska, E. & Edgley, S.A. (2003) Are crossed actions of
reticulospinal and vestibulospinal neurons on feline motoneurons mediated
by the same or separate commissural neurons? J. Neurosci23, 8041-8050.

Marcoux, J. & Rossignol, S. (2000) Initiating or blocking locomotion in spinal
cats by applying noradrenergic drugs to restricted lumbar spinal segments. J.
Neurosci.. 20 8577-8585

Matsuyama, K. & Mori, S. (1998) Lumbar interneurons involved in the
generation of fictive locomotion in cats. Ann. NYAcad. Sci., 860, 441-443.

Maxwell, D.J. & Bannatyne, B.A. (1983) Ultrastructure of muscle spindle
afferent terminations in lamina VI of the cat spinal cord. Brain Res.. 288,
297-301

Maxwell, D.J. & Riddell, J.S. (1999) Axoaxonic synapses on terminals of group
II muscle spindle afferent axons in the spinal cord of the cat. Eur. J. Neurosci.,
11, 2151-2159.

Maxwell. D J Riddell, TS & Jankowska, E. (2000) Serotoninergic and
noradrenergic axonal contacts associated with premotor interneurons in

spinal pathways from group II muscle afferents. Eur. J. Neurosci., 12,
1271-1280.

Mori, S., Matsui, T., Kuze, B., Asanome, M., Nakajima, K. & Matsuyama, K.
(1998) Cerebellar-induced locomotion: reticulospinal control of spinal
rhythm generating mechanism in cats. Ann. NY Acad. Sci., 860. 94—105.

Nicholas, A.P., Pieribone, V. & Hokfelt, T. (1993) Distributions of mRNAs for
alpha 2 adrenergic receptor subtypes in rat brain: an in situ hybridization
study. J. Comp. Neurol., 328, 575—594.

Pearson KG. A Rossignol S (1991) Fictive motor patterns in chronic spinal
cats. J. Neurophysiol, 66. 1874—1887.

Perreault, M.C., Angel, M.J., Guertin, P. & McCrea, D.A. (1995) Effects of
stimulation of hindlimb flexor group II affcrents during fictive locomotion in
the cat. J. Physiol. (Lond.). 487, 211-220.

Perreault, M., Shefchyk, S.J., Jimenez, I. & McCrea, D.A. (1999) Depression of
muscle and cutaneous afferent evoked monosynaptic field potentials during
fictive locomotion in the cat. J. Physiol. (Lond.), 521, 691-703.

Riddell, J.S., Jankowska, E. & Eide, E. (1993) Depolarization of group II
IliUSClc aftCiCiitS by StiiiiUli apyliv^d in tliL. loCUS COc-iUlcUS and raphe nuclei uf"
the cat. J. Physiol. (Lond.). 461, 723—741.

Riddell, J.S., Jankowska, E. & Huber, J. (1995) Organization of neuronal
sjrstems: mediating presynaptic inhibition of group II muscle afferents in the
cat. J. Physiol. (Lond.), 483, 443^4-60.

Ridet, J.L., Rajaofetra, N., Teilhac, J.R., Geffard, M. & Privat, A. (1993)
Evidence for nonsynaptic serotonergic and noradrenergic innervation of the
rat dorsal horn and possible involvement of neuron glia interactions. Ncu
roscience, 52, 143-157.

Rossignol. S.. Bouyer L,. Rarthelcmy D Langlet C & Leblond H (200?)
Recovery of locomotion in the cat following spinal cord lesions. B^ain Res.
Brain Res. Rev.. 40, 257-266.

Rossignol, S. & Gauthier, L. (1980) An analysis of mechanisms controlling the
reversal of crossed spinal reflexes. Brain Res., 182, 31-45.

Rossignol, S., Julien, C. & Gauthier, L. (1981) Stimulus-response relationships
during locomotion. Can. J. Physiol. Pharmacol., 59, 667-674.

Schoibol, M.E. & Scheibel, A.B. (1966) Spinal motorncurons, interneurons and
Renshaw cells. A Golgi study. Arch. Ital. Biol. 104, 328-353.

Schmidt, B.J. & Jordan, L.M. (2000) The role of serotonin in reflex modulation
and locomotor rhythm production in the mammalian spinal cord. Brain Res.
Bull. 53, 689-710.

Shefchyk, S., McCrea, D., Kriellaars, D., Fortier, P. & Jordan, L. (1990) Activity
of interneurons within the L4 spinal sogmont of tho cat during brainstem
evoked fictive locomotion. Exp. Brain Res., 80, 290-295.

Sherrington, C. (1906) The Integrative Action of the Nervous System. Yale
University Press, New Haven and London.

Stokke, M.F., Nissen, U.V., Glover, J.C. & Kiehn, O. (2002) Projection patterns
of commissural intorneurons in the lumbar spinal cord of the neonatal rat. J.
Comp. Neurol.. 446, 349-359.

Stone, L.S., Broberger, C., Vulchanova, L., Wilcox, G.L., Hokfelt, T., Riedl,
M.S. & Elde, R. (1998) Differential distribution of alpha2A and alpha2C
adrenergic receptor immunoreactivity in the rat spinal cord. J. Ncurosci., 18,
5928-5937.

© 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 19, 1305-1316



The Journal of Neuroscience, July 30,2003 • 23(17):6837-6846 • 6837

Behavioral/Systems/Cognitive

Neurokinin-1 Projection Cells in the Rat Dorsal Horn
Receive Synaptic Contacts from Axons That Possess
a2C-Adrenergic Receptors
M. Josune Olave and David J. Maxwell
Spinal Cord Group, Institute ofBiomedical and Life Sciences, University ofGlasgow, Glasgow G12 8QQ, United Kingdom

The a2C subclass ofadrenergic receptor (a2C-AR) mediates some ofthe antinociceptive actions ofnorepinephrine in the spinal cord. Axon
terminals, which possess this receptor, are concentrated in the superficial dorsal horn and originate from spinal interneurons. We
performed a series of combined tract-tracing and immunocytochemical studies to determine whether a2C-AR-immunoreactive axons
target projection neurons that possess the neurokinin-1 (NK-1) receptor because such cells are likely to transmit nociceptive information
to the brain. Spinomedullary neurons were labeled by stereotaxic injection of the B-subunit of cholera toxin (CTb) into the caudal
ventrolateral medulla of three anesthetized adult rats. After 3 d, the animalswere anesthetized again and fixed by perfusion. Sectionswere
cut from midlumbar segments and reacted with antibodies to reveal a2C-ARs, CTb, and NK-1 receptors. Retrogradely labeled neurons
possessing the NK-1 receptor (n = 45) were examined with confocal microscopy to investigate their relationship with a2C-AR-
immunoreactive axons. Numerous a2C-AR axons were apposed to cell bodies and proximal dendrites ofcells in lamina I and also to distal
dendrites that originate from labeled cell bodies in lamina III/IV. A combined confocal and electron microscopic method confirmed that
these appositions were synaptic. Additional experiments showed that virtually all a2C-AR terminals in contact with labeled cells are also
immunoreactive for the vesicular glutamate transporter 2 and therefore are glutamatergic.

These data suggest that norepinephrine can modulate excitatory synaptic transmission from spinal interneurons to projection cells by
acting at a2C-ARs. This could be one of the mechanisms that underlie the antinociceptive actions of norepinephrine.

Key words: a2C-adrenergic receptor; vesicular glutamate transporter 2; neurokinin-1 receptor; spinomedullary neurons; noradrenergic
antinociception; immunocytochemistry

Introduction
Norepinephrine (NE) modulates the transmission ofnociceptive
information in the dorsal horn of the spinal cord and is known to
induce antinociception. Pharmacological evidence indicates that
this action is mediated principally through a2-adrenergic recep¬
tors (a2-ARs) (Howe et al., 1983; Yaksh, 1985; Proudfit, 1988);
these are coupled to G-proteins (Hoehn et al., 1988), which in¬
duce membrane hyperpolarization by decreasing the Ca 2+ influx
and increasing the K + efflux (Surprenant et al., 1990; Shen et al.,
1992). Both the a2A- and a2C-subclasses of adrenergic receptor
are involved in NE-induced antinociception (Stone et al., 1997; Li
and Eisenach, 2001; Fairbanks et al., 2002), and immunoreactiv-
ity for both receptor subclasses is concentrated in the superficial
dorsal horn. Experiments using antibodies specific for the a2A-
and a2C-subclasses show that they are associated with different
axonal populations (Stone et al., 1998). The a2A-AR is found in
axons that contain substance P and calcitonin gene-related pep-
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tide (Stone et al., 1998), which are likely to be terminals of noci¬
ceptive primary afferents (Levine et al., 1993), whereas the
a2C-AR is present in axon terminals of spinal origin (Stone et al.,
1998; Olave and Maxwell, 2003). Most (84%) a2C-AR terminals
are immunoreactive for the vesicular glutamate transporter 2
(VGLUT2) (Olave and Maxwell, 2003) and therefore are likely to
have an excitatory action; however, a small proportion (11%) of
terminals are inhibitory and contain glutamate decarboxylase
(Olave and Maxwell, 2003). Ultrastructural observations of a2C-
AR-immunoreactive axon terminals show that they form multi¬
ple synapses with large dendritic profiles in lamina I and indicate
that they may target certain cells in this region (Olave and Max¬
well, 2002). The identity of these target cells is not known, but if
they prove to be projection neurons that are activated by noci¬
ceptive stimuli, NE could specifically inhibit excitatory polysyn¬
aptic input to such cells. This type of arrangement could be par¬
ticularly important, because the a2C-AR is a potentially
interesting target for selective analgesics considering that sedative
effects mediated via a2A-ARs could be avoided (Guo et al., 1999;
Fairbanks et al., 2002).

The aim of the present study was to test the hypothesis that
axons ofexcitatory interneurons possessing a2C-ARs target noci¬
ceptive projection neurons. We retrogradely labeled spinomed¬
ullary projection neurons with the B-subunit of cholera toxin
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(CTb) and used triple immunofluorescence to examine the rela¬
tionship of projection neurons that possess the substance P
(NK-1) receptor and axons that possess a2C-ARs. Neurons of this
type are likely to be involved in the transmission of nociceptive
information (Nairn et al., 1997; Todd et al., 2002). Furthermore,
mice lacking NE display a substance P-dependent chronic ther¬
mal hyperalgesia (Jasmin et al., 2002), which suggests that NK-1
neurons are components of the circuitry involved in NE antino-
ciception.We also used a combined confocal and electron micro¬
scopic method to determine if a2C-AR terminals make synapses
with this type of neuron and a sequential immunocytochemical
method with a VGLUT2 antibody to determine if the a2C-AR
terminals that contact NK-1 projection cells are likely to have an
excitatory action on these cells.

Materials and Methods
Confocal microscopy. Three maleWistar rats (250 gm; Harlan, Loughbor¬
ough, UK) were deeply anesthetized (ketamine/xylazine mixture, 7.33
and 0.73 mg/100 gm, i.p.) and an aqueous solution of the CTb (1%, 200
nl; Sigma, Poole, Dorset, UK) was injected stereotaxically within the left
caudal ventrolateral medulla (CVLM; anteroposterior, —4.8; dorsoven-
tral, —0.6; mediolateral, +2.1) (Paxinos and Watson, 1997). After 3 d,
the animals were anesthetized with sodium pentobarbitone (1 ml, i.p.)
and perfused through the left ventricle with saline, followed by a fixative
containing 4% formaldehyde in phosphate buffer, pH 7.6. The L4 lumbar
segment was removed from each animal and postfixed in the same solu¬
tion for 8 hr. Parasagittal sections (70 pm thick) were cut with a Vi-
bratome. Sections were treated with 50% ethanol (30 min) to enhance
antibody penetration, which was followed by blocking in 10% normal
donkey serum for 1 hr. Triple-labeling immunofluorescence was per¬
formed with a guinea pig anti-a2C-AR antiserum (1:500; Neuromics,
Minneapolis, MN; see Stone et al., 1998, for details), rabbit anti-NK-1
antiserum (1:10,000; Sigma), and goat anti-CTb antiserum (1:5,000; List
Laboratories, Campbell, CA). After a 48 hr incubation period, sections
were rinsed and incubated for 3 hr in solutions containing species-
specific secondary antibodies coupled to the following fluorophores (all
raised in donkey and diluted 1:100): rhodamine-red to identify a2C-AR
immunoreactivity; fluorescein isothiocyanate (FITC) to identify NK-1
receptor immunoreactivity; and cyanine 5.18 to identify CTb (all ob¬
tained from Jackson ImmunoResearch, Luton, UK). Antibodies were

diluted in PBS containing 0.3% Triton X-100 and 1% normal donkey
serum. The sections were mounted in anti-fade medium (Vectashield;
Vector Laboratories, Peterborough, UK) and stored in a freezer at
— 20°C. Double-labeled cells (i.e., retrogradely labeled cells with NK-1
receptor immunoreactivity) contralateral to the side ofthe injection were
systematically scanned using a Bio-Rad (Hemel Hempstead, UK) MRC
1024 confocal laser scanning microscope with a 40X oil-immersion lens
at 0.5 /urn intervals in the z-axis and a zoom factor of 2. Thirty lamina I
and 15 lamina III/IV neurons were reconstructed with Neurolucida for
Confocal software (MicroBrightField, Colchester, VT), and appositions
formed by a2C-AR axon terminals were plotted on the reconstructions. A
Sholl analysis was performed to study the pattern ofdistribution of con¬
tacts for the two populations of neurons; numbers of contacts per 100
/am unit length of dendrite contained within concentric spheres with
radii that increased at 25 gm intervals from the center of the cell body
were estimated.
To determine if a2C-AR contact densities on NK-1 projection cells

were greater than would be expected by chance, we compared them with
protein kinase C y (PKCy)-immunoreactive cells, which are also found
in lamina I and II within the dense plexus of a2C-AR immunoreactive
axons. PKCy cells are predominantly excitatory interneurons (Polgar et
al., 1999); therefore, they would be expected to be very different func¬
tionally from NK-1 projection neurons. Triple-labeling immunofluores¬
cence was performed as described above, except that rabbit anti-NK-1
antiserum was used in place of the rabbit anti-PKCy antiserum (1:1,000;
Santa Cruz Biotechnology, Santa Cruz, CA). Contact densities per 100
gm 2 of dendritic surface area were calculated for lamina I and lamina

-5.3

Figure 1. Injection of the retrograde tracer in the 0/LM. a, Photomicrograph illustrating the
CTb-injection site in the left CVLM. 4v, Fourth ventricle; cu, cuneate nucleus; cc, central canal;
XII, hypoglossal nucleus; spV, spinal trigeminal nucleus; ml, medial lemniscus; LRt, lateral re¬
ticular nucleus; vsc, ventral spinocerebellar trad; py, pyramidal tract, b, Reconstruction of an
injection site indicating the interaural coordinate (Paxinos andWatson, 1997). The spread of the
tracer is represented by the dark gray area.

III/IV NK-1 projection cells and for PKCy-immunoreactive cells using
the Neurolucida program. The average contact density was calculated for
each animal (n = 3 on each occasion; 10 cells from each animal for
lamina I and 5 cells from each animal for lamina III/IV and PKCy), and
the overall mean (± SD) for three animals was calculated. Statistical
comparisons were made using one-way ANOVA and a post hoc Tukey's
pairwise comparison. P values <0.05 were considered to be significant.

Combined confocal and electron microscopy. A second set of three male
Wistar rats (250 gm; Harlan) were deeply anesthetized with ketamine
and xylazine and received unilateral 200 nl stereotaxic injections of 1%
CTb (Sigma) in the left CVLM as described above. The combined con¬
focal and electron microscopic method we used is a modification of that
described by Todd (1997). After a 3 d survival period, the animals were
deeply anesthetized with sodium pentobarbitone (1 ml, i.p.) and per¬
fused with saline followed by a fixative containing 4% formaldehyde,
0.2% glutaraldehyde, and 0.2% of saturated picric acid in phosphate
buffer, pH 7.6. L4 segments were removed, placed in the same fixative for
8 hr and cut into 50 pm horizontal sections with a Vibratome. The
sections were treated with 50% ethanol for 30 min to improve antibody
penetration and also with 1% sodium borohydride for 30 min to coun¬
teract the effects ofglutaraldehyde. Sections were incubated for 3 d at 4°C
in guinea pig anti-a2C-AR antiserum (1:500; Neuromics), rabbit anti-
NK-1 antiserum (1:10,000; Sigma), and a goat anti-CTb antiserum (1:
5,000; List Laboratories). Sections were then rinsed in PBS and placed for
1 d in a cocktail of donkey secondary antibodies, which consisted of
rhodamine-red-anti-guinea pig IgG, FITC-anti-rabbit IgG, cyanine
5.18-anti-goat IgG (all 1:100), and biotinylated anti-guinea pig IgG (1:
500; Jackson ImmunoResearch). Primary and secondary antibodies were
diluted in detergent-free PBS. After rinsing in PBS, sections were incu¬
bated in avidin- biotin-HRP complex (1:1000; Vector Laboratories) for
1 d. Once the sections were mounted, theywere scanned with the confo¬
cal microscope and lamina I cells were selected for analysis. Six NK-1
receptor-immunoreactive CTb-labeled neurons (two from each animal),
which received multiple contacts from a2C-AR-immunoreactive termi¬
nals, were examined. Optical sections were gathered sequentially to avoid
bleed through. Multiple scans were performed with a 60X oil-immersion
lens at 0.5 pm intervals in the z-axis and a zoom factor of 1.5 to produce
a montage of each selected neuron. In addition, scans with a 40X, 20X,
1OX, and 4X lenses were performed to gather progressively lower power
images that would serve as a frame of reference for identification of each
cell with the electron microscope.

Sections containing scanned cells were removed from the slides and
processed for electron microscopy. After rinsing, they were reacted with
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Figure 2. Confocal microscopic images of immunoreactivity for CTb, the NK-1 receptor, and a2C-AR in a horizontal section, a, Merged image of a horizontal section of lamina I (blue, CTb; green,
NK-1 receptor; red, a2[-AR) illustrating the general pattern of triple labeling at a low magnification (made from 20 projected confocal images gathered at 1 /urn steps with a 20X lens), b-d,
Projected images of three retrogradely labeled neurons at high magnification (built from 15,10, and 5 single optical sections for b, c, and d, respectively. Optical sections were gathered at 0.5 /cm
steps with a 40x lens). Cells shown in b and c are multipolar, whereas the cell shown in d is fusiform. Colors are keyed as in a. All three neurons receive multiple contacts from a2C-AR-
immunoreactive terminals, b'-d', a2C-AR immunoreactivity corresponding to b- d, respectively. Note that a2C-AR terminals delineate the cell bodies and dendrites of these neurons. Scale bars:
a, 100 jam; (in f>) b-d, b'-d', 10 /scm.
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3,3'-diaminobenzidine (DAB) in the presence of hydrogen peroxide.
They were then placed in a 1% solution ofosmium tetroxide for 30 min,
dehydrated in acetone, stained en bloc with uranyl acetate and finally
flat-embedded in Durcupan resin (Fluka, Buchs, Switzerland) be¬
tween cellulose acetate sheets. Sections were examined with a light mi¬
croscope to establish the location of each cell; DAB-positive a2C-AR-
immunoreactive terminals surrounding cells and landmarks such as
blood vesselswere used to identify their location within sections. Sections
weremounted onto blocks ofcured resin,which were trimmed to include
the region containing the cell. Ultrathin sections were cut serially with a
diamond knife, collected on Formvar-coated grids, and viewed with an
electron microscope (model CM100; FEI Company, Eindhoven, The
Netherlands).
Sequential immunocytochemistry. A third set of three maleWistar rats

(250 gm; Harlan) was used for this part ofthe study. The initial procedure
applied was identical to that described in the section above for confocal
microscopy. When scanning of selected double-labeled neurons with
contacts from a2C-AR-immunoreactive terminals was complete, sec¬
tions were retrieved from the slides and re-incubated in a fourth anti¬
serum: rabbit anti-VGLUT2 antiserum (1:5000; Synaptic Systems, Got-
tingen, Germany) for 48 hr. Theywere then rinsed and incubated for 3 hr
in a solution containing donkey anti-rabbit IgG coupled to FITC (1:100,
Jackson Immunoresearch). Finally, sections were remounted and the
same neurons that had been scanned previously were identified and
scanned again. The same secondary antibody was used to reveal the rab¬
bit anti-NK-1 and rabbit anti-VGLUT2 primary antibodies, but by com¬
paring the FITC labeling before and after the re-incubation in the
VGLUT2 antiserum, we could detect the additional FITC labeling, which
represents immunoreactivity for VGLUT2. No additional immunoreac-
tivity was observed in control experiments when the VGLUT2 antibody
was omitted in the sequential reaction. Equally, the pattern ofimmunos-
tainning was not altered when performing the sequential incubation in a
reverse order for the NK-1 and VGLUT2 labeling (i.e., first incubation
containing the rabbit anti-VGLUT2 antiserum in the cocktail ofprimary
antisera followed by sequential incubation in rabbit anti-NK-1
antiserum).

Results
NK-l spinomedullary neurons are innervated by axons that
possess the a2C-AR
Spinomedullary neurons were labeled by injection of the retro¬
grade tracer CTb in the left CVLM. Figure 1 shows the injection
site for one ofthe experiments and an example of the extent ofthe
tracer spread in another experiment. As predicted, numerous
retrogradely labeled neurons were found in lamina I and lamina
III/IV of the spinal dorsal horn, especially contralateral to the
injection site (Todd et al., 2000). A large proportion ofCTb-labeled
neurons was present in lamina I along with immunoreactivity for the
NK-1 receptor and axon terminals possessing the a2C-AR (Figs. 2a,
3a). At high magnification it was possible to identify NK-1 projec¬
tion cells by the presence of CTb within them and to study their
relationship with a2C-AR-immunoreactive profiles. Cell bodies and
proximal dendrites of lamina I cells frequently received large num¬
bers of contacts from a2C-AR-immunoreactive structures (Figs.
2b-d, 3c), as did distal dendrites of labeled cells in lamina III/IV,
which extended dorsally into lamina I (Fig. 3b,d-f). More than half
of the NK-1 projection cells were found to receive contacts from
a2C"AR terminals (average ± SD, 57.3 ± 5.26%).

Distribution and density of a2C-AR contacts on NK-1
projection neurons
The distribution of a2C-AR contacts was studied in the two pop¬
ulations ofNK-1 projection neurons. The neurons were sampled
from parasagittal sections that were contralateral to the injection

e 3 ?v

Figure 3. Labeling of CTb, the NK-1 receptor, and a2[-AR in a parasagittal section, a, Pro¬
jected image of a parasagittal section built from 30 confocal images, which were gathered at 1
/cm steps with a 20x lens (colors as in Fig. 2). The locations of laminae I to IV are indicated on
the right side of the image. A cell that is labeled with CTb and the NK-1 receptor can be observed
in lamina III. This cell has three dorsally oriented dendrites that extend into lamina lb, Projected
image at high magnification showing the boxed area in a, which includes one of the dorsal
dendrites from the lamina 111 cell (made from 20 optical sections, gathered at 0.5 /cm steps with
a 60X lens), c, Single optical section showing that a2C-AR terminals form contacts on the
lamina I cell seen in b, which contains CTb and is labeled for the NK-1 receptor, d, Projected
image of the boxed area in b (built from 7 optical sections, gathered at 0.5 /cm steps with a
60X lens); seven boutons, indicated by the numbered arrows, form appositions with the
NK-1-positive dendrite, which belongs to the lamina III cell seen in a. Appositions are shown
in single optical sections: 1 and 3 in e, and 2,4 -7 in f. Scale bars: a, 100 /cm; b, i, 20 /cm; (in d)
d-f, 10 /cm.

site. A sample of 30 lamina I neurons was scanned (10 from each
of the three experiments), whereas the sample of lamina III/IV
neurons was reduced to 15 (5 from each experiment) because
theywere found less frequently. The intensity of immunostaining
for the NK-1 receptor varied from cell to cell, and although some
neurons were very strongly labeled, others were weakly labeled.
Neurons showing any evidence of NK-1 receptor immunoreac-
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Figure 4. Distribution of a2C-AR contacts on NK-1 projection cells. Left, Two examples of NK-1 projection cells reconstructed with Neurolucida. Contacts (filled circles) from a2C-AR-
immunoreactive puncta were mapped on the reconstructions. A lamina I cell is shown above and a lamina III/IV cell bellow. Scale bars, 100 p,m. Right, Histograms summarizing the Sholl analysis
of the distribution of a2C-AR contacts on both populations of cells (lamina \,n = 15; lamina III/IV, n = 30). The number of contacts per 100 /ucm of dendritic length is plotted against the distance
from the soma, where 0 /am represents the cell body and the consecutive numbers represent the radii of the concentric shells, which increase at 25 /am intervals.

tivity were included in the analysis. On average (± SD) 83 ±
16.7% of the retrogradely labeled neurons were NK-1-positive.
Once the neurons were scanned they were reconstructed and the
a2C-AR contacts weremapped (examples in Fig. 4). Sholl analysis
of the distribution of a2C-AR contacts revealed that NK-1 pro¬
jection neurons with somata in lamina I receive numerous
a2C-AR contacts on cell bodies and proximal dendrites, whereas
NK-1 projection neurons with somata in lamina III/IV receive
most a2c"AR contacts on distal dendrites that extend into lamina
I—II. The average number of contacts per 100 gm of dendritic
length was higher for lamina I neurons than for lamina III/IV
neurons (average ± SD, 109.3 ± 38.1 and 69.3 ± 20.7, respec¬
tively) (Fig. 4, histograms). We also calculated average densities
of a2C-AR contacts per unit area (100 gm:) of dendritic surface
for lamina I and lamina III/IV NK-1 projection cells to compare
them with a population of PKCy-immunoreactive interneurons
(Fig. 5). Dendrites of lamina I cells had approximately seven
times the density of contacts associated with PKCy cells (aver¬
age ± SD contacts per 100 gem2, 1.09 ± 0.07 and 0.14 ± 0.01,
respectively) and lamina III/IV cells were associated with three
times the density (0.51 ± 0.09 contacts per 100 /am2). Statistical
comparisons confirm that these differences are significant
(p < 0.001, ANOVA; individual differences between all three
groups were significant at p < 0.05, Tukey's post hoc pairwise
comparison).

Axon terminals containing the a2C-AR form synapses with
NK-1 projection neurons in lamina I
The combined confocal and electron microscopic method al¬
lowed us first to visualize a2C-AR terminals forming appositions
on NK-1 spinomedullary neurons, and second, after processing
of the tissue for electron microscopy, to determine if such termi¬
nals formed synapses with the neuron (Fig. 6). In total, six neu¬
rons were examined (two from each animal), which received 45
appositions from a2C-AR terminals. Electron microscopic anal¬
ysis confirmed that 42 of these formed synapseswith the neurons.
Most of these synapses could be classified as asymmetric, but
occasionally it was difficult to define the type of synapse. The
remaining three appositions were not observed to form synapses.
Synaptic boutons contained circular agranular vesicles and often
granular vesicles also (Fig. 6).

a2C-AR axon terminals that innervate NK-1 spinomedullary
projection neurons are excitatory
Sequential immunocytochemistry with a fourth antibody against
VGLUT2 enabled us to determine if a2C-AR-immunoreactive
profiles forming appositions with NK-1 projection cells were im-
munoreactive for VGLUT2 (Takamori et al., 2000; Varoqui et al.,
2002). A sample of 30 NK-1 retrogradely labeled lamina I neu¬
rons was scanned (10 from each of the three animals) from the
side contralateral to the injection. An average (± SD) of 43 ± 12
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Figure 5. Labeling ofPKCy and the a2C-AR in a parasagittal section, a, Projected image of a parasagittal section showing immunoreactivityfor PKCyand the a2C-AR (green and red, respectively)
at low magnification (made from 20 single optical sections, gathered at 0.5 /urn steps with a 20X lens). The location of laminae l-lll is indicated on the right side of the image. A PKCy-
immunoreactive cell can be seen in lamina I, dorsal to the main PKCy plexus in lamina II. Note that a2[-AR immunoreactivity is dense in the superficial dorsal horn, in which dorsal PKCy cells are
found, b, Projected image of the dorsal PKCy cell at high magnification (made from 15 optical sections, gathered at 0.5 /xm steps with a 40x lens), b', Corresponding a2C-AR immunoreactivity;
note that a2C-AR terminals do not delineate the outline of the cell, c, Reconstruction of the dorsal cell illustrated in a and b; only one a2C-AR terminal was found to form a contact (red circle) with
the cell, d, e, Single optical sections extracted from thez-series in b, illustrating the paucity of contacts formed by a2C-AR terminals with the cell body and dendrites of the PKCy cell. Scale bars: a,
40 /sim; (in b) b,b',d,e, 20 /xm; c, 20 /xm.

a2C-AR appositions per neuron was recorded. Of these apposi¬
tions, 100% were found to be VGLUT2-positive when the se¬
lected neurons were rescanned after the sequential incubation in
VGLUT2 antiserum (Fig. 7).

Discussion
The major finding of this study is that axon terminals containing
the a2C-AR densely innervate NK-1 spinomedullary neurons that
project to the CVLM. Both lamina I and lamina III/IV projection
neurons were associated with a2C-AR contact densities that were
significantly greater than contact densities on interneurons pos¬
sessing PKCy immunoreactivity;we conclude that this represents
a specific type of arrangement that has not arisen merely by
chance. Terminals were concentrated around cell bodies and

proximal dendrites of lamina I neurons, whereas in lamina III/IV
neurons they were apposed predominantly to distal dendrites,
which extended dorsally into laminae I and II. We were able to
demonstrate that axon terminals possessing the «2C-AR form
synapseswith NK-1 projection neurons in lamina I, and that they
are likely to have an excitatory action because they also contained
VGLUT2, which is a marker for glutamatergic axon terminals
(Takamori et al., 2000; Varoqui et ah, 2002; Todd et ah, 2003). On
this basis, we conclude that our hypothesis is correct and that
axons of excitatory interneurons possessing a2C-ARs do indeed
target nociceptive projection neurons.

Identification ofNK-1 projection neurons
Our quantitative analysis was confined to neurons contralat¬
eral to the CVLM injection site that were NK-1-positive be¬
cause neurons of this type are very likely to be involved in the
transmission of nociceptive information (Nairn et ah, 1997;
Todd et ah, 2002). Stereotaxic injections were made into the
CVLM because this region of the brainstem is known to re¬
ceive substantial input from lamina I (Lima et ah, 1991; Craig,
1995) and also because lamina I neurons labeled from the
CVLM are more numerous than those labeled from other

projection targets (i.e., dorsal reticular nucleus, periaqueduc¬
tal gray, or thalamus; Marshall et ah, 1996; Todd et ah, 2000).
Most spinomedullary neurons labeled from the CVLM project
contralaterally, and only a minority project ipsilaterally. Neu¬
rons retrogradely labeled from the CVLM also include a pop¬
ulation of lamina III/IV cells, which have dorsally directed
dendrites that terminate in lamina I. Double-labeling studies
indicate that most CVLM neurons also have collateral projec¬
tions to the lateral parabrachial area (Todd, 2002); therefore,
many of the cells analyzed in this study are likely to project to
this area in addition to the CVLM. Both these regions of the
brainstem are known to be targets of nociceptive neurons and
are intimately involved in nociceptive processing (Gauriau
and Bernard, 2002; Lima et ah, 2002).
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Figure 6. Combined confocal and electron microscopy of a2C-AR contacts, a, Single optical section of a NK-1 projection cell in lamina I, which is apposed by three a2C-AR-immunoreactive
terminals (arrows numbered 1-3; blue, CTb; green, NK-1 receptor; red, a2C-AR). b, Electron micrograph of the same cell. The a2[-AR-immunoreactive terminals can be recognized by the dark
DAB-reaction product. The three terminals indicated by the arrows (numbered 1-3) correspond to those indicated in a. The areas delineated by the purple and blue boxes in b are shown at higher
magnification in c and f, respectively, c- e, Progressively magnified images of the axon terminal indicated by arrow 1. This forms an asymmetric synapse with a proximal dendrite of the cell, f-h,
Progressivelymagnified images ofthe terminal indicated by arrow3. This boutonformsa long asymmetric synapse. Boutons contained circularagranular vesiclesand often alsogranularvesicles (red
arrowheads in g). Scale bars: a, b, 10 pun; c, f, 1 /xm; d, g, 0.5 pun; e, h, 0.25 pun.

Origin of a2C-AR axons
It is probable that the majority of cv2C-AR axons in the spinal cord
originate from interneurons. Three lines of evidence support this
view. First, a2C-AR immunoreactivity is not reduced after rhi¬
zotomy or capsaicin treatment, and it is not associated with
markers that identify primary afferent terminals (Stone et ah,
1998; Olave and Maxwell, 2002, 2003). Second, many a2C-AR-

immunoreactive terminals also contain peptides such as en¬
kephalin, somatostatin, neurotensin, and neuropeptide Y, which
are mainly or exclusively found in spinal interneurons (Stone et
al., 1998; Olave and Maxwell, 2002). Third, VGLUT2 is found in
the terminals ofmost a2C-AR-axons (Olave and Maxwell, 2003),
and it is predominantly associated with spinal interneurons
(Todd et al., 2003).
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Figure 7. Sequential immunocytochemistry for VGLUT2. a, A single optical section of a NK-1 projection cell from lamina I that receives numerous contacts from a2C-AR terminals. Immunore-
activity for the NK-1 receptor (NK1), CTb (CTb), and a2C-AR (a2C) are shown independently. A merged image formed from the previous three is shown on the right, b, A single optical section of the
same cell that has been rescanned after sequential incubation with a fourth antibody against VGLUT2. The extra-green labeling present in b, which was absent in a, corresponds to the additional
VGLUT2-immunostaining (see NK1 + VGLUT2). Note that all a2[-AR-immunoreactive terminals, which form appositions on the NK-1 projection cell, are immunoreactive for VGLUT2 (yellow profiles
in b, merged image on the right) and hence can be considered to be excitatory glutamatergic terminals. Scale bars, 20 jam.

Functional significance of a2C-AR-innervation ofNK-1
projection neurons
Our findings indicate that NE can influence NK-1 projection
neurons through a presynaptic action on axon terminals that
possess a2C-ARs. Both lamina I and lamina III/IV NK-1 projec¬
tion cells receive dense innervation from small-diameter primary
afferent fibers that contain a combination of substance P and

glutamate (De Biasi and Rustioni, 1988; Nairn et al., 1997; Todd
et al., 2002). Glutamate is undoubtedly involved in acute pain
signaling mechanisms, but the role of substance P in nociceptive
transmission is subtle. Ablation of lamina I NK-1 cells attenuates
the development of thermal and mechanical hyperalgesia (Man-
tyh et al., 1997; Khasabov et al., 2002), and mice that lack the
NK-1 receptor do not display the characteristic amplification and
intensity coding of nociceptive reflexes (De Felipe et al., 1998).
Such "knock-out" animals also have reduced descending inhibi¬
tion evoked by peripheral noxious stimuli (Bester et al., 2001),
indicating that NK-1 neurons are components of an ascending-
descending antinociceptive loop. The NK-1 receptor is impli¬
cated directly in the mediation of NE antinociception because
genetically engineered mice that lack NE show a substance P-de¬
pendent chronic hyperalgesia (Jasmin et al., 2002). These lines of
evidence suggest that NK-1 neurons are likely to be components
ofthe circuitry that underlies NE antinociception. NE descending
inhibitory systems could be recruited by NK-1 spinomedullary
neurons, because these cells terminate in a region close to the
lateral reticular nucleus that contains dopamine /3-hydroxylase-
immunoreactive neurons, which in turn, project to the spinal
dorsal horn (Lee et al., 2001).

It is well established that the antinociceptive action of NE is
mediated by a2-ARs (Howe et al., 1983; Yaksh, 1985; Proudfit,
1988), but it has been shown only recently that both a2A-AR and
a2C-AR subtypes are involved in this process (Stone et al., 1997;

Li and Eisenach, 2001; Fairbanks et al., 2002). Budai et al. (1998)
reported that periaqueductal gray neurons inhibit nociceptive
dorsal horn cells by a presynaptic action on a2-ARs. Our findings
also support this proposal, because we have shown that a2C-ARs
are located on axon terminals that are presynaptic to nociceptive
cells. In addition, virtually all of these terminals are likely to be
glutamatergic because they are immunoreactive for VGLUT2
and therefore would be expected to have an excitatory action on
their target cells. This finding is also in agreement with studies
reporting that activation of a2-ARs can reduce the release of glu¬
tamate. Pan et al. (2001) showed that the a2-AR agonist clonidine
inhibits glutamatergic synaptic input to spinal neurons in outer
lamina II by a presynaptic action on a2-ARs. The a2A and a2C-
ARs differ not only in their cellular location in the dorsal horn,
but also in their affinity for NE and deactivation kinetics. The
a2C-AR has a greater affinity for NE than the a2A-AR and the
a2C-AR shows slower deactivation after NE stimulation (Bun-
emann et al., 2001). These differences suggest that each subclass
has distinct physiological functions, even ifboth types of receptor
are implicated in NE antinociception. Our results indicate that
part of the antinociceptive action of NE could be mediated via
a2C-ARs present on terminals of excitatory spinal interneurons
that are presynaptic to nociceptive neurons in lamina I and distal
dendrites of presumed nociceptive neurons in lamina III/IV.

Both presynaptic actions on primary afferent terminals
(Kuraishi et al., 1985; Kamisaki et al., 1993) and postsynaptic
actions on dorsal horn cells (Davies and Quinlan, 1985;
Fleetwood-Walker et al., 1985) have been proposed as mecha¬
nisms for NE modulation of nociceptive transmission through
a2-ARs. In this study we suggest that a third mechanism can also
operate (i.e., that NE modulates transmission at terminals of in¬
terneurons). We propose that these three mechanisms operate in
a complementary manner. It is likely that both a2A-ARs located
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NE

Figure 8. A model of a possible mechanism of noradrenergic antinociception mediated by
a2C-ARs. 1, NE acts by volume transmission on a2C-ARs. 2, NE induces hyperpolarization of the
excitatory interneuron axon terminal by acting on a2C-ARs. 3, Reduction in the efficacy of
synaptic transmission results in 4, inhibition of supraspinal transmission of nociceptive
information.

on primary afferent terminals and a2C-ARs on interneuron ter¬
minals and dorsal horn cells (Rosin et al., 1996; Stone et al., 1998)
are involved in these modulatory processes. In the superficial
dorsal horn, there is a dense plexus ofNE fibers (Rajaofetra et ah,
1992) that widely overlaps with areas of intense a2C-AR immu-
noreactivity. Noradrenergic axons do not form axo-axonic syn¬
apses in this region (Doyle and Maxwell, 1991a,b); indeed, axo¬
axonic synapses have been found only on primary afferent
terminals and are not formed with terminals of interneurons
(Alvarez, 1998). Therefore, NE cannot act on interneuron axons

through a classic synaptic mechanism, and any interaction with
terminals possessing adrenergic receptors must occur via volume
transmission.

The NE descending system, along with the serotoninergic sys¬
tem, performs a major role in the regulation ofnociceptive trans¬
mission in the dorsal horn. However the mechanisms ofaction of
these two monoamines on NK-1 neurons are likely to be differ¬
ent. Many projection cells that possess the NK-1 receptor in lam¬
ina I and laminae III/IV are heavily targeted by serotonin-
immunoreactive axons, which form numerous contacts with
their cell bodies and proximal dendrites (Stewart and Maxwell,
2000; Polgar et al., 2002) but NE contacts on these cells are very
sparse indeed (Stewart and Maxwell, 2000; Stewart, 2001). This
evidence suggests that serotonin operates directly on NK-1 cells
via a postsynaptic action, whereas the effect of NE is more likely
to be diffuse and is consistent with our contention that NE oper¬
ates via volume transmission on interneuron axon terminals.

We propose a model of the possible mechanism of antinoci¬
ception mediated through a2C-ARs in Figure 8. The action ofNE
on the a2C-AR would be predicted to induce membrane hyper¬
polarization (Surprenant et al., 1990; Shen et al., 1992), which
would lead to a reduction in the efficacy of synaptic transmission
between a2C-AR-axon terminals of excitatory interneurons and
projection neurons. This would selectively suppress excitatory
polysynaptic input to these neurons, which, in turn, would atten¬
uate the transmission of nociceptive information to supraspinal
structures.
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Abstract

Axonal projections and neurotransmitters used by commiooural intomourons mediating crossed actions of roticulocpinal neurons woro
investigated in adult cats. Eighteen interneurons, located in or close to lamina VIII in midlumbar segments, that were monosynaptically
excited by reticulospinal tract fibres and projected to contralateral motor nuclei were labelled by intracellular injection of tetra-
methylrhodamine-dextran and Neurobiotin. The nine most completely labelled interneurons were analysed with combined confocal and
light microscopy. None of the stem axons gave off ipsilatcral axon collaterals. Seven cells had axon collaterals that arborized in tho
contralateral grey matter in the ventral horn of the same segments. Transmitters were identified by using antibodies raised against
vesicular glutamate transporters 1 and 2, glutamic acid decarboxylase and the glycine transporter 2. The axons of two cells were
immunoreactive for the glycine transporter 2 and hence were glycinergic. Three cells were immunoreactive for the vesicular glutamate
transporter 2 and hence were glutamatergic. None of the axons displayed immunoreactivity for glutamic acid decarboxylase. Electron
microscopy of two colls rovoalod direct synaptic connections with motonouronc and other neurons. Axonal swellings of one neuron
formed synapses with profiles in motor nuclei whcrcao thooc of the other formed synapses with other structuroc, including coll bodies in
lamina VII. The results show that this population of commissural interneurons includes both excitatory and inhibitory cells that may
excite or inhibit contralateral motoneurons directly. They may also influence the activity of motoneurons indirectly by acting through
interneurons located outside motor nuclei in the contralateral grey matter but are unlikely to have direct actions on interneurons in the
ipsilateral grey matter.

Introduction

Descending reticulospinal systems have an important role in the
control of posture and movement (Peterson ctal., 1078, 1070; Crillner
& Dubuc, 1988; Drew & Rossignol, 1990a,b). However, relatively
little i3 known about the organization of neurons that arc involved in
this control, especially those influencing the activity of contralateral
motoneurons. Recently, it has been demonstrated that excitation and
inhibition of contrulutcrul motoneurons by reticulospinal neurons is
mcdiuted by intcrncurons that arc concentrated within and around
lamina VIII in midlumbar segments of cats (Jankowska ct al., 2003):
we shall refer to cells of this type as RF commissural intcrneurons. It
was concluded that these actions arc most often evoked disynuptically,
i.e. by reticulospinal neurons monosynaptically activating RF com¬
missural interneurons, which in turn monosynaptically excite or inhibit
contralateral motoneurons. Additional trisynaptic actions of reticu¬
lospinal neurons on contralateral motoneurons could also be evoked in
two ways. They might either involve disynaptic actions of commissural
interncurons via other neurons or be due to disynuptic excitation of
commissural intcrncurons by reticulospinal fibres. Furthermore, disy¬
naptic actions of commissural interneurons could be evoked via axon
collaterals given off either ipsilaterally or contralaterally. Figure 1
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illustrates the most likely organization of pathways between reticu
lospinal tract neurons and contralateral motoneurons via commissural
interneurons. These hypothetical connections were investigated by
analysing the axonal projections of individual RF commissural inter
neurons.

The principal aims of this study were to investigate the morpholog¬
ical substrates of the direct (monosynaptic) and indirect (disynaptic)
actions of RF commissural interneurons on contralateral motoneurons,
and to define the transmitters usod by those nourons. In particular we
addressed four questions: (i) Do RF commissural intornourons project
to contralateral motor nuclei and form direct synaptic contacts with
motoneurons as the electrophysiological ovidence suggests? (ii) Do RF
commissural interneurons project to other regions of the grey matter
apart from contralateral motor nuclei (for example do they make
synaptic connections with potential premotor interneurons)? (iii) Do
RF commissural interneurons also target cells located in the ipsilateral
grey mutter? (iv) What neurotransmitters are used by RF commissural
intcrncurons (i.e. do they form a mixed population of excitatory and
inhibitory cells and, if so, do excitatory and inhibitory cells project to
similar areas)?

In order to answer these questions, we used intracellular markers to
label electrophysiologically identified interneurons that were both
monosynaptically excited from ipsilateral reticular formation and
anlidromically activated by stimuli delivered in the contralateral motor
nuclei in the L7-S1 segments. We developed a method that enabled
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Fig. 1< Possible connections in disynaptic and trisynaptic pathways between
neurons in the reticular formation and contralateral motoneurons. Hypothetical
circuits based on electrophysiological findings reported by Jankowska et al.
(7003) (A) Connections in excitatory pathways. (B) Connections in inhibitory
pathways. In both A and B, disynaptic connections arc mediated via commis¬
sural intcrneurons (labelled C) that form synapses with contralateral motoneu¬
rons (co MN) whereas trisynaptio connections arc either via ipsilateral
intornourons (1) and the commissural intcrncurons represented by the lower
neuron or via those represented by the upper commissural intcrneurons and
other promoter intornourons including othor commissural intornourons, oon
tralnteral excitatory interncurons (2) or contralateral inhibitory intcrneurons (3).
Dotted vortical linos indicate the midlino. White colls, excitatory; black cells,
inhibitory.

detailed examination of the same axonal terminals with combined
confocal and light microscopy along with the identification of amino
acid transmitters within these terminals. In one of the experiments,
colls were also processed for electron microscopy. The presence of
excitatory and inhibitory transmitters was investigated in axons of
labelled cells by identifying specific transmitter associated proteins.
To our knowledge, this is the first attempt to perform this type of
analysis on functionally identified cells obtained in vivo. A preliminary
account of this work has been published as an abstract (Bannatyne
et al., 2003).

Materials and methods

The experiments were performed on six deeply anaesthetized adult
cats (2.4-3.1 kg). Anaesthesia was induced with sodium pentobarbital
(40mg/kg i.p.), maintained during surgery with intermittent doses of
pentobarbital (l-2mg/kg i.v. up to a total dose of 45 mg/kg), and
subsequently with ot chloralosc (Rhone Poulenc Santc, Prance; about
3 mg/kg/h i.v.) as required to maintain anaesthesia at a level at which
no withdrawal reflexes were present. During recording, neuromuscular
transmission was blocked by pancuronium bromide (Pavulon, about
0.2 mg/kg/h i.v.) and the animals were artificially ventilated. The depth
of anaesthesia was then assessed by continuously recording blood
pressure and heart rate and by monitoring pupil diameter. If there was
any increase in the blood pressure or heart rate, or if the pupils began to
dilate, additional doses of chloralose were given. The mean blood
pressure was kept at 100-130 mmHg and the end-tidal concentration of
COy at about 4% by adjusting parameters of artificial ventilation and of
the rate of a continuous infusion of a bicarbonate buffer solution with
5% glucose (1-2 mL/h/kg). The core body temperature was kept at
about 38 °C by servo-controlled infrared lamps. All procedures were

appioved by the University ofGdteborg local ethical review committee
and conformed with EU and NIH animal care guidelines.
Preliminary dissection included cannulation of the trachea (for

artificial respiration and for continuous monitoring of end-tidal
C02), a carotid artery (for continuous monitoring of blood pressure)
and left and right cephalic veins (for intravenous injection of anaes¬
thetics and other fluids). A number of peripheral hindlimb nerves were
dissected, transected and mounted on stimulating electrodes (including

left (ipsilateral) quadriceps (Q), and sartorius (Sart) and contralateral Q
and gastrocnemius and soleus (GS)). The cerebellum was exposed to
allow insertion of a stimulating electrode into the medial longitudinal
fascicle (MLF) or at the border between the MLF and the medullary
reticular formation at the level of the vagus nerve (for details see
Jankowska et al., 2003). Laminectomies exposed the spinal cord at
thoracic (T12-T13) and lumbar (L2-L7) levels. Two electrodes were

inserted within the lumbar enlargement. A tungsten electrode was
placed in the right GS motor nucleus to stimulate axons of neurons
projecting to this and nearby nuclei (using stimuli up to 50 p,A) and
remained there stationary. A glass micropipette filled with a mixture of
equal parts of (5%) tetramethylrhodamine dextran (Molecular Probes
Inc. Eugene. OR. USA) and (5%) Neurobioiin (Vectui Laboratories,
Peteiboiough, UK) in saline (pH 6.5) was used to record and to label
the selected interneurons. Three pairs of silver ball-tipped electrodes
were used to record afferent and descending volleys from midlumbar
segments and to stimulate long ascending tract fibres at T12-T13 to
exclude ipsi- and contralateral ascending tract neurons from the
sample of the labelled neurons (for details see Jankowska et al.,
2003).

Spinal interneurons to be labelled were searched for in the 3rd, 4th
and 5th lumbar (L3, L4, L5) segments. A space of about 1 mm was left
between the labelled cells. Three main sampling criteria were used.
The first was antidromic activation from the contralateral GS motor

nucleus (verified by collision with synaptically evoked spikes, indicat
ing a projection of the axon to the motor nuclei in the lower lumbar/
upper sacral segments). The second criterion was a failure to be
activated by T12 T13 stimuli, indicating that the neuron was not
an ascending tract cell. The third criterion was activation by MLF
stimuli at segmental latencies compatible with monosynaptic coupling
(up to 1.2 ms extrncellularly, < 1 ms intraccllularly, sec Jankowska
et al., 2003). Once the selected cells were penetrated and their
identification confirmed, they were labelled by passing a constant
positive current (5 nA for up to 10 min). In successfully labelled cells,
the total product of nA x minutes ranged between 18 and 42.
At the termination of experiments animals were perfused through

the aorta with 4% formaldehyde in phosphate buffer (for combined
confocal and light microscopy studies; five cats) or with 4% formal¬
dehyde, 0.2% glutaraldehydc and picric acid (15mL saturated solu
tion/L) in phosphate buffer (for combined confocal, light and electron
microscopy; one cat). The spinal cord was divided into blocks (4 6mm)
thut were sectioned in the transverse plane (50 p.m) with a Vibratomc.
All sections were collected in strict serial order and mounted on glass
slides with Vcctashield (Vector Laboratories). Sections were scanned
with epifluorescence and individual cells labelled with tetramethyl-
rhodaminc dcxtran were identified. Short scries of sections (8 30)
containing identified cells were selected and incubated in avidin-
rhodamine (1 : 1000; Jackson Immunoresearch, Luton, U.K) for 3 h
with Triton X-100 (for LM only) or overnight with no Triton X-100
(for material to be processed for electron microscopy) in order to
reveal the Neurobiotin. Ncurobiotin provides much greater detail of
axonal processes than rhodaminc dcxtran but cannot be visualized
directly with epifluorescence. Sections were then re-mounted in serial
order. All labelled processes belonging to a cell were scanned with a
Bio-Rad MRC 1024 cotifoeal microscope (Bio-Rad, Hemmel-
Hempsted, UK) equipped with a krypton-argon laser using a x20
lens at r intervals of 1 p,m and a preliminary reconstruction was made
of the cell and its axonal arbor.

When the reconstruction was complete, sections containing labelled
axonal processes were selected for immunocytochemical processing.
At least two sections from each cell were reacted according to the
following protocols; one section was incubated in a combination of
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rabbit anti-glutamate decarboxylase to identify GABAergic terminals
(GAD; 1 : 1000; Sigma-Aldrich, Poole, UK) and a guinea-pig antibody
raised against the vesicular glutamate transporter 2 to identify gluta-
matergic terminals (VGLUT2; 1 ; 5000; Chemicon International, Har
row, UK); the second section was incubated with sheep anti-glycine
transporter 2 to identify glycinergic terminals (GlyT2; 1 :1000; Che¬
micon International) and a guinea-pig antibody raised against the
vesicular glutamate transporter 1 to identify glutamatergic terminals
(VGLUT1; 1:5000; Chemicon International). Sections were incu¬
bated for 48 h. The presence of antibody-antigen complexes was
identified by using secondary antibodies that were raised against
immunoglobulins of the species from which the primary antibodies
were obtained. Anti-guinea-pig antibodies coupled to cyaninc 1.58
were used to detect VGLUT1 and VGLUT2; an anti-rabbit antibody
coupled to fluorescein (FITC) was used to detect GAD and an anti-
sheep antibody coupled to FITC was used to detect GlyT2. All
secondary antibodies were used at a dilution of I : 100 and incubations
lasted for 3 h (all secondary antibodies were obtained from Jackson
Immunoresearch). Both primary and secondary antibodies were
diluted in phosphate-buffered saline (PBS) with Triton X-100. Once
these incubations were complete, sections were remounted and
scanned with three-colour confocal microscopy. Axonal swellings
were examined in short series of optical sections that were gathered
with a Fluor x40 oil-immersion lens (numerical aperture 1.3), with a
zoom factor of x2 and at z intervals of 0.5 p.m. Individual terminals
were examined in merged series of sections to determine if they
displayed immunoreactivity for the amino acid markers. Sections
from the animal that was perfused with glutaraldehyde were pretreated
with borohydride prior to performing immunoreactions. The staining
properties and specificity of primary antibodies used in this study have
been discussed elsewhere (Mackie et al„ 2003; Todd et al., 2003). In
control experiments, tissue was processed according to the protocols
described above except that individual primary antibodies were
omitted. Under these circumstances no fluorescence was observed
for the omitted antibody.
When confocal microscopic analysis was complete, sections were

reacted with ABC reagent (5 ptL + 5 ptL; Vector Elite), which was
followed by a reaction with 3, 3'-diaminobenzadine (DAB) in order to
render Neurobiotin-labelled structures visible with transmitted light.
For sections to be processed for light microscopy only, all sections in
the series were reacted for 3 h in the presence of Triton X-100. These

K2?

were dehydrated and mounted on slides with DPX. This preserved
labelled cells on a permanent basis and enabled further detailed
reconstruction to be performed with the aid of a drawing tube.
Particular attontion was paid to the reconstruction of axonal arbors.
Selected sections were also prepared for electron microscopy from the
animal that was perfused with glutaraldehyde-containing fixative.
These sections were incubated in ABC reagent for 3 days and no
Triton X-100 was used. Following DAB reaction, sections were treated
with osmium tetroxide, dehydrated and embedded in resin between
cellulose acetate foils. Once the resin had polymerized, labelled
structures could be examined with standard transmitted light micro¬
scopy and drawn and photographed. Aroas of interest in sections (i.e.
thoso containing labelled axon torminals) were attached to cured resin

Fir. l Locations of cell bodies of RF commissural interneurons, (A and B)
Locations of somata of intcmcurons located in the L4-L5 segments. Those used
for confocal and EM analysis are indicated with filled circles.

Fic.3. Records and axonal projections of a glutamatcrgic interneuron. (A and
B) Records from an interneuron (cell 4/1, Table 1) showing that it was
rnonosyiiHptically activated from the reticular formation (RF; arrow indicates
time of stimulus) and antidromically activated from the contralateral CS motor
nucleus (co GS MN). Stimulation of group II afferents (from the quadriceps
nerve stimulated at five times the threshold for fibres with the lowest threshold
of activation' Q 5T) produced a polysynaptic IPSP Averages of ten single
records. In all of the cells illustrated, full spikes were generated only within the
first few seconds after the ponotration and the remaining blocked spikes usually
consisted of an M spike or of M and IS spikes (of less than 10 mV). Upper traces
show intracellular records and lower traces show records front the cord dorsum.
Dottod linos in A indicate the first component of the descending volley from the
reticular formation and the onset of the EPSP; note that latency of the EPSP with
respect to the volley, i.e. the segmental latency, was elms as required for
monosynaptic coupling. Dotted lines in B indicate the stimulus artefact and
blocked antidromic spike potential evoked from the motor nucleus. Note that
the latency was about 1 ms and too short for oynaptically evoked responses. An
additional record showing the RF volley at a highor amplification is shown
bolow. Voltage calibrations (rectangular pulses ut the beginning of records) and
time cal i b' at ions (horiiiontal ban) are as indicated. (C) The location of the cell
body and the course of its main axon (L, left; R. right side of cord). (D)
Reconstruction of the axon collateral contained within the boxed area shown in
C. Scale bur, 50 p,m. The small boxed area (orientated by rotating clockwise by
approximately 30°) contains the terminals examined with the confocal micro¬
scope shown in Fig. 4.
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Fig. 4. VGLUT2 immunoreactive axon terminals. (A) A projected confocal series of the collateral terminations (red) demarcated by the box in Fig. 3D. (B) A single
optical section taken from the same series. (C) A single optical section showing immunoreactivity for VGLUT2 in the same plane as B (green). (D) A merged view of
B and C. All axonal swellings viewed in this plane are immunoreactive for VGLUT2 but regions of preterminal axon do not contain the transporter. Arrows indicate
individual boutons in A that are immunoreactive for VGLUT2 in the single optical section (C). Scale bar, 10 p.m.
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blocks with a droplet of resin. When the resin had polymerized, the
block was trimmed and series of ultrathin sections were collected on

single-slot grids. Sections were contrasted with lead citrate and viewed
with a Phillips CM100 Biotwin electron microscope (FEI, Eindhoven,
The Netherlands). Locations of individual labelled boutons, which
characteristically contained dense DAB reaction product, were iden¬
tified in electron microscope sections with the aid of the drawings and
photographs. Boutons were followed through series of sections to
determine if they formed synaptic relationships with adjacent struc¬

tures. When necessary, sections were tilted with a goniometer to
resolve synaptic specializations.

Results

In total, 18 properly identified (see Materials and methods) commis¬
sural interneurons that were antidromically activated from the con¬
tralateral GS motor nuclei were labelled successfully. However, only
nine of these neurons were selected for analysis because axons of the
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Fig. 5. Records and axonal projections of a glycinergic interneuron. (A and B)
Records from an interneuron (cell 1/5, Table 1) showing that a monosynaptic
EPSP was evoked from the reticular formation (arrow indicates time of
stimulus) and a blocked antidromic spike was evoked from the contralateral
GS motor nucleus whereas stimulation ofQ group II afferent fibres produced no
response. Averages often single records. Format and abbreviations as in Fig. 3.
Note that the latency of the monosynaptic EPSPs with respect to the first
components of the descending volleys (< 1 ms) and the latency of the anti¬
dromic spike from the shock artefact (about 1 ms) were the same as for the cell
illustrated in Fig. 3. Voltage calibrations (rectangular pulses at the beginning of
records) and time calibrations (horizontal bars) are as indicated. (C) The
location of the cell body and the course of its main axon (L, left; R, right
side of cord). (D) Reconstruction of an axon collateral (boxed area in B). Scale
bar, 50 pm. Terminals contained within the boxed area (1) were examined with
the confocal microscope (Fig. 6).

remaining cells were not sufficiently well labelled. The relatively small
proportion of labelled neurons retrieved (18 out of about 30 into which
Neurobiotin was injected) and even smaller proportion of neurons with
sufficiently well-labelled axon terminals precluded the use of a larger
sample for analysis.
All cells labelled in this study were situated within lamina VIII or in

the medial region of lamina VII adjacent to the border between lamina
VIII and VII (Fig. 2) and had dendrites that projected radially and
extended into lamina VII, VIII and motor nuclei (see reconstructions in
Figs3C, 5C, 7B and 9B). In addition to prominent monosynaptic
excitatory postsynaptic potentials (EPSPs) evoked from the reticular
formation, polysynaptic effects were evoked in five of the cells by
group II afferent fibres from the quadriceps and/or sartorius nerves
(inhibitory postsynaptic potentials (IPSPs) in three cells; EPSPs in two
cells). In two cells stimulation of group II afferents had no obvious
effect (see Table 1).

Ipsilateral projections
We found no evidence of axon collaterals given off ipsilaterally in any
of the nine neurons in which the axons were traced to the opposite side
of the spinal cord. The sample includes two interneurons where the
axon could only be traced to the contralateral white matter as well as
seven interneurons where the stem axon gave rise to axon collaterals
that arborized in the contralateral grey matter and could be followed to
their terminals.

Contralateral projections
All of the interneurons analysed in this study had axonal projections to
the contralateral gastrocnemius-soleus motor nuclei of the 7th lumbar
segment as shown by antidromic activation from these nuclei (Figs 3B,
5B, 7A and 9A). Reconstruction of terminal arbors of three of the cells
revealed that they also projected to motor nuclei in the 4th and 5th
segments (Figs 3C and 9B). Because different motor nuclei are located
in these segments, this implies that single interneurons may contact
motoneurons of different muscles. The same cells also gave rise to
additional terminals in areas of the spinal grey matter outside motor
nuclei. Terminal arbors of these and the four other cells were found

within various laminae including laminae VII and VIII (Figs 3C and D,
5C and D, 7B and C, and 9B and C) as summarized in Table 1. Arbors
of single axon collaterals extended for approximately 300 p,m in the
rostrocaudal plane. The majority of axonal swellings formed by these
axonal arbors were en passant, but occasional terminal swellings were
also observed. Electron microscopy confirmed that these swellings
were synaptic boutons and that they formed contacts with neuronal

100|iA

Table 1. Characteristics of RF commissural interneurons analysed in the study

Input
Cat Cell
ID ID RF Gp II

1 1/5 EPSP, monosynaptic Not found
1 1/6 EPSP, monosynaptic IPSP, polysynaptic
2 2/8 EPSP, monosynaptic EPSP, polysynaptic
3* 3/3 EPSP, monosynaptic Not found
3* 3/5 EPSP, monosynaptic IPSP, polysynaptic
4 4/1 EPSP, monosynaptic IPSP. polysynaptic
4 4/4 EPSP, monosynaptic EPSP, polysynaptic

Immunoreactivity

Axon arbor VGLUT1 VGLUT2 GlyT2 GAD

LVII, VIII +
LVII, VIII - - +
LVII, VIII
LVII - + 0
L VIII, IX 0
LVII, VIII, IX - +
LVII, VIII. IX +

Synaptic actions evoked from the reticular formation (RF) and group II afferent fibres in muscle nerves (GP II) along with patterns of termination in laminae of the
contralateral grey matter and immunocytochemical properties of cells are shown. VGLUT1, vesicular glutamate transporter 1; VGLUT2, vesicular glutamate
transporter 2; Gly T2, glycine transporter 2; GAD, glutamic acid decarboxylase. "Cat fixed with glutataldehyde; +, positive immunoreaction in axon terminals; —,

negative immunoreaction in axon terminals; 0, no immunoreactivity throughout spinal cord.
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Fig. 6. GlyT2 immunoreactive axon terminals. (A) A confocal image showing a projected series of a collateral termination (red) contained within the boxed area
shown in Fig. 5D. Arrows indicate boutons that appear in B-G. (B) A single optical section taken from the same series. Again the axon arbor is shown in red. (C) A
further single optical section from the same plane showing immunoreactivity for GlyT2 (green). (D) A merged view of B and C. All axonal swellings in the single
optical section are immunoreactive for GlyT2 (arrows), which typically is found on the axonal membrane surrounding boutons. Note that many of the axonal
swellings arising from this collateral are clustered around the soma of a cell in lamina VII. (E-G) Single optical sections at higher magnification of boutons labelled
1-4 in C. Upper panels in each show interneuron boutons (red) and lower panels immunoreactivity for GlyT2 (green). Scale bars, 10 p.m (A-D); 2.5 p.m (E-G).

profiles within motor nuclei and the surrounding grey matter (Figs 8
and 10; see below).

Transmitters contained within axon terminals

Selected sections of all seven cells with terminals in the contralateral

grey matter were reacted with the series of antibodies described in the
Methods to reveal the amino acid content of their axons (Table 1).

Three cells had axons that were positively labelled for VGLUT2 but
were not immunoreactive for GAD, VGLUT1 or GlyT2. Figure 4
(cell 4/1 in Table 1) illustrates the typical pattern of VGLUT2 immun¬
oreactivity in the axon terminals of one of these neurons. Figure 7D
(cell 3/3, Table 1) shows further examples of VGLUT2-immun-
oreactive boutons from one of the cells that was also analysed
with electron microscopy (see below). In addition to lamina IX,
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Fig. 7. Records, axonal projections and immunoctyochemical characteristics of a glutamatergic interneuron also examined with the electron microsope. (A) Records
ofmonosynaptic EPSPs evoked in an interneuron (cell 3/3, Table 1) from the reticular formation (arrows indicate times of stimuli) and of a blocked antidromic spike
evoked from the contralateral GS motor nucleus. Both were followed by IPSPs. Averages of ten single records. Format and abbreviations as in Fig. 3. Note that the
latency of the monosynaptic EPSPs with respect to the first components of the descending volleys (<1 ms) and the latency of the antidromic spike from the shock
artefact (about 1 ms) were the same as for the cell illustrated in Fig. 3. Voltage calibrations (rectangular pulses at the beginning of records) and time calibrations
(horizontal bars) are as indicated. (B) The location of the cell and the course of its main axon (L, left; R, right side of cord). (C) A reconstruction of the axon collateral
(scale bar, 100 pirn). The main axon gives rise to the collateral, which forms numerous terminations in lamina VII. Terminals contained within the boxed area (1) were
examined with the confocal microscope. (D) The series of images shows single optical sections of two axonal swellings (red) and immunoreactivity for the vesicular
glutamate transporter 2 (VGLUT2; green). The merged two-colour image shows that the terminals are VGLUT2-immunoreactive and hence that the cell is
glutamatergic (scale bar, 10p,m). Terminals contained within the boxed area (2) were examined with the electron microscope (see Fig. 8).
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Fig. 8. Electron microscopy of glutamatergic terminals. (A) A light micrograph showing a cell contained within the boxed area 2 in Fig. 7C. A labelled collateral
terminal is closely associated with it (arrow; scale bar, 10 pm). Two blood vessels are indicated (*) that are also present in the electron micrograph of the sar.:~ area
(B), which also shows the terminal (arrow; scale bar, 10 pm). C is a magnified view of the terminal (scale bar, 0.5 pm) and D shows details of the synaptic area (boxed
area in C). The bouton forms an asymmetric synaptic arrangement with the cell (arrowheads).
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Fig. 9. Records and axonal projections of an interneuron examined with the
electron microscope. (A) Records of monosynaptic EPSPs evoked in an
interneuron (cell 3/5, Table 1) from the reticular formation (upper trace: arrows
indicate times of stimuli), polysynaptic IPSP evoked from group II afferents and
a blocked antidromic spike evoked from the contralateral GS motor nucleus
(lower trace). Averages of ten single records. Note that the latency of EPSPs
with respect to the first components of the descending volleys and of the spike
potential with respect to the shock artefact was the same as for the cell
illustrated in Fig. 3. Format and abbreviations as in Fig. 3. Voltage calibrations
(rectangular pulses at the beginning of records) and time calibrations (hori¬
zontal bars) are as indicated. (B) The location of the cell and the course of its
main axon (L, left, R, right side of cord). (C) Reconstruction of the axon
collateral (boxed area in B). Note that this collateral ramifies principally in
laminae VIII and IX. Axons within the boxed area (1) are illustrated in the
electron micrographs shown in Fig. 10. Scale bar, 50 p.m.

VGLUT2-immunoreactive terminals were found in laminae VII and

VIII (Figs3C and D, and 7B and C). The commissural neurons might
thus excite contralateral interneurons and in turn have actions on the
contralateral cord through this less direct pathway, for example they
could mediate the trisynaptic excitation seen in contralateral moto¬
neurons, as outlined in the circuit diagram in Fig. 1A.
Two of the cells had axon terminals that were imniunoreactive for

GlyT2 but were not labelled with the other three markers. Figure 6
shows a typical example of GlyT2-immunoreactive axonal swellings
from one of these neurons (cell 1/5, Table 1). Characteristically,
immunoreactivity for GlyT2 surrounds the intracellularly labelled
boutons as the transporter is located within the plasma membrane
of glycinergic boutons rather than in the cytoplasm (Spike et al., 1997).
These terminals were located in lamina VII and VIII where some of

them formed appositions with cell bodies (Fig. 6C-E). The type of
neuron that might be inhibited by the labelled cells could not be
identified.

Electron microscopic analysis was performed on the terminals of
two of the cells with terminal branching in lamina VII and in lamina
IX, respectively. The first of these was a glutamatergic neuron (cell 3/3,
Table 1) with terminals that were immunoreactive for VGLUT2

(Fig. 7D). The terminals of this cell formed asymmetric synaptic
contacts (five boutons analysed in serial sections) onto dendrites
and cell bodies (Fig. 8), thus supporting the conclusion that it has
an excitatory action (see Uchizono, 1965). The second cell processed
for electron microscopy (cell 3/5, Table 1) was immunonegative for
GAD, VGLUT1 and VGLUT2. Immunostaining for GlyT2 did not
work in tissue fixed with glutaraldehyde. Nevertheless, the axon
terminals of this cell formed symmetric synaptic junctions (13 boutons
analysed in serial sections) with motoneurons and large dendritic
profiles in lamina IX (Figs 9 and 10) and, as symmetric junctions
are considered to be inhibitory (see Uchizono, 1965), it may have a
direct inhibitory action on motoneurons, as suggested in Fig. IB.

Discussion

The identification of spinal interneurons is most often based on input
connectivity and/or morphology (e.g. see Jankowska, 1992). However,
with the exception of a small number of specific classes of interneuron,
such as Renshaw cells, la inhibitory interneurons and a subpopulation
of lb interneurons (see Jankowska, 1992), very little is known about the
post-synaptic actions ofmostelectrophysiologically investigated inter¬
neurons (i.e. whether they are likely to have inhibitory or excitatory
actions or whether their actions are pre- or post-synaptic). The method
we have developed in this study enables a detailed morphological
analysis of interneuronal axonal terminals at the light and electron
microscopic levels along with the identification of the transmitter
substances contained within them and creates new possibilities for
defining properties of selected functionally characterized interneurons
and their role in neuronal networks. By using this method we have been
able to answer all of the major questions outlined in the Introduction.
The interneurons investigated in this study included only those with

monosynaptic input from the ipsilateral reticular formation. As shown
in Table 1, none of them was monosynaptically excited by group II
muscle afferents and they therefore belong to a distinct population of
commissural interneurons that is different from those described pre¬

viously, which include commissural neurons with group I input
(Harrison et al., 1986) or with group II input (Jankowska & Noga,
1990). Properties of these types of interneuron will be described
separately (B. A. Bannatyne et al., in preparation, and S. A. Edgley
et a!., in preparation).

Axonal projections
We confirmed that electrophysiologically identified RF commissural
interneurons project to motor nuclei and have shown that they do
indeed form synaptic contacts with motoneurons. We have shown also
that these interneurons are likely to evoke both excitation and inhibi¬
tion of contralateral motoneurons by direct actions, as proposed
previously (Jankowska et al., 2003) and outlined in Fig. 1. As we
found no evidence for the existence of ipsilateral axon collaterals,
despite good labelling of axons and contralateral axon collaterals, our
results suggest that the predominant, if not the only, action of these
neurons is on the contralateral side of the cord. These interneurons
would thus resemble commissural neurons mediating crossed actions
from the vestibular nuclei in the cervical segments (Sugiuchi et al.,
1995) but differ from other commissural neurons in the lumbosacral
enlargement described previously, which have bilateral projections.
The lumbosacral commissural neurons described in anatomical studies

(Cajal, 1909; Scheibcl & Scheibel, 1966) were obtained from spinal
cords of young animals including the chick, mouse and kitten, thus
raising the question of whether bilateral projection may be a char¬
acteristic of developing neurons. Nevertheless, bilateral projections
from some dorsal horn interneurons (Bras et al., 1989) and ventral
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Fig. 10. Electron micrographs of axon collaterals in lamina IX. (A) Low-power micrograph from the boxed area shown in Fig. 9C showing an axon terminal (arrow)
adjacent to a motorneuron cell body (MN) in lamina IX. Scale bar, 10 p.m. (B) A higher power image of the terminal with synaptic details (boxed area) shown in the
inset (arrowheads). Scale bar, 0.5 fim. (C and D) Images taken further through serial sections of the same motorneuron (MN) around the point of origin of a large
dendrite (DEN) showing a second labelled bouton associated with the cell (arrows; scale bars, 5 p,m). The bouton formed a symmetrical synaptic contact (boxed area)
with the dendrite (E, scale bar, 0.5 |Jim), details of which are shown in the inset (arrowheads). These synapses were studied in serial sections and sections were tilted to
confirm that specializations were symmetrical.
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spinocerebellar tract neurons (Bras et al., 1988) were also found in
adult cats and therefore this pattern of projection may be related to the
functional type of neuron. The axonal projections we observed suggest
that the main function of RF commissural neurons with input from the
reticular formation might be to co-ordinate the activity of contra-
laterally located neurons. For instance, rather than co-ordinate activity
of neurons located on both sides of the spinal cord, they may be
important in the selection of motoneurons in different segments and
hence in the recruitment of groups of contralateral muscles that
subserve a variety of motor synergies. Even though they directly
influence the activity of neurons on only one side of the spinal cord,
RF commissural neurons might contribute to alternating movements of
left and right legs during locomotion, as suggested by Jankowska &
Noga (1090) and Matsuyama & Mori (1998). This could occur by
successive activation of interneurons on the two sides by various axon
collaterals of the same reticulospinal neurons or by various subpopu
lations of these neurons. The selection of reticulospinal neurons could
then be made by neurons in the mesencephalic locomotor region and/
or in the fastigial nucleus, which activate them effectively (Muti et ul.,
1998). Activation of different subpopulations of RF commissural
intftrneurons may also depend on other neuronal systems, e.g. the
vestibulospinal tract (for further discussion of these points see Krutki
et al., 2003).
Terminal branching within laminae VII and VIII in addition to

motor nuclei indicates that RF commissural interneurons not only have
the capacity to excite and inhihif motoneurons directly but also
indirectly via interneurons that in turn influence activity of motoneu¬
rons. Excitatory commissural interneurons may in this way amplify the
disynaptic actions of reticulospinal libres on contralateral motoneu¬
rons by tri- or polysynaptic actions mediated through such interneur¬
ons This arrangement might be similar to the neuronal networks
recently descrihed in pathways from group II afferents (Jankowska
et al, ?(¥)?) Ry exciting inhibitory interneurons they may also
enhance inhibitory actions needed for proper co-ordination of con
tralateral muscles It will he shown separately (E. Jankowska and K,
Matsuyama, in preparation) that at least some of the inhibitory
interneurons that are target cells of RF commissural interneurons
are interneurons that mediate la inhibition. Because these interncurons
are located around motor nuclei, the observation that commissural
neurons project to this area is consistent with this possibility. Actions
of inhibitory commissural interneurons are more difficult to predict
because their target interneurons could not be identified. Nevertheless,
it might be hypothesized that they adjust activity of both excitatory and
inhibitory contralateral premotor interneurons. In this way they may
influence activity of contralateral motoneurons not only directly, as
indicated in Fig. 1, but also indirectly.
Our results show that it is unlikely that commissural interneurons

with monosynaptic input from RF contribute to disynaptic excitation
of other interneurons of the same population (either excitatory or

inhibitory, see Fig. 1) because ipsilateral axon collaterals were not
found. We therefore propose that disynaptic excitation of commissural
interneurons is predominantly, or even exclusively, a result of actions
of other interneurons located in the ipsilateral grey matter. We further
propose that trisynaptic actions of RF neurons on contralateral moto¬
neurons are a result partly of disynaptic excitation ot commissural
interneurons and partly of disynaptic actions of commisural interneur¬
ons that are mediated by contralateral premotor interneurons.

Types of commissural interneurons
Immunocytochemical investigation of labelled RF commissural inter¬
neurons suggests that these cells use glutamate or glycine as neuro¬
transmitters because separate populations of cells had axon terminals

that were immunoreactive for either VGLUT2 or GlyT2. Both of these
markers aro known to be associated with glutumatcrgie and glycinergie
neurons, respectively, and have been used in a variety of studies (Spike
etui., 1997; Varoqui etal., 2002; Todd etal., 2003). However, as far as
we are aware, this is the first study that has attempted to look for the
presence of these markers in terminals of electrophysiologically
identified neurons that were labelled by intracellular injection, iit vivo.
The VGLUT2 transporter is found predominantly in terminals of
spinal interneurons whereas the VGLUT1 transporter is found mainly
in terminals of primary afferents (Varoqui et al., 2002; Todd et al.,
2003) and therefore our finding that VGLUT2 is present in terminals of
our population of neurons is consistent with the fact that they function
as internourons. Wo havo not found evidence so far to show that
commissural nourons use GABA because none of the axons examined
was immunoroactivo for GAD. The untibody we used recognizes both
isoforms of the enzyme and therefore both isoforms should have been
detected. This evidence suggests that, in contrast to other types of
spinal interneuron (e.g. Todd & Sullivan, 1990; Maxwell et al., 1997),
the glycineigic commissural intemeurons examined in this study do
not appear to use GABA as a co-transmitter. One of the cells (cell 3/5)
prepared for combined confocal and electron microscopy was immun-
onegative for VGLUT1 and 2 and GAD but no immunoreaction for
GIyT2 was obtained as the GlyT2 antibody was found not to tolerate
glutaraldehyde fixation. Nevertheless, it is possible that this cell is also
glycinergic as terminals of its axon formed symmetric synaptic junc¬
tions with dendrites and coll bodies; symmetric synaptic junctions are
believed to be indicative of inhibitory synapses (Uchizono, 1965).
Anothor coll (cell 2/8) that was fixed with paraformaldehyde had axon
terminals that were immunonegative for all four markers. This result
could have arisen for a technical reason, i.e. that the immunostaining
was incomplete. Howovor, this scorns unlikely as good immunostain¬
ing was obtained for all four markers in sections containing this cell.
This then raises the possibility that come commissural intcrneurons use
other neurotransmitters not examined in the present study. Never¬
theless, bearing these technical issues in mind, it is probably justified to
conclude that the majority of RF commissural intcrncurons use cither
glutamate or glycine as a neurotransmitter.
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Abstract

Modulatory actions of monoamines were investigated on spinal commissural interneurons which coordinate left-right hindlimb muscle
activity through direct projections to the contralateral motor nuclei. Commissural interneurons located in Rexed lamina VIII, with
identified projections to the contralateral gastrocnemius-soleus motor nuclei, were investigated in deeply anaesthetized cats. Most
interneurons had dominant input from either the reticular formation or from group II muscle afferents; a small proportion of neurons had
input from both. Actions of ionophoretically applied serotonin and noradrenaline were examined on extracellularly recorded spikes
evoked monosynaptically by group II muscle afferents or reticulospinal tract fibres. Activation by reticulospinal fibres was facilitated by
both serotonin and noradrenaline. Activation by group II afferents was also facilitated by serotonin but was strongly depressed by
noradrenaline. To investigate the possible morphological substrates of this differential modulation, seven representative commissural
interneurons were labelled intracellularly with tetramethylrhodamine-dextran and neurobiotin. Contacts from noradrenergic and
serotoninergic fibres were revealed by immunohistochemistry and analysed with confocal microscopy. There were no major differences
in the numbers and distributions of contacts among the interneurons studied. The findings suggest that differences in modulatory
actions of monoamines, and subsequent changes in the recruitment of subpopulations of commissural interneurons in various
behavioural situations, depend on intrinsic interneuron properties rather than on the patterns of innervation by monoaminergic fibres.
The different actions of noradrenaline on different populations of interneurons might permit reconfiguration of the actions of the
commissural neurons according to behavioural context.

Introduction

Spinal commissural inlerneurons that project to a-motoneurons on the
contralateral side of the spinal cord are of particular importance for
the coordination of activity of muscles on the right and left side of the
body. It has long been known that muscles may operate within several
motor synergies, being activated on one side and inhibited on the other
in some movements, but coactivated or coinhibited in other move¬

ments (Sherrington, 1906). More recent studies have shown that the
selection of a motor synergy is both state and phase dependent
(Grillner & Rossignol, 1978; Rossignol & Gauthier, 1980; Gauthier
&Rossignol, 1981; Rossignol etal., 1981; Pearson & Rossignol, 1991)
and that it involves activation of the most appropriate neuronal net¬
works including those of commissural interneurons (Butt & Kiehn,
2003).
The selection of commissural interneurons mediating crossed inhi¬

bition or crossed excitation of hindlimb motoneurons from group II
muscle spindle afferents has been shown to depend on modulatory
actions of serotonin. Short latency inhibition of contralateral extensor
motoneurons is present in the intact spinal cord (Aggelopoulos &
Edgley, 1995). Following transection of the spinal cord this inhibition
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disappears and the reflex pattern reverts to excitation (Arya et al.,
1991) but the inhibition reappears following administration of the 5-
HTia and 5-HT7 receptor agonist (+/-)-8-hydroxy-2-(di-n-propyla-
mino)-tetralin-hydrobromide (8-OH-DPAT (Aggelopoulos et al.,
1996b). This suggests that activation of excitatory and inhibitory
groupII commissural interneurons is modulated by descending ser¬

otoninergic control. Modulatory actions of noradrenaline on these
interneurons have not been investigated. As a whole, the population of
commissural interneurons (see Cajal, 1953; Scheibel & Scheibel,
1966; Stokke et al., 2002) is highly nonhomogenous. Even within
Rexed lamina VIII, there are subpopulations of interneurons with
predominant input from group la and lb muscle afferents (Harrison
et al., 1986), from groupII muscle and skin afferents (Jankowska &
Noga, 1990) and from descending reticulo- and vestibulospinal fibres
(Bannatyne et al., 2003; Jankowska et al., 2003; Krutki et al., 2003).
The interneurons with dominant input from group II muscle afferents
or from the reticular formation (RF) appear to be largely separate
populations, and these populations may not all be affected by mono¬
amines in the same way. One aim of this study was therefore to
compare the modulatory actions of two monoamines, serotonin (5-HT)
and noradrenaline (NA), on commissural interneurons with dominant
group II or RF input. In order to relate the comparison to the functional
types of neuron, we selected interneurons located within the same part
of the spinal cord (in lamina VIII or in the adjacent part of lamina VII),
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in the same segments of the spinal cord (the L4 segment and adjacent
parts of the L3 and L5 segments), and with similar projections (all of
them were antidromically activated from the contralateral gastrocne-
mius-soleus motor nuclei in L7-SI). The second aim was to examine
whether any differences in modulatory actions of monoamines are
associated with morphological differences in relations between ser-

otoninergic and noradrenergic nerve fibres and intemeurons with
different input, by using confocal microscopy.

Methods

Preparation
The experiments were performed on 10 deeply anaesthetized cats of
both sexes, aged 5-14 months, weighing 2.3-3.2 kg and obtained from
a supplier accredited by Goteborg University. All experimental pro¬
cedures were approved by Goteborg University Ethics Committee and
followed NIH and EU guidelines of animal care. Anaesthesia was
induced with sodium pentobarbital (40-44 mg/kg, i.p.) and maintained
with intermittent doses of ct-chloralose (Rhone-Poulenc Sante, France;
doses of 5 mg/kg administered every 1-2 h, up to 50 mg/kg, i.v.).
During recordings, neuromuscular transmission was blocked with
pancuronium bromide (Pavulon, Organon, Sweden; s=0.2mg/kg/h
i.v.) and the animals were artificially ventilated. Additional doses of
a-chloralose were given at the first sign of any increase in the blood
pressure or heart rate, continuously monitored, or if the pupils dilated
in response to noxious stimulation. Mean blood pressure was kept at
100-130 mmHg and the end-tidal concentration of COi at m4% by
adjusting the parameters of artificial ventilation and the rate of a
continuous infusion of a bicarbonate buffer solution with 5% glucose
(1-2 mL/h/kg). The core body temperature was kept at ~37.5°C by
servo-controlled infrared lamps. The experiments were terminated
with a lethal dose of pentobarbital resulting in cardiac arrest unless
the experiment involved neuronal labelling, in which case the experi¬
ments terminated (~ 2 h after injection of the last neuron) with a near
lethal dose of pentobarbital followed by exsanguination and formalin
perfusion.
A preliminary dissection exposed the third to seventh lumbar (L3-

L7) segments of the spinal cord and a number of peripheral hindlimb
nerves which were transected and mounted on stimulating electrodes.
Subcutaneous cuff electrodes were used for nerves accessed in the

iliac fossa [ipsilateral quadriceps (Q) and sartorius (Sart) nerves and
contralateral Q (coQ) nerves], the remaining ipsilateral nerves (the
posterior biceps and semitendinosus, PBST, anterior biceps and semi¬
membranosus, ABSM. anterior tibial and extensor digitorum longus
nerves jointly referred to as deep peroneal, DP, and gastrocnemius-
soleus GS) were mounted on pairs of silver hook electrodes in a

paraffin oil pool created by skin flaps and heated to 37.5 C.
For stimulation of reticulospinal neurons, the caudal part of the

cerebellum was exposed with a craniotomy, and a tungsten electrode
(impedance 70-300 k(l) placed either within or just lateral to the
ipsilateral medial longitudinal fasciculus (MLF). The electrode was
inserted at an angle of 30° (with the tip directed rostrally). The initial
target was at Florsley-Clarke co-ordinates P 8-9; L 0.8-1.2 and H —5,
but the final position of the electrode was adjusted in each animal on
the basis of records of descending volleys evoked by single stimuli
from the surface of the lateral funiculus at the Th 1 1-Th 13 level, so that
the electrodes were left at sites from which distinct descending volleys
at a latency of 2.0-2.2 ms were evoked at stimulus thresholds of 20-
50 p,A. At the end of the experiments these sites were marked by
passing 0.4-mA constant current for 10 s. The locations of stimulation
sites were subsequently verified on 100-pim-thick frontal sections of
the brain stem (Fig. 1 A), cut in the plane of insertion of the electrodes

A
HC

„4j ,

-6j
-8j

-10}

1- MLF

10

J 1 mm

Fig. 1. Locations of stimulation sites in the reticular formation and of the

sampled commissural intemeurons. (A) Transverse section of the medulla in the
plane of the insertion of the electrodes at the level of the inferior olive. Open
circles indicate stimulation sites in the MLF. Vertical scale shows Florsley-
Clarke coordinates. (B) Summary diagrams showing the locations of intracel-
lularly labelled commissural neurons in the L4 and L5 segments of the spinal
cord. O, •• cells with monosynaptic input from groupll afferents and from RF,
respectively. The three O represent the locations of three intemeurons with
short-latency input from both. Arrows indicate the intemeurons in which the
distribution of 5-HT and NA contacts was analysed in detail. IO. inferior olive.

using either a vibratome or a freezing microtome, and counterstained
with Cresyl Violet.

Stimulation and recording
Peripheral nerves were stimulated with constant voltage stimuli
(0.1ms duration, intensity expressed in multiples of threshold. T,
for the most sensitive fibres in the nerve). For activation of group II
afferents, stimuli at intensities of 3-5 x T, near maximum for fast
conducting group II afferents (Jack, 1978), were used. For activation of
fibres of the reticulospinal tract, constant-current stimuli (0.2 ms, 50-
200 pA) were applied using a 0.5-mm electrolytically etched tungsten
wire, insulated except for its tip as a cathode (Jankowska et at., 2003).
Axons of commissural interneurons terminating in the motor nuclei
were stimulated (single pulses, 0.2 ms, 6—50p.A) using a similar but
thinner tungsten electrode which replaced a glass micropipette with
which the nuclei were initially located.
In experiments in which the effects of ionophoretically applied

monoamines were tested, glass micropipettes (tip diameter =s 1.5 p.m)
filled with 2 M NaCl solution were used for extracellular recording and
micropipettes (tip diameter ss2gm) filled with a solution of the
investigated agents (see details below) were used for ionophoresis.
In the experiments involving intracellular recording and labelling,
glass micropipettes (=; 1.5 p.m tip diameter), filled either with a 2%
solution of tetramethylrhodamine-dextran (Molecular Probes, Inc,
Eugene, Oregon, USA) in saline (pH6.5) or with a mixture of equal
parts of (5%) tetramethylrhodamine-dextran and (5%) neurobiotin
(Vector) were used.

Sampling
Cells were searched for in the L3-L5 segments of the spinal cord, at
locations where large distinct focal synaptic field potentials were
evoked from group II (but not group I) afferents and/or from the
MLF (depths between 2.8 and 3.7 mm from the surface of the spinal
cord), depending on the segment (see Edgley & Jankowska, 1987).
Cells were selected on the basis of monosynaptic excitation by either
group II afferents (of Q, Sart and DP, the main sources of group II input
in the L3-L5 segments) or from reticulospinal tract fibres. All of the
cells were identified as commissural interneurons by antidromic
activation from within the contralateral gastrocnemius-soleus motor
nuclei in the caudal part of the L7 segment. As a rule, currents of
<50p.A (0.2 ms duration) were used, giving an estimated spread of
current not exceeding 0.5 mm (Gustafsson & Jankowska, 1976). In
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order to differentiate between antidromic and synaptic activation of
extracellularly recorded cells, only those activated with short latencies
(1-1.5 ms) and in which antidromic action potentials collided with
synaptically evoked action potentials, were accepted. In intracellularly
recorded cells antidromic activation was based on the all-or-none

appearance of either full or blocked action potentials which were not
preceded by EPSPs (e.g. Fig. 6). All of these neurons were mono-
synaptically excitated by either group II afferents in the Q or Sart
nerves, or following MLF stimuli. Both extracellularly recorded spike
potentiais and intracellularly recorded EPSPs were adjudged as evoked
monosynaptically when they were induced, by maximal stimuli, at
latencies not exceeding 3.0 ms from group I afferent volleys (but
allowance was made for an additional 0.5 ms for the three extracellu¬

larly recorded neurons which were very weakly activated) and of up to
1.2 ms from the first component of the RF descending volley (see
Edgley & Jankowska, 1987; Jankowska et al., 2003). Lack of anti¬
dromic activation from the thoracic segments was used to differentiate
commissural interneurons from ascending tract neurons with local
spinal collaterals. The thoracic stimuli were applied by pairs of silver
ball electrodes in contact with the left and right lateral funiculi at an
intensity (0.5-1 mA, 0.2 ms) at which other ventral horn neurons were

antidromically activated.

lonophoresis
The two compounds used were 5-hydroxytryptamine (5-HT, serotonin;
Sigma) and noradrenaline (NA, Sigma). They were applied locally by
ionophoresis from a 0.2 M solution in FLO. pH4.5. using a double-
headed micromanipulator with two separate inicrodrives for the
recording and the drag-containing micropipettes (Engberg et al.,
1972). This permitted the use of a single recording pipette when
searching for and characterizing interneurons; subsequently, while
maintaining the recording, the drug-containing pipette could be
inserted and moved to a position close to the recording pipette (with
the tips of the two pipettes 5-10 pm apart; see Jankowska et al., 2000;
Hammar & Jankowska, 2003). During the initial insertion of the
ionophoresis pipette a 10-nA retaining current was used to reduce
the possibility of leakage though the tip of the drag-containing
micropipette. For each tested interneuron, two series of control records
were taken before the ionophoresis began: one before the insertion of
the drug-containing pipette (control) and the other when the latter had
reached its position close to the recording pipette but before ejecting
the drag (placement), in order to make sure that the placement of the
micropipette did not alter the responses. The drugs were ejected by
passing a negative current of 20 nA for a period of up to 3 min whilst
simultaneously recording from the neuron through the recording
micropipette. During ionophoresis the shape and amplitude of a
current pulse applied through the drug-containing pipette were mon¬
itored to ensure that its resistance did not increase excessively, which
would indicate blockage. Following the termination of the ionophor¬
esis, the drug-containing pipette was withdrawn from the spinal cord
and the responses of the neurons were recorded during a recovery
period lasting up to 25 min.

Electrophysiological analysis of effects of monoamines
Responses to 20 consecutive stimuli were sampled every 15 s for as

long as the ionophoresis continued and thereafter every 2-5 min during
the recovery period. Effects of the ionophoresed substances were
evaluated by comparing the number of responses to the 20 stimuli
and any changes in response latency before, during and after iono¬
phoresis. Peri-stimulus time histograms and cumulative sum plots
were created on-line and stored in parallel with the original data
records. In order to ensure that the response probability was evaluated

with sufficient sensitivity, the stimuli used to evoke responses were

adjusted (stimulus intensity and/or numbers of stimuli) until responses
were evoked in «50% or less of stimulus deliveries; both increases
and decreases in response probability could thus be identified. In order
to restrict the tests to responses evoked monosynaptically, time
windows of 1 ms were used (as measured from the earliest response
at latencies compatible with a monosynaptic coupling; see above).
Drawing on results obtained in previous studies of effects of ionophor¬
esis of 5-HT and NA (Bras el al., 1989; Hammar et al., 2002) separate
control experiments passing current through a micropipette filled with
an HC1 solution at pH 4.5 in order to exclude direct actions of H+ ions
were not performed.
Data are expressed as means ± SEM. Stastical significance was

calculated using the Wilcoxon signed rank test, using Statview soft¬
ware.

Labelling and perfusion
After penetration and identification, neurons selected for morpholo¬
gical analysis were labelled ionophoretically. Tetramethylrhodamine-
dextran was ejected by passing a constant positive current of 5-10 nA
through the micropipette for up to 10 min, while continuous recordings
verified that the electrode remained intracellular. In the successfully
labelled cells, the total product of nA x min ranged between 16 and 50.
The tetramethylrhodamine-neurobiotin mixture was ejected by pas¬

sing 5nA for 6-10 min with the total product of between 18 and
45 nA x min. In both cases a few minutes were allowed for the markers

to diffuse before the pipette was withdrawn. A minimum space of
800mm was allowed between labelled neurons. At the conclusion of

experiments, the descending aorta was canulated and animals were

perfused, initially with 0.9% NaCl in 0.1 M phosphate buffer (pH 7.4)
and subsequently with 2L of fixative (4% formaldehyde in 0.1 M
phosphate buffer, pH7.4). Blocks of spinal cord (5-6 mm in length)
containing the labelled cells were removed and placed in the same
fixative at 4°C for 8h.

Processing for confocal microscopy
Transverse vibratome sections (50 pm thick) were cut and collected in
strict serial order. Sections from experiments in which tetramethylr-
hodamine-dextran was injected were incubated in 50% ethanol for
30 min and mounted in Vectashield. Sections in which cells had been

labelled with both rhodatnine and neurobiotin were incubated in 50%

ethanol for 30min, washed several times in PBS and further incubated
with avidin-rhodamine (1:1000) for 3 h. Sections were scanned using
epifluorescence and those containing labelled cells were processed
further. Monoamine-containing terminals were revealed by incubating
sections individually in a blocking serum containing 10% normal
donkey serum in PBS with 0.3% Triton for 30 min. They were then
placed in solutions of primary antibodies (either rat anti-5HT or rabbit
antidopamine (3-hydroxylase (d.b.h.) at concentrations of 1 : 200 and
1 :500, respectively (both supplied by Affiniti Research Products,
Nottingham, UK) for 48 h at 4°C. Following several further washes
in PBS, the sections were incubated with secondary antibodies, donkey
antirabbit (1 : 100) conjugated with Fluorescein isothiocyante (FITC)
and donkey antirat (1 : 100) conjugated with Cyanine-5 (Cy-5, both
supplied by Jackson ImmunoResearch, Luton, UK). Sections were
then remounted in Vectashield and stored at — 20 °C.

Confocal microscopy analysis
Although 30 neurons were labelled, seven were selected for detailed
confocal analysis on the basis of the quality of labelling (five labelled
with tetramethylrhodamine-dextran and two with the mixture of
(etramethylrhodamine-dextran and neurobiotin). Cells were scanned
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with a three-channel confocal laser scanning microscope (Biorad MRC
1024, Hemmel Hempstead, UK) before reconstruction using Neuro-
Lucida for Confocal software (MicroBrightField, Colchester, VT,
USA), which permits three-dimensional reconstruction of cells and
also allows mapping of contacts. Putative contacts were examined
closely and only defined as appositions if the two labelled profiles were

A RF

RF38pA

B Group

Q 3T

Rec
10 min

JAIL

immediately adjacent with no intervening black pixels. The distribu¬
tion of terminals was studied by using Sholl analysis to determine the
numbers of contacts per lOOptm of dendritic length within series of
concentric spheres originating at the centre of the soma. Contact
densities were calculated using data generated by NeuroLucida and
expressed as numbers of contacts per 100p-m2 of neuronal surface
area.

Results

Effects ofmonoamines on lamina VIII commissural interneurons

Effects of ionophoretically applied monoamines were investigated on
responses evoked by group II afferents (n = 17) or by reticulospinal
tract fibres (n= 19). These were as a rule evoked in different com¬
missural interneurons, except for one interneuron which was tested for
effects of 5-HT which was activated at latencies compatible with
monosynaptic coupling by both group II and RF fibres. The data are
therefore presented as for two nonoverlapping neuronal populations.
However, weak input from one of these sources might have remained
undetected, because we used extracellular recording for the purpose of

A RF B Group II
RF 145 pA Sart 5T

c
Control i

D

Control ill
NA
1 min

NA
1 min

coGS MN 80pA
RF ?00|jA

coGS MN 80pA
Q 5T

0.5 ms A-D 1 ms E,F

Fig. 2. Similar facilitatory effects of 5-HT on commissural interneurons acti¬
vated from RF and by group II afferents. (A and C) Top pair of records are single
sweep records from an interneuron monosynaptically activated by RF fibres and
from the cord dorsum. The traces below are peri-stimulus time histograms
(PSTH) of responses to 20 stimuli. They were complied from stimuli delivered
before (control), during (15 s, 1 and 2 min) and after ionophoresis of 5-HT
(Rec., 5 min after withdrawal of the ionophoretic pipette). (B and D) The same
format as in A and C but for an interneuron activated by stimulation of group II
afferents in the Q nerve. Dotted vertical lines in C and D indicate the minimal
latency in the control records. The dotted horizontal lines in A and B indicate
the discrimination levels; only spikes crossing these lines were used for
construction of PSTHs. (E and F) Collision tests for the neurons in A and
B. respectively. The records show that antidromic spikes from the contralateral
GS motor nucleus collided with synaptically evoked responses at intervals
shorter than twice the conduction time from this nucleus. Shock artefacts
truncated. Time calibrations as indicated.

Rec
10 min

Rec
10 min

GS MN F GS MN

4 ms A-D 0.5 ms E-F

Fig. 3. Facilitation of responses to RF stimulation and depression of responses
to groupII activation by NA. (A and B) Extracellular records of monosynaptic
responses to stimulation in the RF and of group II afferents in the Sart nerve in
two different commissural interneurons and records from cord dorsum. Shock
artefacts have been truncated. (B and D) PSTHs of responses evoked by 20
consecutive stimuli recorded before (control), during and after ionophoresis of
NA. Note that in B only the third stimulus evoked spikes during the control
period, whereas the first and second stimulus also evoked spikes during
ionophoresis. The facilitated responses which appeared after the first stimulus
were used for the pooled data of Fig. 4. The dotted horizontal lines in A and B
indicate the discrimination level; only spikes crossing these lines were used for
constructing the histograms. (E and F) Spike potentials evoked from GS motor
nucleus; latencies <1 ms show that they were evoked antidromically.

© 2004 Federation of European Neuroscience Societies, European Journal ofNeuroscience, 19, 1305-1316



Commissural interneurons and monoamines 1309

ionophoresis. Intracellular records from cells that were subsequently
labelled intracellularly revealed a larger (albeit still relatively small)
proportion (17.5%) of commissural interneurons in which both
group II afferents and RF-evoked short latency responses. These
included four interneurons with apparently monosynaptic EPSPs from
both group II afferents and RF, and three interneurons with mono¬

synaptic EPSPs from RF and apparently disynaptic EPSPs from
group II afferents.

Effects of 5-HT

Activation of all of the investigated commissural interneurons was
facilitated following ionophoretic application of 5-HT. Figure 2 illus¬
trates the effect for two commissural interneurons, one of which was

monosynaptically activated by RF stimulation (A) and the other was
activated by groupII afferents (B). As shown by the histograms
(Fig. 2C and D), this was a potent and robust effect; the numbers of
spikes evoked by the sequence of 20 stimuli were nearly doubled in
both cases. Some differences were, however, noted between commis¬
sural interneurons with the two kinds of input. The effects of 5-HT
seemed to start earlier when tested on responses evoked by reticu¬
lospinal tract neurons (as exemplified in Fig. 2C and summarized in
Fig.4C) than on those evoked by group II afferents (Figs 2D and 4D)
and the duration of the facilitation seemed longer lasting in neurons
activated by group II afferents.

In six of 1 1 RF-activated neurons clear facilitatory effects, which
were statistically significant (P < 0.05), were seen only 15 s after
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Fig. 4. Effects of monoamines on two subpopulations of commissural inter¬
neurons. The plots show changes in the number of spikes evoked during a series
of 20 consecutive stimuli following ionophoresis of noradrenaline (NA; upper
panels) or serotonin (5-HT; lower panels) on lamina VIII commissural inter¬
neurons activated by either the reticulospinal tract fibres (left panels) or by
group II afferents (right panels). The ordinates show the mean number of
responses (±SEM) before, during (dark grey) or after ionophoresis at the
times indicated. Control and placement (Placem.), responses evoked before and
after placement of the drug-containing microelectrode, respectively. Other data
are for the time periods indicated below the bars during ionophoresis and after
up to lOmin of recovery (Rec.). ' P = 0.05-0.01, **P<0.01 vs. control levels.

ionophoresis began. After 1 mitt of ionophoresis the mean number
of responses had significantly increased for all neurons and the mean
number of responses (to 20 consecutive stimuli) had increased from
5.2± 1.5 to 9.1 ±2.6 (PcO.OI).
In contrast, after 15 s of ionophoresis only two of the nine neurons

activated from group II afferents showed facilitated activation and
statistically significant differences for all these interneurons were not
found until 1-1.5 min of ionophoresis. At this time the mean number of
responses increased from 7.3 ±2.0 to 14.2 ±1.7 (P<0.05). The
apparently slower-developing facilitation of activation of these neu¬
rons appeared to be associated with a slower recovery than of RF-
activated interneurons. The number of responses of group Il-activated
interneurons after 1-1.5 min of ionophoresis remained similar for
6-10 min after the ionophoresis pipette was removed, and slowly

A RF
coQ 5T

D Group II
coQ 5T

crfcrr-

B RF150pA Q 5T

5-HT
2 min

NA
2 min

Recovery
5 min

Recovery
9 min /

4ms 4 ms

A,B,D,E C,F n=20

Fig. 5. Similar effects of 5-HT and NA on responses evoked by coQ and from
ipsilateral Q afferents or RF. Responses of two commissural intemeurons are
shown, one (A-C) activated by RF and the other (D-F) monosynaptically
activated by ipsilateral group II afferents. A and D show responses evoked by
stimulation of coQ at 5 x T during ionophoresis (two stimuli in A, two in D). B
and E show responses of the same neurons following stimulation of the
ipsilateral reticulospinal tract fibres and ipsilateral Q at 5 x T, respectively.
(C) Superimposed cumulative sums of responses, from RF (black) and from
coQ (grey) show the number of responses evoked before (control) during (2 min
of ionophoresis) and after ionophoresis of 5-HT. Cumulative sums were
constructed from the bin values of PSTHs like those in Figs 2 and 3. Note
that stimulation of coQ did not evoke responses before the ionophoresis began,
and that the number of responses was greatly reduced and the latency increased
5 min after the ionophoresis ended. (F), as (C), showing superimposed cumu¬
lative sums of responses from the ipsilateral Q (black) and the contralateral Q
(grey). Dotted horizontal line indicates the discrimination level; only spikes
crossing this line were used for constructing the histograms.
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Q5T MLF 100 (jA Motor nucl.
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Fig. 6. Examples of intracellular records from labelled interneurons. The three
rows show intracellular records (upper traces) from three interneurons (nos 2, 6
and 3 from Table 1), together with records of afferent or descending volleys
(lower traces). The left column shows effects of stimulation of group II afferents
in the Q nerve; (A) monosynaptic and disynaptic EPSPs, (D) an EPSP that is
either monosynaptic or disynaptic, and (G) a disynaptic IPSP (possibly pre¬
ceded by a very small EPSP as in D). The dotted vertical lines indicate the onset
ofmonosynaptic and most probably disynaptic PSPs. The middle column shows
the effects of stimulation of reticulospinal tract fibres: evoking a monosynaptic
EPSP in H, a monosynaptic EPSP followed by TPSP in E and no clear response
in B. Dotted lines indicate the first components of the RF descending volleys
and onset latencies of the earliest monosynaptic EPSPs. The right-hand column
shows the effects of stimuli applied in GS motor nuclei: small initial segment
and soma-dendritic spike in I and blocked spikes in C and F. These impaled
neurons ceased generating full actions potentials briefly after penetration. The
dotted vertical line indicates onset of the two earliest spikes.

returned to preionophoresis levels after 20-30 min. In contrast, the
responses of RF-activated neurons had practically all returned to
control levels 10 min after terminating the ionophoresis.
The 5-HT mediated facilitation, expressed as an increase in the

number of responses with which they responded to the stimuli, was

sometimes associated with a decrease in response latency, as in
Fig. 2C. Flowever, this was seen in only four neurons of each sub-
population and varied substantially for individual neurons during
ionophoresis.

Effects of NA

Unlike the effects of 5-HT, which were facilitatory on all neurons, NA
facilitated only activation from RF whereas it depressed activation
from group IT afferents. The depression of responses evoked from
group II afferents by NA was very effective. As shown in Fig. 4B the
onset of the depression was prompt, with a significant decrease in the
number of responses (from a mean of 10.5 ± 2.4 to a mean of 3.5 ± 2.3,
P<0.05) seen 15 s after the onset of ionophoresis in all of the eight
investigated neurons. In addition, any responses evoked during iono¬
phoresis generally appeared at longer latencies, as exemplified in
Fig. 3D.
Facilitation of responses evoked from RF was similarly effective. It

was potent enough to induce responses to stimuli that were ineffective
in the control period. For example, we routinely used trains of two or
three RF stimuli where only the last stimulus evoked responses in the
control period, whereas during ionophoresis the first stimulus also
evoked spikes in some trials (in five of the eight interneurons tested;
see Fig. 3A and C). The facilitation appeared almost immediately
following the start of drug application and the increase in the mean
number of responses (from 1.6 ± 1.6 to 4.5 ± 1.3) was statistically
significant (P < 0.05) after 30 s, as shown in Fig.4A. Interestingly, the
facilitation decreased somewhat during ionophoresis after drug appli¬
cation for >1.5 min (in four of the eight neurons tested). Why this
occurred is not known, but an increase in the impedance of the drug-
containing pipette and a decrease in the amount of NA ejected could
have contributed.

Effects on responses from contralateral group II afferents
Stimulation of contralateral group II afferents from the quadriceps
(coQ) nerve excited a proportion (11/32) of the commissural inter¬
neurons, including some with monosynaptic RF input (n = 7) and some
that were monosynaptically activated by group II afferents (// = 4). The
latencies of responses evoked from coQ ranged from 4.4 to 7.8 ms in

Table 1. The numbers and densities of 5-HT and NA terminals in apposition with the cell bodies and dendrites of seven commissural interneurons

Soma Dendrites

Inputs/
Lamina VIII

Inter-
neuron

Total number
of contacts

Number of
contacts Surface

area2)

Contact density
(n/100|jlm2)

Total
dendritic

length

Number of
contacts Surface

area2)

Contact density
(n/100p,m2)

subpopulation ID 5HT NA 5HT NA (p.m 5HT NA (pan) 5HT NA (pm 5HT NA

Group IT, monosynaptic inputs
Group II 1 83 45 9 2 1480.64 0.61 0.14 4841.3 74 43 38299.6 0.19 0.11

2 203 16 0 0 3698.49 0 0 12570.1 209 16 85365.6 0.24 0.02

Group II, disynaptic and RF inputs
Group II 3 86 28 0 0 2005.91 0 0 8054.3 86 28 64073.1 0.13 0.04
and RF 4 55 2 3 0 5396.92 0.02 0 5336.2 52 2 53977.3 0.1 0.004

RF inputs
RF 5 156 7 0 0 1687.16 0 0 9294.8 156 7 45355.6 0.34 0.02

6 152 40 3 0 2600.82 0.12 0 10251.6 149 40 84972.7 0.18 0.05
7 63 10 0 0 2103.09 0 0 5339.3 63 10 36006.5 0.17 0.03

Group II input
Intermediate zone Group IF
Mean 1-5 140 37.8 6.2 2 4769.6 0.13 0.04 3727.26 0.29 0.08

(SD) (28) (13) (2.8) (2.1) (1926.8) (0.07) (0.03) (1046.76) (0.05) (0.03)

Contacts for cells 2, 3, 4 and 6 are illustrated in Figs7 and 8. "Similar data for another population of interneurons with group II input, those located in the
intermediate zone and projecting to ipsilateral motor nuclei (Maxwell et al., 2000).
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Fig. 7. Examples of contacts between monoaminergic fibres and commissural intemeurons. (A) A projected image compiled from 85 x 0.5-p.m optical sections
through the soma of a cell (with RF input; cell 6 in Table 1, records in Fig. 6G-I), showing the abundance of 5-HT-immunoreactive axons bearing varicosities (red) in
the vicinity of the cell soma and the relative infrequency of d.b.h.-immunoreactive axons (green) in the same area. (B) A projected image (compiled from 26 x 0.5-p.m
optical sections) of a dendrite from the cell shown in A. Boutons immunoreactive for 5-HT (shown in red) and d.b.h. (green) can be seen close to the dendrite. (C-E).
Single optical sections from the series shown in B illustrate contacts made by the boutons labelled by arrowheads in B onto the dendrite. (F) A further projected image
(compiled from 16 x 0.5-p.m optical sections) showing a 5-FlT-containing axon forming four boutons along a labelled dendrite (originating from a cell with input
from both RF and group II afferents; cell 4 in Table 1). (G) and (H) show the terminals labelled 1 and 2 in (F) at higher magnification. Scale bars, lOpm (A), 5 (im
(B-F), 2.5 p.m (G-H).
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Fig. 8. Distribution of 5-HT- and NA-immunoreactive terminals on three commissural interneurons. (A, D and E) Reconstructions of the dendritic trees of three
commissural interneurons, with input from group II afferents, from RF and from both (nos 2, 6 and 3, respectively, in Table 1) and distributions of 5-HT (red circles)
and d.b.h. (blue triangles) contacts throughout their dendritic trees. Insets show the positions of cell bodies within spinal grey matter. (B, C and G) Sholl plots for the
two types of varicosity showing the distribution (number per 100 p.m dendritic length) of contacts at 25-p.m intervals throughout the dendritic tree. Data sets in red
represent 5HT-immunoreactive boutons, in blue d.b.h.-immunopositive boutons. Records from these cells are shown in Fig. 6A-C, D-F and H and I, respectively.
Scale bars, 20 p,m.
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RF-activated neurons, and from 3.5 to 5.8 ms in group II-activated
interneurons, thus most often being compatible with a polysynaptic
linkage, but for those of 3.5-4.5 ms with a trisynaptic linkage (see
fig. 12 in Jankowska et al., 2002b).
Modulation of responses evoked from contralateral group II affer-

ents is of interest for the interpretation of the results presented above,
because presynaptic actions of monoamines on terminals of group II
afferents, which were on the other side of the spinal cord, could be
excluded as a contributing factor.
Effects of 5-HT were investigated on four of these neurons in

parallel with effects of 5-HT on monosynaptic responses, two from
RF and two from ipsilateral group II afferents. All of them were found
to be facilitatory. Only one of these neurons responded reliably to
stimulation of coQ during the control and placement periods prior to
ionophoresis. In the three remaining neurons, one of which is illu¬
strated in Fig. 5A-C, the responses appeared only during ionophoresis.
As shown in Fig. 5C, the facilitation and the recovery of responses
evoked from coQ Igrey peri-stimulus time histograms (PSTHs) par¬
alleled those of responses from RF (black PSTHs) but was even more
conspicuous in view of the lower control values.
Effects of NA were investigated in seven neurons with input from

contralateral group II afferents, five of which were monosynaptically
activated from RF and two monosynaptically activated from ipsilateral
group II afferents. In all of these neurons, the modulatory effects of NA
on the coQ responses were similar to the effects on responses from RF
(facilitated) or from ipsilateral group II afferents (depressed). The
depression of responses from coQ was prompt and in both neurons
the number of responses was reduced to zero during ionophoresis. In
Fig. 5D-F the depression is illustrated with cumulative sums of
responses of an interneuron rather than PSTHs because they allow
a direct comparison of effects of NA on responses evoked from
ipsilateral (black traces) and contralateral (grey traces) group II affer¬
ents.

Contacts between monaminergic nerve fibres and
commissural interneurons

A total sample of 30 commissural interneurons were labelled, seven of
which were selected for detailed morphological analysis. These
included two inlerneurons with input from group II afferent fibres
(and no or negligible input from RF), three interneurons with input
from RF (and no or negligible input from group II afferents) and two
interneurons which were monosynaptically excited from RF and either
monosynaptically or disynaptically by group II afferent fibres. Exam¬
ples of records from neurons of these groups are shown in Fig. 6.
The interneurons were divided into three groups; those with selec¬

tive input from group II afferents or from the RF, and those with input
from both. As shown in Fig. IB, the somata of all of the labelled
commissural interneurons were located in lamina VIII or in the

adjacent area of lamina VII and the three groups were intermingled
within this area. No major differences were found in the extents of their
dendritic trees, which extended radially over distances of 570 (240-
1200) mediolaterally, 579 (60-1320) dorsoventrally, and 367 (60—
500) p.m rostrocaudally from the soma (means and ranges for the three
groups, respectively). These dendrites extended from the medial to the
lateral borders of the grey matter, sometimes reaching into the white
matter. The size ranges of the cell bodies of these interneurons [35.3
(20—55), 39 (25-80), 38.3 (30-52.5) pm. mean diameters and range],
the surface areas of the cell bodies, and the total dendritic lengths (see
Table 1) also overlapped. Another similarity between group II-acti-
vated and RF-activated commissural interneurons is the absence of

ipsilateral axon collaterals. For further information on morphology of
these neurons see Bannatyne et al. (2003).

No major differences were found between the relative proportions
or the distributions of 5-HT- and NA-immunoreactive nerve terminals
in contact with the interneurons with different kinds of input.
Figure 7B-H shows examples of contacts of serotoninergic (red)
and noradrenergic (green) axon terminals with the dendrites of two
labelled interneurons.

Distributions of 5-HT- and NA-immunoreactive terminals in contact

with three different interneurons, representing commissural interneur¬
ons with input from group II afferents, from RF and from both group II
and RF are illustrated in Fig. 8A, D and E. The histograms in Fig. 8B, C
and G show the numbers of contacts at different distances from the

soma (Sholl analysis) for the three cells, illustrating in a quantitative
way that both 5-HT- and NA-immunoreactive terminals made contacts
over the entire dendritic tree of these neurons. In four other cells

analysed in the same way 5-HT- and NA-immunoreactive terminals
were distributed similarly over the dendritic trees (see Table 1).
Table 1 summarizes the morphological data, showing that the

number of 5-HT terminals in contact with dendrites exceeded the

number of NA terminals in all of the seven neurons. In addition, in all
neurons 5-HT-immunoreactive axons could be observed running par¬
allel with labelled dendrites and forming several appositions, while
only single NA-containing varicosities were found in contact with
either cell bodies or dendrites.

Discussion

These results extend previous observations on the monoaminergic
modulation of transmission from peripheral afferenls to spinal inter¬
neurons (Bras et al., 1989; Jankowska et al., 2000; Hammar &
Jankowska, 2003) and reveal modulation of transmission between
descending fibres from the reticular formation to lumbar commissural
interneurons. They show that both 5-HT and NA potently modulate the
activation of lamina VIII commissural interncurons and that activation

of commissural interneurons from group II muscle afferents and from
the reticular formation is differently affected by NA. This indicates not
only the importance of monoamines for modifying motor outputs that
engage both halves of the spinal cord, but also that reflex movements
and centrally initiated movements sources may be modulated differ¬
ently, dependent on context.

Differential 5-HT and NA modulatory actions
The different patterns ofmodulation seen to responses evoked from the
RF and from group II afferents by NA and 5-HT are striking. Two
possible mechanisms might be considered. The first is that mono¬
amines modulate transmission from group II afferents and from des¬
cending reticulospinal tract fibres to commissural interneurons
differently, acting presynaptically on the terminals of group II afferents
and reticulospinal neurons. However, responses were rarely evoked
from both of these sources in any single commissural neuron, so a
second possibility is that the monoamines may have different post¬
synaptic effects on different subpopulations of commissural interneur¬
ons.

At first glance, the commissural interneurons had dominant input
from either group II afferents or RF fibres. In extracellular records,
commissural neurons were only discharged by one of these inputs (and
could hence be tested with ionophoresis only for that input). Closer
inspection of the responses in intracellular recordings revealed, how¬
ever, that in a small proportion of the interneurons both group II
afferents and RF fibres evoked responses at short latency. For example
some of the commissural interneurons in which large monosynaptic
EPSPs were evoked by RF stimulation also had smaller EPSPs from
group II muscle afferents, and vice versa. In most cases it was difficult
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to determine whether the smaller additional EPSPs were evoked mono-
or disynaptically. It was also difficult to exclude the possibility that
these neurons also had input from other sources that were not tested
(e.g. from group II afferents of iliopsoas; Aggelopoulos el al., 1996a).
The subdivision of lamina VIII interneurons into three subpopulations
reflects the input patterns we have seen. However, these commissural
interneurons might also be considered to constitute one population of
interneurons, in which input from group TI afferents and descending
tract neurons (reticulospinal as well as vestibulospinal; see Krutki
et al., 2003) is distributed to individual interneurons in different
combinations. The latter organization would resemble distribution
of inputs to interneurons in pathways from group I afferents (Harrison
& Jankowska, 1985) and from group II afferents (Edgley, 2001). The
similar morphological characteristics of the commissural interneurons
with input from group II afferents and those with input from RF would
be consistent with this idea. As shown in Results, the locations, soma
sizes, extents of dendritic trees, axonal projections and distributions of
immunoreactive 5-HT and NA axon terminals were similar for the

neurons with different input patterns.
If distinct subpopulations of commissural neurons expressed dif¬

ferent subclasses of NA receptors, the different effects of NA on

responses evoked from RF and from group II afferents could be
explained by different postsynaptic modulatory actions. The similarity
between the effects of 5-HT and NA on responses evoked from
contralateral groupTT afferents, both in neurons with input from
ipsilateral group II afferents (which were depressed) and in neurons
with input from the RF (which were facilitated) suggests that the
actions of NA are generally postsynaptic, because NA was applied
ionophoretically close to the commissural interneuron on one side of
the spinal cord and could therefore not act directly on the terminals of
contralateral group II afferents, which were on the other side of the
spinal cord. The possibility that the actions were predominantly
postsynaptic is also supported by the analysis of the distribution of
immunoreactive 5-HT and NA axon terminals, both of which have
been found to make contacts with commissural interneurons, with
similar distributions. The presence of these contacts indicates that at
least some of the observed effects of monoamines are exerted post-
synaptically. Postsynaptic actions could be mediated not only by the
considerable number of 5-HT contacts but also by the scarcer NA
contacts, especially as postsynaptic actions of NA could also be evoked
by volume transmission (see, e.g., Ridet et al., 1993).
However, the fact that responses evoked from group II afferents

were depressed while responses evoked from RF were facilitated by
NA is difficult to reconcile with different postsynaptic actions on
individual intcrneurons within a single neuronal population. An alter¬
native explanation might therefore be that NA facilitates activation of
all commissural interneurons by postsynaptic actions but these post¬
synaptic actions (resulting in enhancement of responses of RF origin)
are associated with strong presynaptic depression of transmission from
group II afferents. The depression of polysynaptic actions from con¬
tralateral group II afferents by NA, could likewise be caused by
presynaptic actions on the terminals of spinal interneurons that med¬
iate them.

Previously it was reported that, although the overall effect of
noradrenaline was facilitation of transmission from group I afferents,
opposing effects, mediated by different subclasses of receptors, were
found on interneurons in pathways from group I afferents (Hammar &
Jankowska, 2003) and on ventral spinocerebellar tract neurons
(Hammar et al.. 2002) where a, and (3 receptor agonists facilitated
and ot2 receptor agonists depressed responses. In keeping with the
possibility of presynaptic depressive actions via a2 receptors, a2

receptors have been reported on some primary afferent terminals

containing substance P (Stone et al., 1998) and mRNA for ot2 receptors
has been found in cells in dorsal root ganglia (Nicholas et al., 1993;
Gold et al., 1997). Although morphological studies on feline spinal
cord have failed to reveal axoaxonic contacts between NA-containing
axons and primary afferent terminals (Maxwell & Bannatyne, 1983;
Doyle & Maxwell, 1991) the depressive presynaptic actions of NA on

group II mediated responses might be exerted via volume conductance.

Lack of relationship between the distribution of monoaminergic
contacts and actions of monoamines

Because NA had opposite effects on responses evoked by RF fibres and
by group II afferents, the question arose of whether this might be
related to different relationships between NA-releasing fibres and
commissural interneurons with different inputs. However, no major
differences were found between the different groups of neurons. Both
the total numbers and densities of d.b.h.-immunoreactive contacts on

dendrites and cell bodies were within the same range, and the
distributions of contacts along the dendritic trees were similar.
Previous morphological studies on ipsilaterally projecting inter¬

mediate zone premotor interneurons with input from group II muscle
afferents (Jankowska et al., 1997; Maxwell et al., 2000) revealed a
similar pattern of monoaminergic contacts to that found in commis¬
sural interneurons. Data for the ipsilaterally projecting intermediate
zone interneurons are included at the bottom of Table I for compar¬
ison. In both cases the average number of serotoninergic contacts was
at least three times higher than that of noradrenergic contacts, and
appositions were mainly made on dendrites where they were distrib¬
uted along the dendritic tree, whereas none or only very few contacts
were found on the soma. Again, these similarities did not match the
differences in the modulatory effects of monoamines upon the ipsi¬
laterally projecting intermediate zone interneurons (which were

depressed by NA and either facilitated or depressed by 5-HT
(Jankowska et al., 2000). Taken together, these studies indicate that
differences in modulatory actions of monoamines are unlikely to be
reflected in the gross morphology or distribution of contacts, but more
probably reflect the existence of different pre- and/or postsynaptic
membrane receptors which determine the ways that these neurons

respond.

Functional considerations

In several studies, especially those on highly reduced in vitro prepara¬
tions, the effects of monoamines are primarily considered with respect
to the activity of spinal neurons related to rhythmic motor activities
such as locomotion or scratching (Cazalets et al., 1990; Barbeau &
Rossignol, 1991; Cazalets et al., 1992; Kiehn et al., 1999; Schmidt &
Jordan, 2000). Previous observations on commissural interneurons
activated by reticulospinal tract fibres likewise related their activity to
locomotion (Matsuyama & Mori, 1998; Mori et al., 1998) and this
possibility has also been suggested with respect to commissural
interneurons with group II input (Jankowska & Noga, 1990). The
modulatory actions of monoamines on commissural interneurons
might thus be considered in terms of assisting either the initiation
or the control of locomotion. If so, the depression of activation of
commissural interneurons from group II afferents by NA could repre¬
sent another example of the weakening of reflex actions of group II
muscle afferents during locomotion (Shefchyk et al., 1990; Perreault
et al., 1995; Perreault et al., 1999) and facilitation of their activation
from RF as an expression of strengthening of the central drive via these
neurons. In relation to the potential role of these neurons in locomo¬
tion, Rossignol and colleagues have shown that manipulation of
noradrenergic receptors intraspinally in the same segments that contain
the commissural neurons can powerfully influence the expression of
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locomotor activity: the a2 agonist clonidine promotes locomotor
activity and the 0*2 antagonist yohimbine depresses locomotor activity
(Marcoux & Rossignol, 2000: Rossignol et al., 2002).
However, there are no reasons for linking activity of these com¬

missural intemeurons to only one kind of motor activity, because all
known spinal neurons subserve a variety of centrally or reflexly
initiated reactions (see Jankowska, 2001) Serotonin-releasing neurons
could increase the probability of activation of commissural neurons
involved in any movements that require coordinated activity of left and
right limbs. Noradrenaline releasing neurons might on the other hand
be more specifically involved in adjusting the operation of neuronal
networks that are activated by muscle spindle afferents, either rhyth¬
mic, phasic or tonic, and in ensuring an appropriate degree of con¬
traction following muscle stretch. Even though the effects of serotonin
on various subpopulations of commissural interneurons appears to be
less differentiated, differentiated effects may be induced by changing
the balance between the direct actions of commissural interneurons
and indirect actions mediated via other interneurons. An interesting
example has been recently reported by Butt & Kiehn (2003) who
showed that polysynaptic inhibition of contralateral motoneurons by
commissural interneurons in neonatal rats may be replaced by mono¬

synaptic excitation when the actions of the interneurons mediating the
inhibition arc eliminated by 5-HT.
A change in the balance between excitatory and inhibitory actions of

commissural interneurons may be one of the main mechanisms behind
the selection between the various patterns of crossed actions of group TI
afferents. As shown by Aggelopoulos and coworkers (Aggelopoulos
el al., 1996b), activity of descending serotoninergic pathways is
required for the expression of crossed inhibition of group II origin
(see Introduction). The facilitation of responses of commissural inter¬
neurons evoked by group II afferents by ionophoretically applied 5-HT
is entirely in keeping with this mechanism. However, because the
effects of 5-HT on all of the commissural neurons tested were so

consistent, and because both excitatory or inhibitory commissural
neurons exist (Bannatyne et al., 2003), 5-HT should facilitate activa¬
tion of both excitatory and inhibitory commissural neurons. For
differential modulation of actions of the excitatory and inhibitory
subpopulations of these neurons it would therefore be particularly
interesting if the parallel depressive actions of NA were primarily
targeted to inhibitory commissural interneurons with dominant
group II input whereas the excitatory commissural intemeurons were
coexcited by reticulospinal tract fibres and therefore likely to be more

effectively activated.
Furthermore, it should be borne in mind that transmission from

group II afferents is modulated not only by monoamines but also by the
presynaptic actions of GABAergic interneurons with input from
group IT and cutaneous afferents, which are themselves also under
monoaminergic control. Monoamines might thus have additional
effects by either enhancing or weakening presynaptic inhibition at
the level of synapses between group II afferents and commissural
interneurons (Riddell et al., 1993; Riddell el al., 1995; Maxwell &
Riddell, 1999) or at the level of intervening neurons in parallel
pathways (Jankowska et al., 2002a; Edgley et al., 2003). The selection
and modulation of reflex actions from group II muscle afferents will
thus depend on actions of monoamines at multiple sites within the
pathways from these afferents.
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AXON TERMINALS POSSESSING a2C-ADRENERGIC RECEPTORS
DENSELY INNERVATE NEURONS IN THE RAT LATERAL SPINAL
NUCLEUS WHICH RESPOND TO NOXIOUS STIMULATION

M. J. OLAVE AND D. J. MAXWELL*

Spinal Cord Group, Room 188. West Medical Building, Institute of
Biomedical and Life Sciences, University of Glasgow, Glasgow G12
8QQ, UK

Abstract—The lateral spinal nucleus (LSN) in the rat spinal
cord contains projection neurons that are densely innervated
by peptidergic varicosities which probably originate from
spinal interneurons. The a2C-adrenoceptor (a2C-AR) is
present on axon terminals in this nucleus and therefore nor¬
epinephrine is likely to modulate input to LSN neurons. We
investigated the involvement of LSN neurons in nociceptive
transmission and their relationship with axons that possess
a2C-ARs. Double-labeling immunostaining experiments
showed that a2C-ARs are present on axon terminals of exci¬
tatory and inhibitory interneurons that frequently contain co-
localised peptides. Electron microscopy revealed that
a2C-AR terminals are presynaptic to dendrites and somata of
LSN neurons and predominantly form asymmetric synapses.
We retrogradely labeled LSN neurons that project to
the caudal ventrolateral medulla and combined this with in¬
duction of c-Fos expression by peripheral noxious thermal
stimulation along with immunolabelling for the «2C-AR and
the substance P (neurokinin-1) receptor. This enabled us to
identify neuronkinin-1 projection neurons in the LSN that
express c-Fos and to determine if such cells receive contacts
from a2C-AR terminals. The results show that some LSN
neurons are activated by noxious stimulation and that this
input is likely to be modulated by norepinephrine acting on
a2C-ARs which are present on axon terminals that are pre¬
synaptic to LSN neurons. © 2004 IBRO. Published by Elsevier
Ltd. All rights reserved.

Keywords: nociception, projection neurons, norepinephrine,
neurokinin-1 receptor, immunocytochemistry, confocal mi¬
croscopy.

The lateral spinal nucleus (LSN) is found within the dorsal
lateral funiculus at all four levels of the rat spinal cord.
However, the LSN is not present in all species; indeed it is
found mainly in rodents such as the rat or guinea-pig, and
'Corresponding author. Tel: +44-141-339-8855x0994; fax: +44-141-
330-2868.
E-mail address: david.maxwell@bio.gla.ac.uk (D. J. Maxwell).
Abbreviations: a2C-AR, a2C-adrenergic receptor; CGRP, calcitonin
gene-related peptide; ChAT, choline acetyltransferase; CSF, cerebro¬
spinal fluid; CTb, cholera toxin B subunit; CVLM, caudal ventrolateral
medulla; DAB, 3,3'-diaminobenzidine; D(JH, dopamine (3-hydroxylase;
FITC, fluorescein isothiocyanate; GAD, glutamic acid decarboxylase;
Gly-T2, glycine transporter 2; HRP, horseradish peroxidase; IB4,
isolectin B4; IgG, immunoglobulin G; IR, immunoreactive; LSN, lateral
spinal nucleus; NE, norepinephrine; NeuN, neuronal nuclear protein;
NK-1, neurokinin-1 receptor; NOS, nitric oxide synthase; PBS, phos¬
phate-buffered saline; SP, substance P; VGLUT, vesicular glutamate
transporter; 5HT, serotonin.

is apparently not present in rabbit, cat or human (Gwyn
and Waldron, 1968, 1969). This nucleus differs from the
superficial dorsal horn in the nature of its neuropil. The
LSN area contains rostrocaudal myelinated axons, unmy¬
elinated axons and cell bodies encrusted with boutons. On
occasions dendrites extend laterally and almost appear to
appose the pial surface (Bresnahan et al., 1984). LSN
neurons have multipolar and fusiform cell bodies with non-
oriented dendrites (Giesler et al., 1979a). Electrophysio¬
logical studies indicated that LSN neurons are not directly
activated by cutaneous stimulation (Giesler et al., 1979b;
Menetrey et al., 1980), but that some are responsive to
innocuous movement of joints and deep tissue (Menetrey
et al., 1980). Additionally, neurons in the LSN have no
spontaneous activity and possess axons with slow conduc¬
tion velocities (unmyelinated range) that project contralat¬
eral^ (46%) and bilaterally (40%; Menetrey and Besson,
1981). Neurochemically, LSN cells were first reported to be
positive for acetylcholinesterase but immunocytochemical
studies have not confirmed this and later evidence showed
that this enzyme is not a specific marker for cholinergic
cells (Albanese and Butcher, 1980; Greenfield, 1991). LSN
neurons contain substance P (SP; Hokfelt et al., 1977;
Giesler and Elde, 1985). Leah and co-workers (1988) in¬
vestigated ascending tract cells in the rat lumbosacral cord
containing neuropeptides. Approximately 90% of these
peptidergic projection cells congregated within the LSN,
and in the region surrounding the central canal. The LSN
peptidergic neurons contained vasoactive intestinal pep¬
tide, bombesin, SP, and dynorphin and were reported to
project mainly contralateral^. LSN neurons project through
diverse tracts, including, the spinoreticular tract, spinomes-
encephalic tract (Menetrey et al., 1982; Pechura and Liu,
1986), spinosolitary tract (Menetrey and Basbaum, 1987;
Leah et al., 1988) and the spinohypothalamic tract (Bur-
stein et al., 1990). An additional characteristic of the LSN is
the presence of considerable' numbers of peptidergic var¬
icosities. The plexi of SP, enkephalin, dynorphin, soma¬
tostatin and FMRF amide (neuropeptide Y-like substance)
present in the LSN were not affected following experimen¬
tal lesions that interrupted primary afferent or descending
pathways, indicating that the peptidergic afferent input to
the LSN arises from the same or nearby segmental levels
of the spinal cord (Jessel et al., 1978; Larabi et al., 1983;
Seybold and Elde, 1980; Giesler and Elde, 1985; Cliffer et
al., 1988). Not much is known about the function of
the LSN; however, previous work indicated that a2C-

adrenergic receptors (a2C-ARs) are present on axon ter¬
minals in the LSN (Stone et al., 1998; Olave and Maxwell,

0306-4522/04$30.00+0.00 © 2004 IBRO. Published by Elsevier Ltd. All rights reserved,
doi: 10.1016/j.neuroscience.2004.03.049
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2002), which suggests that norepinephrine (NE) is likely to
modulate input to LSN neurons by acting at these termi¬
nals.

We investigated the neurochemical profile and mor¬
phological properties of a2C-AR-immunoreactive (IR) ter¬
minals by using confocal microscopy and electron micros¬
copy, respectively. To study the neurochemical profile of
a2C-AR-IR terminals we used double-labeling immunocy-
tochemistry and quantified patterns of colocalisation of the
receptor with diverse markers that label axons of primary
afferent, descending systems and populations of inhibitory
and excitatory interneurons. In addition, we investigated
the involvement of LSN neurons in nociceptive transmis¬
sion by studying the expression of c-Fos following appli¬
cation of a thermal nociceptive stimulus peripherally (Hunt
et al., 1987). The sample included neurons retrogradely
labeled from the caudal ventrolateral medulla (CVLM) with
the b subunit of cholera toxin (CTb). Finally quintuple
immunocytochemistry for neuronal nuclear protein (NeuN),
c-Fos, the neurokinin-1 receptor (NK-1), CTb and the
a2C-AR was used to investigate diverse populations of
LSN neurons and their relationship with axons that pos¬
sess a2C-ARs.

EXPERIMENTAL PROCEDURES

Double-labeling immunocytochemistry for confocal
microscopy
Three male Wistar rats (250 g; Harlan, Loughborough, UK) were
deeply anesthetized with sodium pentobarbitone (1 ml of 60 mg/
ml, i.p.) and perfused through the left ventricle with saline followed
by a fixative containing 4% formaldehyde in phosphate buffer pH
7.6. All animal procedures were conducted according to British
Home Office regulations and steps were taken to avoid suffering
and minimize the numbers of animals used in the experiments.
The L4 lumbar segment was removed from each animal and
postfixed in the same fixative solution for 8 h. Transverse sections
(50 |xm thick) were cut with a Vibratome. Sections were treated
with 50% ethanol (30 min) to enhance antibody penetration, which
was followed by blocking in 10% normal donkey serum for 1 h.
Double-labeling immunofluorescence was performed with a guin¬
ea-pig anti-a2C-AR antiserum (diluted 1:500; Neuromics, Minne¬
apolis, USA; see Stone et al., 1998 for details) which was incu¬
bated for 48 h with each one of the following antisera: rabbit
anti-dopamine (3-hydroxylase (D(3H; 1:500), rabbit anti-serotonin
(5HT; 1:200), rabbit anti-calcitonin gene-related peptide (CGRP;
1:500; all from Affiniti, Exeter, UK), rat anti-SP (1:200; Sera-Lab,
Loroughborough, UK), rabbit anti-neurotensin (1:1000), rabbit an-
ti-somatostatin (1:1000), rabbit anti-met-enkephalin (1:500), rabbit
anti-neuropeptide Y (1:500), rabbit anti-galanin (1:500; all from
Peninsula Laboratories, St. Helens, UK), goat anti-choline acetyl-
transferase (ChAT; 1:100), rabbit anti-nitric oxide synthase (NOS;
1:500; both from Chemicon, Harrow, UK), sheep anti-glutamic
acid decarboxylase (GAD; 1:400; Oertel et al., 1982) and rabbit
anti-glycine transporter 2 (Gly-T2; 1:2500; Zafra et al., 1995);
rabbit anti-vesicular glutamate transporter one (VGLUT1; 1:5,000)
and rabbit anti-vesicular glutamate transporter 2 (VGLUT2;
1:5000), which are markers for glutamate (Takamori et al., 2000;
Varoqui et al., 2002; both obtained from Synaptic Systems, Got-
tingen, Germany) and goat anti-CTb (1:5000; List Laboratories,
CA, USA), which was used to label myelinated primary afferent
terminals (see below). The anti-a2C-AR antiserum was also incu¬
bated with biotinylated isolectin B4 (IB4; Sigma-Aldrich, Dorset,
UK) for 72 h (1:200), which predominantly labels unmyelinated

non-peptidergic primary afferent fibers (Silverman and Kruger,
1990). Sections were rinsed and incubated for 3 h in solutions
containing species-specific secondary antibodies (all raised in
donkey and diluted 1:100) coupled to fluorophores: fluorescein
isothiocyanate (FITC), to identify a2C-AR immunoreactivity, or
rhodamine-red to identify the marker (Jackson ImmunoResearch,
Luton, UK). The presence of the IB4 lectin was identified by
incubating sections in avidin-rhodamine for 3 h (1:1000). Antibod¬
ies were diluted in phosphate-buffered saline (PBS) containing
0.3% Triton X-100 and 1% normal donkey serum. Following the
incubations, sections were mounted in anti-fade medium
(Vectashield; Vector Laboratories, Peterborough, UK) and stored
in a freezer at -20 °C.

Labeling of myelinated primary afferent terminals in
the lumbar spinal cord

Three male Wistar rats (250 g; Harlan) were deeply anesthetized
with halothane and the left sciatic nerve was exposed. A glass
micropipette was inserted into the nerve and 4 pi of 1% CTb (List
Laboratories) was pressure-injected into the nerve over a period
of several minutes in order to label terminations of myelinated
primary afferents (LaMotte et al., 1991; Rivero-Melian et al.,
1992). The muscle and skin were then sutured and the animals
were allowed to recover from the anesthetic. Three days later, the
animals were deeply anesthetized with sodium pentobarbitone
(1 ml of 60mg/ml ip) and perfused transcardially. Following post-
fixation the tissue was processed for double-labeling as described
above.

Quantitative methods of colocalisation: automated
and visual assessments

Once the sections were mounted, fields from the central part of the
LSN were systematically scanned. Two fields, one from the right
LSN and one from the left LSN (with exception of CTb which was
only scanned from the left LSN i.e. ipsilateral to the sciatic injec¬
tion) were collected from six transverse sections (i.e. 12 fields per
marker from each of the three animals, making a total of 36 fields
per marker). Each field consisted of six pairs of optical sections
gathered sequentially with a x40 oil-immersion lens at 0.5 pm
intervals in the z-axis and a zoom factor of 3. Therefore a total of
216 pairs of images were analyzed with the automated method for
each marker (i.e. six optical sectionsx36 fields). Several of the
markers were absent from the LSN and for this reason they were
not scanned for quantification (i.e. VGLUT1, CTb, NOS, IB4,
CGRP; Fig. 2).

Initially, we applied an automated quantitative method by
using a Kronton KS400 image analysis system (Kontron Elek-
tronik, GmbH), which measures the extent of overlap of a2C-AR
immunoreactivity with immunoreactivity for the various neuro¬
chemical markers. The analysis program converted pairs of opti¬
cal images, corresponding to the same optical plane, into binary
images and calculated the total area occupied with a2c"AR immu¬
noreactivity and the percentage of this area that was masked by
immunoreactivity for the marker (Maxwell et al., 1996). The per¬
centage overlap value estimated for each of the markers is ex¬
pressed as the mean value (±S.D.) of this percentage for the
three animals.

The automated method provides relative (not absolute) val¬
ues and is suitable for comparing proportions of overlap of various
markers. In addition it was decided to apply a visual-assessment
method to produce an accurate estimate of numbers of a2C-AR-IR
puncta that possess immunoreactivity for markers of excitatory
versus inhibitory terminals of interneurons (i.e. VGLUT2 and GAD,
respectively). For this purpose, 100 a2C-AR-IR puncta per animal
(i.e. 300 in total) were sampled from the scanned fields with the
aid of NeuroLucida for Confocal software (MicroBrightField, Inc.,
Colchester, VT, USA). For each animal, a random sample of 10
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boutons per marker was extracted from the third and fourth optical
sections of 10 fields collected. Sampled a2C-AR-IR boutons were
assessed individually to determine if they contained immunoreac-
tivity for the marker. The numbers of double-labeled a2C-AR
puncta were then counted for each animal and the final overall
mean percentage value (±S.D.) was calculated for the three
animals.

Electron microscopy
Three male Wistar rats (250 g; Harlan) were prepared for immu-
noelectron microscopy. The animals were deeply anesthetized
with sodium pentobarbitone (1 ml i.p.) and perfused with saline
followed by a fixative containing 1% glutaraldehyde and 1% form¬
aldehyde in phosphate buffer (pH 7.6). L4 segments were re¬
moved and placed in the same fixative for 8 h. L4 segments were
cut into 50 pm transverse sections with a Vibratome. The sections
were treated with 50% ethanol for 30 min to improve antibody
penetration and then with 1% sodium borohydride for 30 min to
counteract the effects of glutaraldehyde. After blocking in 10%
normal donkey serum for 1 h, sections were incubated for 48 h in
guinea-pig anti-a2C-AR antiserum (1:2500; Neuromics), rinsed in
PBS and then placed for 2 h in biotinylated donkey anti-guinea-pig
immunoglobulin (1:500; Jackson ImmunoResearch). Primary and
secondary antibodies were diluted in PBS supplemented with 1%
normal donkey serum. After a further rinse in PBS, sections
were incubated in avidin-biotin-horseradish peroxidase (HRP)
complex (Vector Elite) for 1 h and then reacted with 3,3'-
diaminobenzidine (DAB) in the presence of hydrogen peroxide to
reveal peroxidase activity, i.e. HRP. The processed sections were
treated for 30 min with 1% osmium tetroxide in phosphate buffer,
dehydrated in a series of acetone solutions, stained en bloc with
uranyl acetate and flat-embedded between acetate foils in Durcu-
pan resin (Fluka, Buchs, Switzerland). Selected sections were
mounted onto blocks of cured resin and trimmed to include the
LSN. Ultrathin sections were cut with a diamond knife and col¬
lected on Formvar-coated single-slot grids. Sections were exam¬
ined with a Philips CM 100 electron microscope. Analysis involved
qualitative observation of the neuropil in order to characterize
axon terminals labeled with the a2C-AR.

Identification of LSN neurons

Retrograde labeling of spinomedullary neurons and induction
of c-Fos expression. Three male Wistar rats (250 g; Harlan)
were deeply anesthetized (ketamine/xylazine mixture, 7.33 and
0.73mg/100 g i.p.) and an aqueous solution of CTb (200 nl of 1%
CTb; Sigma) was injected stereotaxically within the left CVLM
(co-ordinates anterior-posterior [AP] -4.8; dorsal-ventral [DV]
-0.6; medial-lateral [ML] +2.1; Paxinos and Watson, 1997). Fol¬
lowing 3 days' survival, the animals were prepared for induction of
the immediate early gene c-Fos.

The rats were deeply anesthetized (ketamine/xylazine mix¬
ture, 7.33 and 0.73mg/100 g i.p.) and then the right hind paw
(contralateral to the side of the CTb injection) was immersed in
water at a temperature of 52 °C for a period of 20 s. Evidence
indicates that a CTb injection in the left CVLM labels neurons
predominantly on the right dorsal horn, because most CVLM
neurons are known to project contralaterally (Todd et al., 2000),
and that peripheral noxious stimulation in the right hind limb
induces the expression of c-Fos mainly in neurons in the ipsilateral
dorsal horn, i.e. right, especially in the medial portion of the
superficial dorsal horn (Hunt et al., 1987; Todd et al., 1994a,
2002). Animals were maintained under anesthesia for 2 h. The
corneal reflex was checked regularly and 0.1 ml or 0.2 ml injec¬
tions (ketamine/xylazine mixture) were administered as soon as
any evidence of the reflex was detected. Animals were then
perfused through the left ventricle with saline followed by fixative
containing 4% formaldehyde in phosphate buffer pH 7.6. The L4
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Fig. 1. Stereotaxic injection site in the CVLM. A typical example of an
injection site in a transverse section of the medulla at anterior-poste¬
rior -4.80 mm. Note that the spread of CTb is confined to the CVLM.
Landmarks are defined on the contralateral side of the medulla. AP,
area postrema; Cu, cuneate nucleus; gr, gracile nucleus; LRt, lateral
reticular nucleus; MdV, medullary reticular nucleus, ventral part; ml,
medial lemniscus; py, pyramid; Sp5, spinal trigeminal nucleus; 12,
hypoglossal nucleus.

lumbar segment was removed from each animal and postfixed in
the same solution for 8 h. For the present investigation transverse
sections (50 pm thick) were cut with a Vibratome. Following
fixation, L4 lumbar segments were removed and postfixed for 8 h.
Transverse spinal cord sections (50 pm thick) were cut with a
Vibratome.

Control experiments were carried out in order to demonstrate
that the c-Fos expression is due to the stimulus applied. In the
latter experiments animals were treated following exactly the
same protocol as described above (Induction of c-Fos expression)
with the exception that the stimulus was not applied. Under these
conditions there was almost a complete absence of immunolabel-
ling for c-Fos in the spinal cord. The few c-Fos-IR nuclei found
were generally located in superficial laminae and around the
central canal.

Stereotaxic injection sites were confirmed histologically. Fol¬
lowing perfusion, the medulla was removed from each of the
injected rats and 100 pm thick frozen sections were collected in
serial order. These were incubated with goat anti-CTb antiserum
(diluted 1:5000; List Laboratories) for 16 h and subsequently in
avidin-biotin-HRP complex (Vector Elite) for 1 h. Standard DAB
reactions were performed and sections were dehydrated and
mounted on glass slides. The sections were then examined with a
standard transmission light microscope to determine the extent of
spread of CTb. A typical example of an injection site from one of
the experiments is shown in Fig. 1.

Immunofluorescent labeling of five markers. Quintuple-
labeling immunofluorescence was performed with a guinea-pig
anti-a2C-AR antiserum (diluted 1:500; Neuromics; see Stone et
al., 1998 for details), rabbit anti-NK-1 antiserum (diluted 1:10,000;
Sigma), rabbit anti-c-Fos antiserum (diluted 1:5000; Hunt et al.,
1987), goat anti-CTb antiserum (diluted 1:5000; List Laboratories),
and mouse anti-NeuN antiserum (diluted 1:1000, Chemicon). Af¬
ter a 48 h incubation period, sections were rinsed and incubated
for 24 h in solutions containing four different species-specific
secondary antibodies raised in donkey. Three of them were cou¬
pled to fluorophores: rhodamine-red-anti-guinea-pig immunoglob¬
ulin G (IgG) to identify a2C-AR immunoreactivity; FITC-anti-rabbit
IgG to identify NK-1 receptor and c-Fos immunoreactivity; and
cyanine 5.18-anti-goat IgG to identify CTb (all diluted 1:100). The
fourth secondary antibody was a biotinylated-anti-mouse IgG
which binds to NeuN (diluted 1:500; all obtained from Stratech,
Cambridge, UK). Notice that the NK-1 receptor and c-Fos can be
labeled with the same secondary antibody because they are lo¬
cated in clearly different cellular structures, cell membrane and
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Fig. 2. Lack of CTb, IB4, CGRP, VGLUT1 and NOS in the LSN. (a) An image of the dorsolateral area of the spinal cord obtained by combining
transmitted light with immunofluorescence for the a2C-AR (green). The spinal gray matter can be observed to contain intense green (a2C-AR) labeling.
The adjacent LSN is labeled in the image and also contains a2C-AR immunoreactivity. The inset is a cartoon which shows the relationship between
the LSN (gray shaded area) and the dorsal horn. LWC, lateral white column; II and III, laminae II and III. (b-f) Double-labeling immunocytochemistry
for the a2C-AR (green) and NOS, IB4, CGRP, CTb (injected in the sciatic nerve) and VGLUT1 (ail in red), respectively. Note that no immunoreactivity
(red) is found in the LSN for any of the markers. A similar field to 2a is shown in all images. Scale bar=100 p.m, valid for all images.

nucleus, respectively, which allows distinction of both types of
immunolabelling through the same channel. Following rinsing, the
sections were incubated for 24 h in solutions containing avidin
coupled to the fluorophore Pacific Blue to identify the biotinylated
antibody coupled to NeuN (diluted 1:1000; Molecular Probes,
Leiden, The Netherlands). All antibodies were diluted in PBS
containing 0.3% Triton X-100 and 1% normal donkey serum. Once
rinsed, the sections were mounted in anti-fade medium (Vecta-
shield; Vector Laboratories) and stored in a freezer at -20 °C.

Quantitative analysis. The right and left LSNs were systemat¬
ically scanned using a Radiance 2100 confocal laser scanning mi¬
croscope, equipped with argon/green helium neon/red diode/blue
diode lasers with a X40 oil-immersion lens at 1 p.m intervals in the
z-axis and a zoom factor of 1. Each field included the total extent of
the LSN (1024x1024 pixels=301 X301 p.m) in the transverse plane
and consisted of 20 optical sections that represent a field depth of
20 p.m in the rostro-caudal axis. From each of the three animals, two
fields (one from the left LSN and one from the right LSN) were
scanned from six transverse sections (i.e. a total of 36 fields, 18 from

the left LSN, ipsilateral to the injection site, and 18 from the right LSN,
contralateral to the injection site and ipsilateral to the c-Fos induction
side). The quantitative analysis involved three steps. Firstly, the
number of LSN neurons was calculated by counting the neuronal cell
bodies, which were revealed by NeuN. Secondly, the neurons were
classified into one of the following eight categories according to their
pattern of immunoreactivity:

1. Only IR for c-fos
2. Only IR for CTb
3. Only IR for NK-1
4. Double-labeled for c-Fos and CTb
5. Double-labeled for c-Fos and NK-1
6. Double-labeled for CTb and NK-1
7. Triple-labeled for c-Fos, CTb and NK-1
8. Unlabelled by any of the markers but NeuN
Thirdly, the relationship between LSN neurons and a2C-AR-IR

axon terminals was assessed; only LSN neurons labeled with CTb
and/or NK-1 (i.e. those corresponding to categories 2-7) were
studied since these were the only markers revealing the outline of



M. J. Olave and D. J. Maxwell / Neuroscience 126 (2004) 391-403 395

* V-

♦ <■.+

»

. . i

A - -

M

DBH

AC- -
,

♦ *

. • \
,v

+ •

■ • ;

. ■ •* *>

»
, i

• •' •.

•——1
9

# •

%

5HT

. v A,..
V '

s •
'

. • *

\
—

%*

ChAT

\
f .

. - 7*

*

>
* v

V . K-*

J

0 . . ' ;

GLYT2

'W , • .
- *

\ *
•

f
%

* »

?Vv: , !v
\

•* •'

V • • V
GAL

"

ift w • *
L

t

r v, <. •
•

> . •' -A.'
f'

* *

Fig. 3. Double-labeling of the a2C-AR with D(3H, 5HT, ChAT, Gly-T2 and galanin. Five sets of three images (a-e) obtained from the same optical plane
within the LSN (see inset in Fig. 2a). In each set, the first image shows labeling for the a2C-AR (green), the second image shows labeling of the
corresponding neurochemical marker (red), and the third one is the result of merging both images where no overlap can be detected (notice lack of
yellow color). Scale bar=20 pm, valid for all images.

the cell, which is essential to assess the relationship between the
neuron and the terminals.

Finally, the following calculations were made in order to summa¬
rize the data: 1) the total count of each category of LSN neuron per
experiment; 2) the average and S.D. of each category from the three
experiments; 3) express the average as a percentage to calculate the
proportion of each category of neuron in the LSN. Equivalent calcu¬
lations were done for LSN neurons receiving innervation from a2C-
AR-IR terminals (i.e. CTb and/or NK-1 neurons, categories 2-7).
Statistical comparisons between the values obtained from the left
and right LSNs were made by using Student's t-test. P values less
than 0.05 were considered to be significant.

RESULTS

Neurochemical profile of «2C-AR-IR terminals in the
LSN

The markers used in this investigation are the same as
those used in the superficial dorsal horn by Olave and
Maxwell (2002, 2003). Only 12 of the 17 markers applied

were found in the LSN and consequently quantified. Im¬
ages a-e in Fig. 2, show the lack of labeling in the LSN for
CTb (injected in the sciatic nerve), IB4, CGRP, VGLUT1
and NOS. Examples of LSN fields for the a2C-AR and the
remaining markers are exhibited in Figs. 3 and 4. The
results obtained from both types of quantitative analysis
(i.e. automated or visual) are summarized in the histo¬
grams in Fig. 5.

No overlap of immunoreactivity was found between the
a2C-AR and DpF) or 5-FIT (0.08% and 0.06% respectively)
indicating that neither noradrenergic nor serotoninergic ax¬
ons possess the receptor (Fig. 3a, b). Similarly, markers
for ChAT, which labels cholinergic cells and terminals (Bar¬
ber et al., 1984; Borges and Iversen, 1986; Sheriff and
Flenderson, 1994); Gly-T2, which labels glycinergic termi¬
nals (Zafra et al., 1995); and galanin exhibited minimal
overlap (0.04%, 0.26%, 0.79% respectively; Fig. 3c-e).
The majority of terminals labeled with these markers prob-
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Fig. 4. Double-labeling of the a2C-AR with neuropeptide Y, neurotensin, SP, somatostatin, enkephalin, GAD and VGLUT2. Seven sets of three images
obtained from the same optical plane (a-g) within the LSN (see inset in Fig. 2a). In each set, the first image shows labeling for the a2C-AR (green),
the second image shows labeling of the corresponding neurochemical marker (red), and the third one is the result of merging both images where
overlap can be detected (notice presence of yellow color). Scale bar=20 pm, valid for all images.

ably originate from inhibitory local circuit neurons (Todd
and Spike, 1993). Nevertheless, there was evidence of
moderate overlap of the receptor with neuropeptide Y
(3.22%; Fig. 4a), a marker for axons of inhibitory cells
(Rowan et al., 1993) and neurotensin (4.91%, Fig. 4b),

which is colocalised with glutamate in a population of
excitatory interneurons (Todd et al., 1992, 1994b). Immu-
noreactivity for the receptor also overlapped substantially
with immunoreactivity for SP, somatostatin and enkephalin
(16.41%, 26.62% and 30.10% respectively; Fig. 4c-e).
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Fig. 5. Histograms summarizing the quantification of colocalisation patterns of the a2C-AR in the LSN. Histogram 1 shows the average percentages
of overlap of the a2C-AR with each of the 10 markers. Histogram 2 shows the average frequency of ct2C-AR-IR terminals which colocalise with GAD
or VGLUT2. The majority of a2C-AR-IR puncta were IR for VGLUT2 and a small number were IR for GAD; n=3, error bars=S.D.

Inhibitory versus excitatory <x2C-AR-IR terminals in
the LSN

The visual-assessment quantitative method was applied to
estimate the proportion of a2C-AR-IR terminals that are
likely to be excitatory or inhibitory. The markers VGLUT2
and GAD were used to label terminals of spinal interneu-
rons containing excitatory or inhibitory amino acid trans¬
mitters respectively. The great majority of a2C-AR-IR bou-
tons contained immunoreactivity for VGLUT2 while a mi¬
nority of the a2c-AR-IR axon terminals was associated with
GAD immunoreactivity (Fig. 4f, g). Quantitative analysis
revealed that 82.33±3.51% of a2C-AR-IR boutons contain
VGLUT2 and 10.67±4.16% contain GAD (see Fig. 5, his¬
togram 2).

Ultrastructure of oi2C-AR-IR terminals in the LSN

Observation with the electron microscope in the LSN re¬
vealed a high content of myelinated and unmyelinated axons
along with the presence of neurons surrounded by axon
terminals. Many of these terminals were IR for the ct2C-AR
and formed synaptic contacts on the cell bodies and den¬
drites of LSN neurons. Often many of these synapses could
be identified as asymmetric, but occasionally it was difficult to
determine if they were symmetrical or asymmetrical (Fig. 6).
No axoaxonic arrangements were found.

Relationship of LSN neurons with a2C-AR-IR
terminals

The average number of sampled neurons, as detected by
the neuronal marker NeuN, was very consistent between
experiments and also between the right and left sides of
the spinal cord (right LSN, average±S.D. = 54±5.57; left
LSN, 53±2.79). Examples of LSN neurons corresponding
to some of the categories defined in Experimental Proce¬
dures are shown in Fig. 7. Table 1 lists the percentages

obtained for each of the eight categories of LSN neuron, as
well as the percentage of neurons in each category that
were apposed by a2C-AR-IR terminals. Statistical compar¬
isons of data from the right and the left sides of the lumbar
cord revealed no significant differences in the proportions
of each neuronal population between the right and the left
sides (Student's f-test, P>0.05).

The average percentage of all c-Fos positive cells (i.e.
sum of categories 1, 4, 5 and 7) in the right LSN is similar
to that estimated for the left LSN (23.70±2.65% and
20.73±3.81% respectively). Again, there is very little dif¬
ference between the right (7.51 ±1%) and left
(6.71 ±1.06%) LSN in the proportion of c-Fos projection
cells (i.e. those labeled with c-Fos and CTb corresponding
to categories 4 and 7). Indeed, none of these differences
were found to be statistically significant (Student's f-test,
P>0.05). The total proportion of CVLM projection neurons

(i.e. categories 2, 4, 6 and 7) was slightly higher in the right
LSN (i.e. the side contralateral to the injection site in the
brainstem; 42.77±3.61%), than in the left LSN
(35.37±3.81%). Statistical comparison demonstrated that
this difference is significant (Student's f-test, P=0.035).
Note that the P value is close to 0.05, which suggests that
the difference is significant but not highly significant. In¬
deed, this difference is considerably more obvious in the
dorsal horn (Todd et al., 2000).

A high proportion of LSN neurons were apposed by
terminals positive for the a2C-AR; 90.10±9.07% and
85.06±3.98% of the neurons in the right and left LSN,
respectively. Interestingly, almost all of the retrogradely
labeled NK-1 neurons were innervated by a2C-AR-IR ter¬
minals (right LSN, 100±0%; left LSN, 96.15± 16.65%).
Neurons that were only positive for c-Fos or NeuN, were
not assessed for innervation by a2C-AR-IR axons, because
the outline of the cell was not consistently defined by any
marker.
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Fig. 6. Electron micrographs of a2C-AR-IR profiles in the LSN. All images were obtained from ultrathin sections cut from transverse 50 p.m thick
sections of spinal cord, (a) A low power micrograph of a cell in the LSN; note the numerous myelinated axonal fibers surrounding the cell, (b)
A large a2C-AR-IR terminal (arrows) makes contact with a dendrite (Den) that extends in a mediolateral direction, (c) Several a2C-AR-IR
terminals form synapses with dendrites oriented in the rostrocaudal direction (D1, D2). The areas delineated by the left and right boxes are
shown in a magnified view in d and e, respectively. Both synapses are asymmetric. Scale bars = 5 p.m, a; b=2 |xm, valid for c; d = 0.2 pm, valid
for e.

DISCUSSION

a2C-ARs in the LSN are of spinal origin
The results confirm that a2C-ARs in the LSN are not
present on descending noradrenergic or serotoninergic

terminals, or on myelinated, unmyelinated or peptidergic
primary afferents labeled with CTb, IB4 and CGRP. In¬
deed, the absence of CTb, IB4, CGRP and also VGLUT1
(marker associated with large myelinated primary affer¬
ents; Todd et al., 2003) from the LSN not only indicates
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Fig. 7. Quintuple-labeling for a2C-AR, NK-1, c-Fos, CTb and NeuN in the LSN. (a) A merged image of a transverse section of the LSN built from nine
projected confocal images gathered at 1 p.m steps with a 40x lens (red, a2C-AR [a2C]; green, NK-1 and c-Fos (NK1+c-Fos); blue, CTb). (b-e)
Respectively, immunoreactivities for a2C-AR (a2C); NK-1 and c-Fos (NK1 +c-Fos); CTb; and NeuN corresponding to image a. Independent
visualization is essential for optimal assessment of the pattern of immunoreactivity of the cells and their consequent classification. Diverse categories
of LSN neuron are illustrated; these are indicated by the numbers: 1 only c-Fos-IR; 3 only NK-1-IR; 6 double labeled for CTb and NK-1; 7 triple-labeled
for c-Fos, CTb and NK-1 and 8 only NeuN-IR. Scale bars=20 |o.m.

that the receptor is not present on these types of terminal,
but also implies that LSN neurons do not receive input from
these classes of primary afferent. These results are in
agreement with previous studies. Stone and co-workers

(1998) reported that terminals labeled for the a2C-AR are
of spinal origin, because immunoreactivity for the receptor
is not reduced after rhizotomy or neonatal capsaicin treat¬
ment in the superficial dorsal horn, or in the LSN. In addi-
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Table 1. Percentages of eight categories of LSN neuron3

Average percentage of each category

1 2 3 4 5 6 7 8

Right c-fos CTb nk1 c-fos +CTb c-fos + nk1 CTb+nk1 c-fos+CTb + nk1 NeuN only
Count 13.87 2.89 13.29 0.58 2.31 32.37 6.94 27.75

A2C-input • 2.31 8.09 0.58 2.31 32.37 6.94 *

Left c-fos CTb nk1 c-fos +CTb c-fos + nk1 CTb+nk1 c-fos+CTb+nk1 NeuN only
Count 10.37 2.44 14.02 1.22 3.66 26.22 5.49 36.59

A2C-input * 1.83 8.54 1.22 3.05 25.00 5.49 •k

3 1-8 Indicate the category of LSN neuron: (1) only immunoreactive for c-Fos; (2) only immunoreactive for CTb; (3) only immunoreactive for
NK-1; (4) double-labelled for c-Fos and CTb; (5) double-labelled for c-Fos and NK-1; (6) double-labelled for CTb and NK-1; (7) triple-labelled
for c-Fos, CTb and NK-1; (8) unlabelled by any of the markers but NeuN. Right and left refer, respectively, to the dorsal horn ipsilateral and
contralateral to the side of stimulation. Rows named "Count" indicate the percentages obtained for each of the eight categories of LSN neuron;
rows named "A2C-input" show the percentages of neurons in each category that were apposed by a2C-AR-IR terminals. * These values were
not quantified.

tion, electrophysiological studies suggest that LSN neu¬
rons are unlikely to have direct input from cutaneous pri¬
mary afferents (Giesler et al., 1979b; Menetrey et al.,
1980). This body of evidence indicates that in the LSN, like
the superficial dorsal horn, few if any a2C-AR-IR terminals
originate from primary afferents. Nevertheless, the possi¬
bility that a2C-ARs exist on a subgroup of primary afferents
which are not labeled by CTb, IB4 or CGRP, cannot be
excluded.

Axon terminals possessing a2C-ARs in the LSN are
predominantly excitatory

The visual-assessment method of quantification showed
that in the LSN over 80% of the a2C-AR-IR terminals
also contain VGLUT2, which suggests that a2C-ARs are
present on axons of glutamatergic interneurons which
are presumed to have an excitatory action (Todd et al.,
2003). A small proportion of a2C-AR-IR terminals (ap¬
proximately 10%) was found to contain GAD, which
indicates that these terminals are GABAergic and there¬
fore would be expected to have an inhibitory action
(Todd and Spike, 1993). Observations from the electron
microscopic analysis are in agreement with the latter
results, because the great majority of a2C-AR-IR termi¬
nals form asymmetric axodendritic synapses, which are
likely to be excitatory (Uchizono, 1965). Results from the
automated method further support the findings obtained
with the visual-assessment method. The former method
indicated that a2C-AR immunoreactivity overlaps consid¬
erably with immunoreactivity for neuropeptides (neuro¬
tensin, SP, somatostatin and enkephalin). All of these
markers are associated with high proportions of
VGLUT2 immunoreactivity (Todd et al., 2003). Although
these findings closely resemble the situation in the su¬
perficial dorsal horn, there are two major differences: 1)
The proportion of asymmetric synapses is higher in the
LSN. This could be explained partly by the lack of axo¬
axonic synapses in the LSN. 2) a2C-AR immunoreactiv¬
ity overlaps with SP immunoreactivity in the LSN, and,
as there is no colocalisation with CGRP, this probably
originates from the spinal cord itself. This body of evi¬
dence strongly indicates that although differences exist

between both spinal regions, the majority of a2C-AR-IR
terminals contain glutamate and have an excitatory ac¬
tion in the superficial dorsal horn and in the LSN.

a2C-ARs in the LSN are derived from diverse
subpopulations of spinal interneurons

The results indicate that a2C-AR-IR axons in the LSN
originate from inhibitory and excitatory populations of
interneurons. Based on the colocalisation of the receptor
with the inhibitory markers GAD and neuropeptide Y,
and the lack of colocalisation with Gly-T2, a marker for
glycine (Zafra et al., 1995), we can conclude that, as in
the superficial dorsal horn, the inhibitory population cor¬
responds to the GABA subpopulation of interneurons,
that does not contain glycine, and may also contain
neuropeptide Y (Todd and Spike, 1993; Rowan et al.,
1993). The excitatory population includes several pep¬
tidergic subpopulations of interneurons, which contain
neurotensin, SP, somatostatin and enkephalin. The neu¬
rotensin and somatostatin populations have been shown
to be present in distinct exclusive populations of inter¬
neurons in the dorsal horn (Proudlock et al., 1992) and
therefore they probably represent distinct excitatory
subpopulations in the LSN, as peptidergic terminals in
this nucleus are likely to arise from the same or nearby
segmental levels of the spinal cord (Jessel et al., 1978;
Larabi et al., 1983; Seybold and Elde, 1980; Giesler and
Elde, 1985; Cliffer et al., 1988). Conversely, SP, soma¬
tostatin and enkephalin colocalise in the dorsal horn
(Todd and Spike, 1993). Indeed preliminary observa¬
tions indicated that SP and enkephalin colocalise con¬
siderably in the LSN and enkephalin is known to colo¬
calise to a great extent with somatostatin (Todd and
Spike, 1993), which suggests that a considerable pro¬
portion of the a2C-ARs in the LSN is likely to be derived
from an interneuronal subpopulation that expresses the
three peptides. Results from a previous study (Olave
and Maxwell, 2002) of the neurochemical profile of a2C-
AR-IR terminals in the superficial dorsal horn are very
similar to the present results in the LSN; but there is one
significant difference. Overlap of immunoreactivity be¬
tween the a2C-AR and SP is found in the LSN, while it is
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absent in the superficial dorsal horn. This divergent
observation indicates that a specific population of SP-
containing interneurons innervates the LSN and that this
population has a2C-ARs on their terminals.

LSN neurons are innervated by axon terminals
possessing a2C-ARs

Many of the LSN neurons assessed (i.e. NK-1 and/or
CVLM neurons) were found to receive innervation from
a2C-AR-IR terminals. Indeed, almost all NK-1 projection
neurons in the LSN received this type of innervation, which
is approximately twice the number found in lamina I (Olave
and Maxwell, 2003). Ultrastructural observations showed
that a2C-AR-IR terminals are presynaptic to cell bodies and
dendrites of LSN neurons and that they predominantly
establish asymmetric synapses with their postsynaptic tar¬
gets. These findings are in agreement with previous elec¬
tron microscopic studies of the LSN. Bresnahan and co¬
workers (1984) reported that SP and enkephalin-IR bou-
tons in the LSN form asymmetric synapses on LSN
neurons. This evidence suggests that NE may have a very
powerful influence in the modulation of LSN neurons and,
in particular, NK-1 neurons projecting to the CVLM.

LSN neurons are activated by noxious stimulation

The presence of immunoreactivity for the immediate early
gene c-Fos in nuclei of the LSN indicates that thermal
noxious stimulation activates a proportion of LSN neurons.
Although NK-1 projection neurons which expressed c-Fos
were not very numerous, the presence of such neurons is
likely to be meaningful because omission of the thermal
stimulus in the control experiment resulted in lack of c-Fos
expression, and hence the c-Fos detected was probably
induced by the noxious stimulation applied. In addition, the
mechanism of cellular activation, as detected by c-Fos,
would be expected to be different from that occurring in the
dorsal horn for several reasons. Firstly, direct cutaneous
primary afferent input to LSN neurons has not been de¬
tected. Secondly, LSN cells were activated bilaterally and
no significant difference was found in the proportions of
c-Fos-IR neurons in the right and the left LSNs, i.e. ipsi-
lateral and contralateral to the side where noxious periph¬
eral stimulation was applied. This differs from the situation
in the superficial dorsal horn where the highest concentra¬
tion of c-Fos-IR neurons is located in the dorsal horn

ipsilateral to the peripheral stimulation (Hunt et al., 1987;
Todd et al., 1994a, 2002).

Possible mechanisms of activation

LSN neurons could be activated by descending fibers that
originate from supraspinal nuclei, which in turn are acti¬
vated by ascending fibers of spinal projection neurons
located in the superficial dorsal horn. There is evidence
that superficial dorsal horn neurons expressing NK-1 acti¬
vate descending pathways, which control spinal excitability
(Suzuki et al., 2002) and hence the bilateral expression of
c-Fos in the LSN could be explained by ascending activa¬

tion of descending systems which project bilaterally to this
nucleus.

LSN neurons could be also activated by spinal neu¬
rons. Grudt and Perl (2002) reported that some lamina I
neurons possess occasional axon collaterals that enter the
dorsal lateral funiculus. Interestingly these neurons have
characteristic thick axons, which course ventrally and
cross contralateral^ to project in the ventral lateral funic¬
ulus. Therefore, it is possible that this type of lamina I
projection neuron is activated directly by primary afferent
input and, in turn, activates LSN neurons through an axon
collateral. Interneurons would be expected to influence the
LSN, since the dense peptidergic input to the LSN is of
spinal origin (Jessel et al., 1978; Larabi et al., 1983; Sey-
bold and Elde, 1980; Giesler and Elde, 1985; Cliffer et al.,
1988) and possibly activate neurons because as indicated
by the present investigation most of this input appears to
be excitatory. Also commissural interneurons could be
involved in the neuronal circuit responsible for bilateral
activation of LSN neurons. Petko and Antal (2000), using
retrograde and anterograde labeling techniques, showed
that neurons in the lateral part of the dorsal horn possess
commissural axons that project to the lateral region of the
dorsal horn on the contralateral side. Careful observation
of their diagrams provides evidence for labeling of neurons
and axons in the LSN, following injections of retrograde
and anterograde tracers, in the lateral dorsal horn. These
observations suggest that neurons in the LSN could be
activated by ipsi- and/or contra-lateral projections from
neurons in the lateral dorsal horn. Furthermore, it is pos¬
sible that the tracer injections partially invaded the LSN (as
appears in the photographs); therefore LSN neurons them¬
selves may project contralaterally and could be activated
reciprocally. At present our knowledge of the mechanisms
that underlie bilateral activation of LSN neurons is very
limited. However, both spinal and descending systems
may be involved in this process.

Additionally or alternatively, LSN neurons may be ac¬
tivated by primary afferents not detected by the methods
used in the present study. Unmyelinated muscle primary
afferent terminals have been identified in the dorsal lateral
white matter of the guinea-pig spinal cord recently (Ling et
al., 2003). It is also possible that the LSN receives visceral
primary afferent input; Sugiura and coworkers (1989) re¬
ported that such fibers terminate in the dorsal lateral funic¬
ulus as a termination area of visceral unmyelinated fibers.

LSN neurons frequently have dendrites that extend
toward the pial surface of the cord where they branch;
transmitters circulating in the cerebrospinal fluid (CSF)
could have an effect on the outermost distal dendrites of
LSN neurons. This is likely since neurons in the dorsal
medial funiculus, which possess similar surface dendrites,
have been reported to respond to neurotransmitters and
drugs injected in the CSF (Abbadie et al., 1999). Drugs in
the CSF are expected to influence the whole of the spinal
cord and indeed this is the basis of intrathecal administra¬
tion of pharmacological compounds through cannulae.
However, under physiological conditions, the concentra¬
tion of neuroactive substances in the CSF is likely to be
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lower and the superficially located dendrites of LSN neu¬
rons could be influenced by neurotransmitters in a more
sensitive manner than most of the spinal gray.

Functional significance

The LSN may function as an integrative nucleus where
neurons could receive inputs from unmyelinated muscle
and visceral primary afferents, neurons and interneurons
in the spinal gray and could be influenced by neurotrans¬
mitters circulating in the CSF as well. Unlike the dorsal
horn, the LSN does not receive cutaneous primary afferent
input and the vast majority of their neurons are densely
innervated by spinal terminals containing a2C-ARs. An¬
other interesting specific property of the LSN is its great
content of peptidergic projection neurons (Leah et al.,
1988). Leah and co-workers (1988) suggested that activa¬
tion of this type of neuron could lead to release of the
peptide/s at supraspinal levels and therefore modulate the
activity of the diverse nuclei to which LSN neurons project.

Although retrograde labeling studies (Giesler et al.,
1979a; Kevetter and Willis, 1983) originally indicated that
LSN neurons do not project to the thalamus, it has recently
been shown by sensitive anterograde labeling methods
that the LSN has specific bilateral projections to the me-
diodorsal thalamic nucleus (Gauriau and Bernard, 2004).
In contrast, dorsal horn cells make sparse projections to
this nucleus. This observation is of interest because the
mediodorsal thalamic nuclei project to the medial and or¬
bital regions of the prefrontal cortex and therefore the
LSN-mediodorsal pathway could have an involvement in
the emotional and cognitive aspects of pain (Gauriau and
Bernard, 2004). Anterograde (Gauriau and Bernard, 2004)
and retrograde (Burstein et al., 1990) labeling studies also
suggest that LSN neurons project to the hypothalamus.
Noxious stimulation, mechanical stimulation of nipples dur¬
ing lactation, changes in temperature of the skin, stimula¬
tion of pelvic and abdominal viscera are known to trigger
the firing of hypothalamic neurons, that in turn regulate
autonomic and neuroendocrine functions such as heart

rate, blood pressure, vasodilation, and feeding, drinking
and satiety behaviors. LSN neurons may also be an ele¬
ment of the circuitry underlying such autonomic and ho-
meostatic functions.
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Membrane Receptors Involved in Modulation ofResponses
ofSpinal Dorsal Horn Interneurons Evoked by Feline Group
II Muscle Afferents

Kimberly J. Dougherty,1 B. Anne Bannatyne,2 Elzbieta Jankowska,1 Piotr Krutki,1 and David J. Maxwell2
1 Department of Physiology, Goteborg University, 405 30 Goteborg, Sweden, and 2Spinal Cord Group, Institute ofBiomedical and Life Sciences, University of
Glasgow, Glasgow G12 8QQ, United Kingdom

Modulatory actions of a metabotropic 5-HT1A&7 membrane receptor agonist and antagonist [(+/—)-8-hydroxy-2-(di-n-propylamino)-
tetralin; JV-[2-[4-(2-methoxyphenyl)-l-piperazinyl]ethyl]-iV-(2-pyridinyl) cyclohexane-carboxamide] and an ionotropic 5-HT3 mem¬
brane receptor agonist and antagonist [2-methyl-serotonin (2-Me 5-HT); N-(l-azabicyclo[2.2.2]oct-3-yl)-6-chloro-4-methyl-3-oxo-3,4-
dihydro-2H-l,4-benzoxazine-8-carboxamide hydrochloride] were investigated on dorsal horn interneurons mediating reflex actions of
group II muscle afferents. All drugs were applied ionophoretically in deeply anesthetized cats. Effects of agonists were tested on extra-
cellularly recorded responses of individual interneurons evoked by electrical stimulation ofgroup II afferents in a muscle nerve. Effects
ofantagonistswere tested against the depression of these responses after stimulation ofraphe nuclei. The results show that both 5-HT,A&7
and 5-HTj membrane receptors are involved in counteracting the activation of dorsal horn interneurons by group II afferents. Because
only quantitative differences were foundwithin the sample of the tested neurons, these results suggest that modulatory actions of5-HT
on excitatory and inhibitory interneurons might be similar. The relationship between 5-HT axons and axons immunoreactive for the
5-HT3a receptor subunit, which contact dorsal horn interneurons, was analyzed using immunofluorescence and confocal microscopy.
Contacts from both types of axons were found on all interneurons, but their distribution and density varied, and there was no obvious
relationship between them. In two of six interneurons, 5-HT3A-immunoreactive axons formed ring-like arrangements around the cell
bodies. In previous studies, axons possessing 5-HT3 receptors were found to be excitatory, and as 2-Me 5-HT depressed transmission to
dorsal horn interneurons, the results indicate that 5-HT operates at 5-HT3 receptors presynaptic to these neurons to depress excitatory
transmission.

Key words: spinal cord; dorsal horn interneurons; membrane receptors; serotonin; group II afferents; confocal microscopy

Introduction
Serotonin (5-HT) modifies the activity ofboth motoneurons and
premotor spinal neurons (for review, see Barnes and Sharp, 1999;
Hochman et al., 2001). The present study was undertaken to
analyze its effects at the level of one particular population of
spinal interneurons involved in coordinating motor responses:
dorsal horn interneurons in pathways between group II muscle
afferents and either ipsilateral or contralateral a motoneurons.

Previous studies have demonstrated that 5-HT is of critical

importance for selecting one of two opposite patterns of re¬
sponses evoked by group II muscle afferents, which involve either
excitation or inhibition of contralateral extensor motoneurons

(Aggelopoulos et al., 1996) rather than the stereotypical crossed
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extension characteristic of spinalized vertebrates (Sherrington,
1906). Dorsal horn interneurons do not contact contralateral
motoneurons but may affect them via lamina VIII commissural
interneurons, which directly excite or inhibit them (Edgley et al.,
2003). The pathway from group II afferents via dorsal horn and
commissural interneurons is thus trisynaptic and supplements
the disynaptic pathway via commissural interneurons, as sche¬
matically indicated in Figure 1 A. 5-HT could modulate crossed
actions ofgroup II afferents at the level ofboth of these interneu¬
rons. However, if modulatory actions of 5-HT on dorsal horn
interneurons (at the level of the top arrow in Fig. 1 A) contribute
to the selection of either excitatory or inhibitory subpopulations
of commissural interneurons, they should involve the same
membrane receptors (5-HT1A and/or 5-HT7) that are implicated
in the switching between the excitation and inhibition of con¬
tralateralmotoneurons by the 5-HT1A 7 receptor agonist (+/—)-
8-hydroxy-2-(di-n-propylamino)-tetralin (8-OH-DPAT) and
the 5-HT1A receptor antagonist N-[2-[4-(2-methoxyphenyl)-l-
piperazinyl] ethyl]-N'-(2-pyridinyl) cyclohexane-carboxamide
(WAY 100635) (Aggelopoulos et al., 1996).

Therefore, the first aim of the study was to determine whether
the effects of 5-HT on dorsal horn interneurons are evoked via

5-HT1A membrane receptors. This was investigated by analyzing
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Figure 1. Diagram of disynapticand trisynaptic pathways between group II muscle afferents
and contralateral motoneurons and the medullary stimulation sites. A, Diagram of connections
between dorsal horn interneurons (DH), lamina VIII commissural interneurons (VIII), and con¬
tralateral motoneurons (co MN), modified from the study by Edgley et al. (2003; their Fig. 1). For
the sake of simplicity, both the excitatory and inhibitory interneurons (Maxwell et al., 1997) are
represented by the two interneurons in the diagram. The arrows indicate sites of modulatory
serotonergic actions investigated in a previous study (Hammaretal., 2004), which were further
analyzed in the present series ofexperiments. B, Stimulation sites in five experiments; these are
superimposed on a scanned image of a transverse section of the medulla at a level correspond¬
ing to the caudal bolder of the supeiior olive (SO) in the plane of the insertion of the electrodes,
agon., Agonist; antagon., antagonist; MLF, medial longitudinal fascicle; Pyr, pyramid; I is, trap¬
ezoid body.

effects of8-OH-DPAT andWAY 100635 on responses of individ¬
ual dorsal horn interneurons evoked by group II afferents. The
second aim was to investigate whether the depression of activa
tion of dorsal horn interneurons by 5 HT may only be mediated
by G-protein-coupled receptors, represented by 5-HT1A mem¬
brane receptors, or also by ligand-gated ion channels (i.e., the
5-HT3 receptors). To answer this question, we analyzed effects of
2-methyl-serotonin (2-Me 5-HT), which is a highly selective
5-HT, receptor agonist. The third aim was to compare the effects
of application of 5-HT agonists by ionophoresis with the effects
of release of5-HT from terminals ofserotoninergic fibers. To this
end, these fibers were stimulated within the raphe nuclei, and a
5-HT1A receptor antagonist (WAY 100635) (Alexander et al.,
2004), a 5-HT3 receptor antagonist [N-(l-azabicyclo[2.2.2]oct-
3-yl)-6-cliloro-4-methyl-3-oxo-3,4-dihydro-2H-l,4-benzoxazine-
8-carboxamide hydrochloride (Y-25130)] (Satoetal., 1992), and
a GABAa receptor antagonist (bicuculline) (Alexander et al.,
2004) were applied locally to differentiate between effects attribut¬
able to 5-HT andGABAergic actions. The fourth aimwas to examine
the relationships between 5-HT and 5-HT3-immunoreactive axon
terminals and the dorsal horn interneurons.

Materials and Methods
Preparation. The electrophysiological experiments were performed on
seven deeply anesthetized eats, weighing 2.1-2.4 kg. The anesthesia was
induced with .sodium pentobarbital (40-44 mg/kg. i.p.) and maintained
with intermittent doses of a-chloralose (doses of 5 mg/kg administered
every 1 2 h, up to 50 mg/kg, i.v.; Rhone Poulenc Sante, Antony, France).
During recording, neuromuscular transmission was blocked by pancu¬
ronium bromide (- 0.2 mg/kg/h i.v.; Pavulon, Organon, Asldm, Swc
den), and the animals were artificially ventilated. An additional dose of
cx-chloralose was given at the first sign ofany increase in the continuously
monitored blood pressure or heart rate or if the pupils dilated. The mean
blood pressure was kept at 100-130 mmHg and the end-tidal concentra¬
tion ofC02 at —4% by adjusting parameters ofartificial ventilation and
the rate of a continuous infusion ofa bicarbonate buffer solution with 5%

glucose (1-2 ml/h/kg). The core body temperature was kept at —38 ° by
servo controlled infrared lamps. The experiments were terminated by
a lethal dose of pentobarbital and a formalin perfusion. All experi
mental procedures were approved by the Coteborg Ethics Committee
and followed National Institutes of Health and European Union
guidelines for animal care.
A preliminary dissection exposed the third to seventh lumbar (L3-L7)

segments of the spinal cord. Two nerves, quadriceps (Q) and sartorius

Q5T

Th

Raphe 11
100 pA
Th —

MLF JL
,0°pA 0.5 ipv
Th

10 ms

Figure 2. Depression of field potentials elicited by stimulation of Q or Sart nerves (at the
indicated intensities) after ionophoresis or raphe stimulation. In A D, control field potentials
(black) and the depressed field potentials (gray) are superimposed; the lowermost records are
from cord dorsum at the L5 level. A, Effects of 8-OH DPAT (1 min). B, Effects of 2-Me 5-HT (1.5
min). C Effects of 5-HT (2 min). D, Effects of raphe stimulation (100 p.A). The depression of the
areas of the early components of these field potentials (between the two vertical dotted lines)
was to 48, 38,51, and 23% of the control. In [-G, the pairs of records are of control field
potentials (black) and of potentials after stimulation within a raphe nucleus and of the medial
longitudinal fascicle 3 mm more dorsal in thesameelectrode track accompanied by records from
the surface of the lateral funiculus at a thoracic (Th) level. MLF, Medial longitudinal fascicle.

(Sart), were mounted in subcutaneous cuff electrodes and one nerve,

deep peroneal (DP), mounted on a pair of electrodes in a paraffin oil
pool. For stimulation of raphe nuclei (in four experiments), the caudal
part of the cerebellum was exposed by a craniotomy, and two tungsten
electrodes 2 mm apart (impedance, 30-150 Kft) were inserted at an
angle of 30° (with the tip directed rootrally). The starting positions were
at Horsley-Clarke coordinates posterior (P) 3 and 5 or P 5 and 7, lateral
0.2 (ipsilaterally), and horizontal 8, but the final positions were adjusted
on the basis of effects of the stimuli on dorsal horn field potentials evoked
by group II afferents taking advantage of the results of a previous study
(Noga et al., 1992). The electrodes were left at locations from which the
depression evoked hy 100 /i A stimuli was to at least 50% of the control
response, and the depression evoked by 200 /u.A stimuli was to <30%. At
the end of the experiments, these sites were marked by passing 0.4 mA
constant current for 10 s. The location of the stimulation sites was sub¬

sequently verified on 100-(an-thick frontal sections of the brain stem cut
in the plane of the insertion of the electrodes using a freezingmicrotome
and counterstained with cresyl violet. These stimulation sites were at the
level of the caudal part of the superior olive (Fig. 1B), or ~1 mm caudal
to it. They overlapped with the nucleus raphe pallidus or werewithin the
border zone between this nucleus and nuclei raphe obscurus and mag-
nus. They overlapped also with the areas from which strongest depres¬
sion of synaptic actions of group II afferents was previously evoked
(lankowska et al., 1993, their Fig. 1; Riddell et al., 1993, their Fig. 2),
although moot were more ventral. The areas contain neurons oynapoing
with motoneurons, as shown by retrograde transynaptic labeling (Alster
mark et al., 1987).
Stimulation and recording. Peripheral nerves were stimulated at inten¬

sities submaximal or near-maximal for group II muscle afferents [0.1 ms
duration, 2.5-5 times threshold (T) for the most sensitive fibers in the
nerve]. For activation of the descending raphespinal tract fibers, trains of
six to eight constant current stimuli (0.2 ms, 75-200 ;uA, 400 Hz, 45-50
mo before nerve stimulation) were applied using a 0.5 mm eloctrolytically
etched tungsten wire, insulated except for its tip as a cathode. Ascending
tract neurons were stimulated at a low thoracic level by pairs ofsilver ball
electrodes in contact with left and right lateral funiculi (transdurally) at
intensities supramaximal for activation of dorsal spinocerebellar tract
fibers (S0.5 mA; 0.2 ms).

Glass micropipettes (tip diameter, — 1.5 /urn) filled with 2 M NaCl solution
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were used for extracellular recording ofboth field
potentials and spike potentials ofthe analyzed in-
terneurons and larger micropipettes (tip diame¬
ter, —2-2.5 /cm) filled with a solution of the in¬
vestigated agents (see details below) for recording
and for application of these agents.
A search was made for interneurons in the

L4-L5 segments of the spinal cord, at dorsal
horn locations at which the most distinct field

potentials were evoked from group II afferents
(Edgley and Jankowska, 1987a). They were dif¬
ferentiated from dorsal horn ascending tract
neurons with the same input (Edgley and
Jankowska, 1987b, 1988) by failure to activate
them antidromically by stimuli applied to the
left and right lateral funiculi at a low thoracic
level. Interneurons responding to stimulation
at thresholds of2.5-5 T and at latencies 1.2-3.0
ms from afferent volleys of group I origin of Q
or Sart and 2.0-4.0 ms ofDP were classified as

interneurons with monosynaptic input from
group II afferents (Edgley and Jankowska,
1987a).
Ionophoresis. The compounds used were

5-HT (0.2 m; Sigma, St. Louis, MO), 8-OH-
DPAT (0.05 m; Sigma), Y-25130 (0.2 m; Tocris
Cookson, Ballwin, MO), 2-Me-5-HT (0.1 m;

Sandoz, Basel, Switzerland), WAY-100635 (0.1
m; Wyeth Ayerst International, Cambridge,
MA), and bicuculline (0.02 m; Sigma). They
were applied in the immediate surrounding of
the interneurons (within 10-50 /cm of the tip
of the recording electrode) by ionophoresis
from a water solution at pH 4.5, using a double-
headed micromanipulator with two separate
microdrives for the recording and the drug-
containing micropipettes (Engberg et al.,
1972). The details of the procedure and the
control experiments have been described pre¬
viously (Jankowska et al., 2000). A 10 nA re¬
taining current was used when the drug-
containing pipette was advanced through the
spinal cord to reduce the possibility of leakage

8-OH DRAT
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Figure3. Effects of8-0H DPAT. Time courseofthe effectsof8-0H DPAT. Ordinate:meansand SEMofthe numbers ofresponses evoked by 20
stimuli areshown. Abscissa: periods ofmeasurements, before and after placement ofthedrug-containing pipette, during 15-3 min of ionophoresis
and during 5—20min of recovery. The plotsare based onmeasurements from 17sequencesofstimulionresponsesofall10dorsal hom intemeurons
investigated, seven ofwhich were activated by stimulation of two nerves (Q and Sart or Q and DP, alternating every 15 s). In the cases in which all
spikeswere abolished before 3 min (n = 8), data pointswere interpolated (leftatO) until electrodewithdrawal. Thegrayarea indicates theduration
of the ionophoresis. All data from 1 min 8-0H DPAT on (including recovery) were significantly different from placement (p< 0.05 for 1 min 8-0H
DPAT and 20 min recoveiy; p < 0.001 for the rest). B, Means and SEM ofthe numbers of responses during two preliminarymeasurements, before
(control) and after (placement) placement ofthe drug-containing pipette, and means ofthe maximal depression during ionophoresis (max drug)
and after 20 -25 min of recovery (max recovery) in individual intemeurons. C, Examples of responses ofa dorsal hom neuron. The records are as
follows (from top to bottom): extracellularly recorded spike potentials ofthe neuron to a single stimulus; peristimulus time histograms of responses
evoked by 20 stimuli before, during, and after 8-0H DPAT iontophoresis; and a record ofthe afferent volley. The horizontal dotted line indicatesthe
discrimination level for construction of peristimulus time histograms. The vertical dotted lines indicate the onset of the afferent volley and the
beginning andthe end ofthe 13-ms-long timewindowwithinwhich the peristimulus time histogramswere compared. D, Time courseofchanges
in responses ofthe intemeuron illustrated inf. Ordinate: number of spikeswithin the indicated timewindow. Abscissa: periods ofmeasurements.

though the tip of the drug-containingmicropi-
pette. Two series of control records of interneuronal responses were
taken before the ionophoresis began: one before the insertion of the
drug-containing pipette (control) and the other when the latter had
reached its position close to the recording pipette but before ejecting the
drug (placement) to make sure that the placement of the micropipette
did not exert anymechanical effects on the neuron. Both the agonists and
antagonists were ejected using 20 nA negative constant current during 3
min while simultaneously recording from the neuron through the re¬

cording micropipette. The shape and the amplitude of a current pulse
applied through the drug-containing pipette were monitored during the
ionophoresis; if higher impedance electrodes (generally 8-20 Mfi)
started to fail to pass currents exceeding 10 nA, the intensity of the cur¬
rent was reduced, and the time of ionophoresis was prolonged to 4 min or
until a plateau of the effects had been reached. In contrast, when neuro¬
nal responses disappeared after 0.5 or 1 min, the ionophoresis stopped
after 1.5 min to increase the probability of recovery within the fast set
time limits of 25 min. After the termination of the ionophoresis, the
drug-containing pipette was withdrawn from the spinal cord, and re¬
sponses of the neurons were recorded every 5 min.
Analysis ofeffects ofmonoamines. Responses to 20 consecutive stimuli

were sampled every 15 or 30 s for as long as the ionophoresis continued
and thereafter every 5 min during the recovery period. Evaluation of the
effect of the ionophoresed substances was made by comparing the num¬
ber of responses evoked by nerve stimulation and any changes in the
latency before, during, and after ionophoresis. Peristimulus time histo¬

grams and cumulative sums were created on-line and stored in parallel
with the original data records. To restrict the data to responses evoked by
monosynaptic actions, thesewere sampled within timewindows of0.8-2
ms (from the earliest responses at latencies compatiblewith a monosynaptic
coupling) with the exception of the five weakest excited interneurons in
which the time window was increased to 2.5 ms. Data are expressed as
means ± SEM. Statistical significance was calculated using Student's t test.
Intracellular labeling and immunocytochemistry. A sample of six intra¬

cellular^ labeled dorsal horn interneurons was obtained from five deeply
anesthetized adult cats to examine the relationship between them and
immunoreactivity for 5-HT and 5-HT3A receptor subunits. Once the
cells were identified according to electrophysiological criteria (see
above), tetramethylrhodamine dextran (Molecular Probes, Eugene, OR)
and/or Neurobiotin (Vector Laboratories, Peterborough, UK) were in¬
jected by passing a constant positive current of 3-5 nA through the
micropipette for 6-10 min (total product, 20-45 nA X min). At the
conclusion of experiments, animals were perfused via the descending
aorta, initially with 0.9% NaCl in 0.1 m phosphate buffer, pH 7.4, and
subsequently with 2 L of fixative containing 4% formaldehyde in 0.1 M

phosphate buffer, pH 7.4 (Hammar et al., 2004). Spinal cord segments
were dissected out and placed in the same fixative for 8 h. Vibratome
sections were cut in the transverse plane, collected in strict serial order,
and mounted on glass slides with Vectashield (Vector Laboratories).
Theywere scanned with a fluorescence microscope to identify individual
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Figure 4. Effects of 2-Me 5-HT. 4, 8, Time course and mean depression evoked by 2-Me 5-HT as in Figure 3, A and 8. The plots
are based on measurements from 15 sequences of stimuli on responses of 11 dorsal horn interneurons, four of which were
activated bystimulation of both Qand Sartnerves. When spikes wereabolished before3 min (n = 5), data points forthe remaining
period before the onset of the recovery were interpolated (taken as 0). All data from current on (p < 0.05) and after [p < 0.01 for
30 s(and 15 min recovery), and p < 0.001 for the rest], with the exception of 20 min recovery, were significantly different from
placement. C, D, Data for one of the interneurons with the same format as in Figure 3, C and D.
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Figure 5. Examples of the effects of 5-HT1A and 5-HT3 receptor antagonists on the depression of activity of dorsal horn
interneurons from raphe nuclei. Records from two interneurons (A-C and D-F) in two experiments are shown. A, D, Top traces,
Extracellular records after stimulation of the Sart nerve. Dotted lines indicate the discrimination level for construction of peri-
stimulus time histograms and cumulative sums. Bottom traces, Parallel records from the cord dorsum at a lumbar level. 8, f, As in
A and D but when the Sart nerve stimulation was preceded by raphe stimulation leading to the disappearance of responses of the
interneurons or to a lower probability of their activation. C, F, Cumulative sums of responses evoked by 20 stimuli, each response
lifting the curve by one step in real time (with the calibration at the bottom in 0- Black, Responses evoked by group II afferents in
the absence of raphe stimuli (test control, corresponding to A and D). Gray, Reduced number of responses evoked when raphe
stimuli preceded stimulation ofgroup II afferents (corresponding to Sand £) before (conditioned control) and during ionophoresis
of the antagonists (after the indicated periods of ionophoresis).

sualized using an anti-rat secondary conjugated
to cyanine 1.58 and for 5-HT3with an anti-rabbit
secondary conjugated to Alexa488. All secondary
antibodies were used at dilutions of 1:100 for 3 h
and were obtained from Jackson ImmunoRe-
search (Luton, UK). The staining properties and
specificity of the antibodies used have been de¬
scribed previously (Stewart and Maxwell, 2000;
Maxwell et al., 2002). The cells were scanned us¬

ing a three-color confocal microscope (Bio-Rad,
Hemel Hempstead, UK), and the distribution of
the immunoreactive terminals was analyzed us¬
ing Neurolucida for confocal software (Micro-
BrightField, Colchester, VT). Putative terminals
were only considered to be in contactwith labeled
cells if they were immediately adjacent with no
intervening black pixels (Bannatyne et al., 2003;
Hammar et al., 2004).
Two of the neurons (labeled with a 2% rhoda-

mine/2% neurobiotinmixture) were analyzed for
the transmitter content of their terminals, as de¬
scribed by Bannatyne et al. (2003). Cell bodies
and dendrites were scanned with a confocal mi¬

croscope using a 20X lens at z intervals of 1 p.m,
and a preliminary reconstruction was made. Sec¬
tions containing terminals were then incubated
(for 48 h) in combinations ofprimary antibodies
raised against the following molecules: either rab¬
bit anti-glutamic acid decarboxylase (GAD65 and
GAD67, 1:1000; to identify GABAergic termi¬
nals); and guinea pig antivesicular glutamate
transporter 2 (VGLUT2,1:5000; to identify gluta-
matergic terminals); or with sheep antiglycine
transporter 2 (GlyT2, 1:1000) or mouse anti-
gephyrin (1:100; to identify glycinergic terminals)
and guinea pig antivesicular glutamate trans¬
porter 1 (VGLUT1, 1:5000; to identify glutama-
tergic terminals). Anti-guinea pig antibodies cou¬
pled to cyanine 1.58 (Cy-5) were used to detect
VGLUT1 and VGLUT2; an anti-rabbit antibody
coupled toAlexa488 to detectGAD, an anti-sheep
antibody coupled to Alexa488 to detect GlyT2, or
an anti-mouse antibody coupled to Alexa488 to
detect gephyrin. All secondary antibodies were
used at dilutions of 1:100 in incubations lasting
3 h and were obtained from Jackson ImmunoRe-
search. After these incubations, the sections were
remounted and scannedwith the confocal micro¬

scope using a Fluor 40X oil immersion lens. Se¬
ries of images ofaxonal swellings were gathered at
zoom factors of2-5 X and at z intervals of0.5 p-m.
Terminals were then examined in both single op¬
tical sections and merged images to determine
which of the markers were present.

cells labeled with tetramethylrhodamine dextran. Short series of sections
containing well-labeled cells were incubated in avidin-rhodamine (1:
1000) for 3 h in phosphate buffer supplemented with Triton X-100 to
reveal Neurobiotin. Sections containing cells were then incubated for
48 h with rat anti-5-HT antibodies (1:200; Affiniti Research Products,
Nottingham, UK) and rabbit anti-5-HT3A subunit antibodies (1:200;
Oncogene Research Products, Cambridge, MA). The presence of anti-
body-antigen complexes was identified by using secondary antibodies,
which were raised against immunoglobulins of the species from which
the primary antibodies were obtained. Immunoreactivity for 5-HT was vi-

Results
Effects of a 5-HT1A 7 and a 5-HT3
receptor agonist on responses of dorsal
horn interneurons

Effects of both 5-HT agonists on individual interneurons were
tested using standard parameters of iontophoresis, which re¬
sulted in the depression of monosynaptic focal field potentials
evoked by group II afferents in the dorsal horn to ~50% (within
a time window of 0.7-1 ms from the onset). These are illustrated
in Figure 2, A (for 8-OH DPAT) and B (for 2-Me 5-HT), where
they can be compared with the depression evoked by 5-HT (C).

The effects of 8-OH DPAT were tested on 10 dorsal horn
interneurons and in nine of these, a considerable depression of
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activation by group II afferents was found.
Figure 3, A and B, shows that during 3 min
of ionophoresis, the mean number of re¬
sponses evoked by 20 stimuli decreased
from 15.0 ± 1.5to3.1 ± 1.0spikes(26.7 ±
9.4% of control). When calculated, only
for the nine cells in which it occurred, the
depression was to 14.5 ± 4.9%. The mean
recovery was to 8.0 ± 1.8 (47.7 ± 13.6%).
The depression started within the first 0.5
min of ionophoresis and often continued
to increase during the successive 5 min af¬
ter the end of ionophoresis, as if the max¬
imal depression required diffusion of
8-OH DPAT along the great part of the
dendritic tree. The deepening of the de¬
pression after ionophoresis is also illus¬
trated with changes in responses of an in¬
dividual interneuron in Figure 3C. The
recovery was rather slow, but its beginning
was seenwithin 20 -25min after the end of
the ionophoresis in all ofthe interneurons.

Effects of2-Me 5-HT were tested on 11

dorsal horn interneurons and were shown
to be similar to those of 8-OH DPAT.
Mean numbers of responses to 20 stimuli
went from 14.3 ± 1.6 to 3.2 ± 0.8 during
ionophoresis and recovered to 10.7 ± 1.3.
This depression was found in 10 of these
cells (i.e., in a similar percentage as after
8-OH DPAT ionophoresis and to a similar
degree, to 27.2 ± 5.7%, in the whole sam¬
ple and to 22.6 ± 1.4% in those in which
the depression occurred). In view of not
quite comparable general conditions of
ionophoresis (Krnjevic, 1971), the com¬
parison of the time course ofdepression in
Figures 3A and 4A may not be reliable, but
it suggests a faster manifested effect of
2-Me 5-HT (just after placement and be¬
fore the beginning of iontophoresis, i.e.,
most likely by diffusion). It also suggests a
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Figure 6. The degree and time course of disinhibition evoked by 5-HT1A and 5-HT3 receptor antagonists. Mean disinhibition,
time course, and test response in the presence ofWAY 100635 (A-C), Y-25130 (D-F), and bicuculline (G-l) are shown. A, Mean
depression and SEM of the response to nerve stimulation when preceded by raphe stimulation (conditioned response), shown as
a percentage of the response to nerve stimulation alone (test) during control, placement of drug containing pipette (placem.),
maximal effect during ionophoresis (max drug), and after 20 -30 min of recovery (max recovery) for the nine cells in which WAY
100635 consistently reversed the depression (gray) and all 22 cells in which WAY 100635 was tested (white). B, Time course of the
effects ofWAY 100635. Ordinate: mean-conditioned response to 20 stimuli shown asa percentage of test response. Abscissa: time
points ofmeasurements before and after placement of drug-containing pipette during ionophoresis and recovery. The means are
based on the nine responses in which the most clear-cut reversal of the raphe depression was seen (A, gray). The shaded area
represents the duration of ionophoresis. WAY 100635 significantly (p < 0.05) counteracted the depression from 9 min through
withdrawal of the drug-containing pipette. C, Responses evoked by 20 test stimuli were not affected by WAY 100635 application.
D-F, Effects of Y-25130 shown in the same format as A-C. Mean depressions (0) are shown for control, placement, maximum
drug, and maximum recovery for the six cells in which Y-25130 reversed the depression (gray) and in all 17 cells in which Y-25130
was tested (white). The effects of Y-25130 were significantly different from placement (p < 0.05) from 3 to 4 min and 6 min
ionophoresis through 10 min recovery. G-l, Effects of bicuculline are shown in the same format as in A-C. Mean conditioned
responses (6) are for four cells in which bicuculline had an effect (gray) and all nine cells tested with bicuculline (white): control,
placement, maximum drug, and maximum recovery. Conditioned responses (H) exceeded test responses in the presence of
bicuculline, as seen by responses exceeding 100%. The test response (I) decreased during bicuculline application.

faster onset of the recovery, immediately
after the end of the ionophoresis. The decreases in the number of
spikes evoked by nerve stimulations were often associatedwith an
increase in the latency of the earliest spikes, as illustrated in Fig¬
ures 3C and 4C. At the end of the ionophoresis, the increase was
>0.2 ms in 75% of the cells, with a mean increase of0.75 ± 0.2 and
1.05 ± 0.2 ms by 8-OH DPAT and 2-Me 5-HT, respectively.

Effects of a 5-HT1A and a 5-HT3 receptor antagonist on
responses ofdorsal horn interneurons
Effects of5-HT antagonists were tested against depression of syn¬
aptic actions of group II afferents after stimulation in raphe nu¬
clei, using procedures that were used previously for investigating
effects of noradrenaline antagonists (Skoog and Noga, 1991).
When placing the stimulating electrodes, attempts were made to
reach the region just dorsal to the trapezoid body to maximize
effects ofstimulation of raphespinal neurons andminimize those
of the coexcited reticulospinal fibers. Previous studies have dem¬
onstrated that stimuli applied within or in the vicinity of raphe
nuclei result in an increase in 5-HT concentration in the spinal
cord(Abhold and Bowker, 1990;BowkerandAbhold, 1990; Hen-

tall et al., 2003.) and that they depress monosynaptic field poten¬
tials from group II afferents (Skoog and Noga, 1991; Noga et al.,
1992). However, the depression of the field potentials might be
caused not only by presynaptic and postsynaptic actions of5-HT
released from the raphespinal tract fibers but also by presynaptic
inhibition mediated by GABAergic interneurons activated by co-
excited reticulospinal neurons, as indicated by depolarization of
terminals ofgroup II afferents from the region of the raphe nuclei
(Riddell et al., 1993). However, any contribution of GABAergic
presynaptic inhibition to the depression attributable to presyn¬
aptic actions of5-HT (Proudfitetal., 1980; Khasabov et al., 1998;
Khasabov et al., 1999) would likely be greater from locations
dorsal and lateral to the raphe nuclei (Noga et al., 1992, their Figs.
9, 10). For this reason, we selected the stimulation sites from
which the depression ofdorsal horn field potentials was maximal
(Figs. IB, 2F) but after having verified that no comparable de¬
pression was evoked from more dorsal sites (Fig. 2G) where re¬
ticulospinal rather than raphespinal tract fibers would be prefer¬
ably stimulated. Intervals between the conditioning and testing
stimuli were keptwithin the range of45- 60 ms at which effects of
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Figure 7. Examples of records from the intracellularly labeled dorsal horn interneurons. In all
panels, top records are from the interneurons, and bottom records are from the cord dorsum.
1/1-5/1, EPSPs recorded in interneurons listed in Table 1 (in cats 1-5). They were evoked by
stimulation of either the quadriceps (Q) or sartorius (Sart) nerves at five times threshold for a
given nerve, as indicated at the left. The dotted lines indicate the time of arrival of afferent
volleys in group I afferents, the estimated time of arrival of afferent volleys in group II afferents
(delayed by 0.7-0.8 ms), and latencies of the earliest EPSPs. It will be noted that both the
shortest (monosynaptic) and longer (monosynaptic or disynaptic) latency EPSPs (with their
latencies indicated to the left) were followed by some later EPSPs or IPSPs.

faster conducting reticulospinal fibers would considerably de¬
cline and should be long enough to allow effects of slower con¬
ducting raphespinal fibers to manifest themselves (Noga et al.,
1992,1995). As reported byNoga etal. (1995), the depression was
to <30% of control at intervals exceeding 45 ms but to only
70-80% at intervals of 20-30 ms.

Figure 5 illustrates the effects of raphe stimulation on the
responses of two dorsal horn interneurons evoked by group II
afferents. When stimulation ofgroup II afferents was preceded by
a train of stimuli applied in the raphe nucleus in the absence of
5-HT antagonists, the interneurons failed to respond (Fig.
5B,D), or the probability of their activation was greatly reduced,
as shown bymuch smaller amplitudes ofgray cumulative sums of
responses evoked by nerve stimulation (labeled control 2) in Fig¬
ure 5, C and F. This effect was counteracted by ionophoretic
application of the 5-HT[A receptor antagonistWAY 100635 and
the 5-FIT3 receptor antagonist Y-25130. Cumulative sums in Fig¬
ure 5, C and F, show that the number of responses evoked by
group II afferents after raphe stimulation increased toward the
same level as without raphe stimulation (control 1) during 4-11
min ofWAY 100635 ionophoresis and 1-5 min ofY-25130 iono-
phoresis. Similarly, clear-cut effects ofWAY 100635 were seen on
responses of 9 of 22 interneurons tested. In six interneurons, they
were weaker and/or less regular, and in seven interneurons, they
were uncertain when analyzed separately. However, Figure 6A
shows that changes in the mean number of responses of all these
interneurons were in the same direction. When raphe stimuli
reduced them, on average, to 10.6 ± 3.2% of control (in all cells
tested and 15.1 ± 5.6% in cells where WAY 100635 had a clear
effect), the antagonist increased their mean numbers to 47.6 ±
11.0% ofcontrol (in all cells and 63.1 ± 15.6% in those with clear
effect). The mean time course of the nine responses in which
WAY 100635 had a clear effect (Fig. 6A, gray) is plotted in Figure
6B, showing that its onset occurred within the first 2 min of
ionophoresis and that it reached maximum after 10 min (in in¬
dividual interneurons between 3 and 12 min). The maximum
recoverywas back to 6.0 ± 3.0% (in all cells tested and 9.5 ± 6.2%
in those with clear effect).
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The 5-HTj receptor antagonist Y-25130 has been found to have
very clear-cut effects on responses from 6 of 17 interneurons,weaker
or less regular effects on six interneurons, and uncertain effects
on the five remaining interneurons. However, the pooled data for
all of these interneurons (Fig. 6D) revealed a strong effect (con¬
trol, 17.7 ± 4.3% in all, 11.0 ± 5.9% in those with clear effect;
maximum drug, 51.2 ± 6.6% in all, 64.3 ± 2.9% in those with
clear effect; recovering to 15.3 ± 4.5% in all, 13.3 ± 4.0% in those
with clear effect) as ofWAY 100635. The series of cumulative
sums in Figure 5F and pooled data from Figure 6 E also suggest
that its effects might reach maximum somewhat faster, within
4-5 min (in individual interneurons, between 2 and 6 min) and
show similar dynamic properties as those of the 5-HT3 agonist.

To test the possibility that the depression after raphe stimuli
was not only attributable to the release of 5-HT but also to pre¬
synaptic inhibition via GABAergic interneurons, effects of the
GABAa receptor antagonist bicuculline were tested on responses
of five dorsal horn interneurons (in nine test series in which
different peripheral stimuli were used to activate these neurons).
As in the case ofWAY 100635 and Y-25130, clear-cut (n = 4),
weak (n = 4), and uncertain effects (n = 1) were found in the
different test series. The overall effects ofbicuculline (Fig. 6G,H)
were at least as effective as those of 5-HT agonists and, in some
cases, not only reduced the depression but caused excitation:
from 13.6 ± 6.2% in control (in all cells, 8.1 ± 4.9% in cells with
clear effect) to 120.0 ± 42.9% (in all cells, 185.6 ± 90.8% in cells
with clear effect). These responses recovered almost completely
within 15 min (21.2 ± 5.9% in all, 22.2 ± 7.5% in cells with clear
effect). Considering that effects ofstimuli applied in raphe nuclei
were secondary to the release of both 5-HT and GABA, these
observations may explain the lower effectiveness of the seroto¬
nergic antagonists than of agonists.

Receptor immimocytochemistry
The sample of labeled interneurons included six interneurons
with EPSPs from group II afferents ofQ and/or Sart. As shown in
Figure 7, the earliest components of EPSPs evoked in these neu¬
rons were followed by EPSPs or IPSPs at 1-2 ms longer latencies;
this pattern of input corresponds to that found in previously
investigated dorsal horn group II interneurons (Edgley et al.,
2003). The sample may thus be considered as representative. The
latencies of the earliest components of the EPSPs were —1.7 ms
from the group I afferent volleys (Fig. 7, first dotted lines) but
were —0.9 ms from the estimated time of arrival of afferent vol¬

leys in slower conducting group II afferents (second dotted lines)
and therefore compatible with monosynaptic coupling. EPSPs
and IPSPs occurring 1 ms later may thus be classified as evoked
disynaptically. The interneurons were located in the lateral third
of laminas IV-V (Fig. 8C) with dendrites distributed to the gray
matter in laminas I-VI, extending on occasions into the lateral
funiculus. Axons of two interneurons (Table 1, 2/1, 4/1) pro¬
jected caudally via the ipsilateral lateral funiculus, another (1/2)
sent a collateral to the same tract but the direction of projection
could not be determined, and one other (3/1) was followed to the
contralateral ventral funiculus where it also projected caudally.
Axons of the remaining two interneurons were not labeled.

Axon terminals immunoreactive for 5-HT3A receptor sub-
units were found in association with all interneurons (Table 1),
including both excitatory (Fig. 8A, cell 4/1) and inhibitory (Fig.
8B, cell 3/1) interneurons. These two interneurons were charac¬
terized by the presence of vesicular glutamate transporter 2 in
terminals of the excitatory one (Fig. 8 E) and by the apposition of
terminals to gephyrin (glycine receptor-associated protein) (Fig.

Dougherty et al. • Serotoninergic Modulation
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8F3, arrows) for the inhibitory interneu-
ron (Fig. 8F). This latter interneuron was
not immunoreactive for glutamate decar¬
boxylase (data not shown).

5-HT3A-immunoreactive axons were
distributed sparsely along the dendrites ofall
neurons (Fig. 8A,B) but were concentrated
around the cell bodies of two interneurons

(1/1 and 1/2) where they formed ring-like
structures (Fig. 9A2>A4,B2,B4). This ar¬
rangement is striking because there are rela¬
tively few 5-HT3A-immunoreactive axons in
this area (illustrated in the single optical sec¬
tions shown in Fig. 9A2-D2).

The distribution of 5-HT3A varicosities
along the dendrites followed two patterns.
First, two cells showed similar low-contact
densities at different distances from the
soma (Fig. 8D, left panel). Second, the con¬
tact densitywas higher on proximal than on
distal dendrites (Fig. 8D, right panel). This
latter type of distribution was also found in
intemeurons with ring-like immunoreac¬
tive varicosities (1/1 and 1/2).

Generally, 5-HT3A-immunopositive ax¬
ons were less numerous than 5-HT varicos¬
ities in apposition to the interneurons, and
there was no obvious relationship between
5-HT axons and those possessing 5-HT3A
receptor subunits. This is illustrated by the
separation of red and green symbols in Fig¬
ure 8, A and B, and different locations of
green and blue varicosities in Figure 9, A4
and B4. There was considerable variation in
the total numbers of contacts for individual
neurons, with numbers ranging from 30 to
229 for 5-HT and 6 to 78 for 5-HT3A termi¬
nals per cell. The mean numbers of5-HT3A-
immunoreactive axons was approximately
half that of 5-HT axons, considering both
the total numbers, and contact densities on
the soma and dendrites. However, in two

intemeurons, with the ring-like arrange¬
ments of5-HT3A terminals, the number and
the density of 5-HT3A-immunoreactive ter¬
minals were higher for the soma (Table 1,
rows 1/1,1/2).
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Discussion
The results show that 5-HT depresses the ac¬
tivity of dorsal horn interneurons in path¬
ways from group II afferents via both
metabotropic (5-HT1A&7) and ionotropic
(5-HT3) membrane receptors. These results
are consistent with the previously reported
effects of5-HT, A&7 and 5-HT3 membrane receptor agonists on syn¬
aptic actions of group II afferents on unspecified dorsal hom neu¬
rons (Bras et al., 1990).

The same experimental procedures as in previous studies
(Bras et al., 1990; Jankowska et al., 2000; Hammar et al., 2004)
were used for agonist ionophoresis to allow us to rely on previous
tests of the specificity of effects evoked under our experimental
conditions. In contrast, the procedure of testing effects of iono-

Figure 8. Distribution of 5-HT-immunoreactive axons and terminals immunoreactive for 5-HT3A receptor subunits in close
apposition to dorsal horn interneurons. A, 6, Reconstructions of cells 4/1 (4) and 3/1 (R); contacts formed by 5-HT axons are
indicated in red, and contacts from 5-HT3-immunoreactive axons are indicated in green. The thicker gray lines demarcate the
border of the gray matter. Scale bars, 50 pm. C, Positions of labeled cell bodies in the dorsal horn. Cell 5/1 was obtained from an
experiment in which the tissue was sectioned in the sagittal plane and is not shown on the diagram but was situated dorsal to the
reticulated area of lamina V. D, Sholl plots illustrating the distribution of 5-HT- and 5-HT3-immunoreactive varicosities on the
dendritic trees (cell 4/1, left; 3/1, right). E, Series of confocal microscope images demonstrating that terminals from cell 4/1 are
immunopositive for VGLUT2.1, Projected images (red); 2-4, single optical sections of axonal swellings showing VGLUT2 (blue)
and GAD (green) immunostaining. F, Series of confocal microscope images showing that terminals from cell 3/1 are closely
apposed to labeling for the glycine receptor-associated protein, gephyrin. 1, Projected image showing a cluster of four boutons
(red); 2-4, single optical sections showing immunoreactivity for VG1UT1 (blue) and gephyrin (green) and a merged image,
respectively. Arrowheads indicate gephyrin-immunoreactive puncta that are associated with axonal swellings. Scale bars, 5 /xm.

phoresis of 5-HT antagonists against effects of raphe stimulation
was new. The effects of these antagonists, in addition, were dif¬
ferentiated from any effects ofGABAa receptor-mediated inhibi¬
tion likely induced by coactivated reticulospinal tract neurons
(Lovick, 1983; Riddell et al., 1993)bysusceptibilitytobicuculline.

Bicuculline counteracted the raphe stimulation-induced de¬
pression of dorsal horn neurons, suggesting that presynaptic
GABAergic inhibition did contribute to the depression. How-
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Table 1. The numbers and contact densities of 5-HT and 5-HT3 axon terminals in apposition to cell bodies and dendrites of dorsal horn interneurons
Soma Dendrites

Cat/Cell
ID NT

Total number of
contacts

Number of
contacts

Surface
area (/cm2)

Contact density
(n/100 /cm2) Total

dendritic

length (/xm)

Number of
contacts

Surface
area (/xm2)

Contact density
(n/100)

5-HT 5-HT3 5-HT 5-HT3 5-HT 5-HT3 5-HT 5-HT3 5-HT 5-HT3

1/1 nk 53 52 9 20 725.46 1.24 2.76 952.7 44 32 5964.66 0.74 0.54

1/2 nk 229 78 23 32 1606.63 1.43 1.93 4081.5 206 46 26835.7 0.76 0.17

2/1 nk 30 6 3 0 508.85 0.59 0 1766.7 27 6 10753 0.25 0.06

3/1 Gly 66 39 0 5 678.52 0 0.74 5227.4 66 34 20625.4 0.32 0.16

4/1 Glut 71 15 11 2 1400.61 0.86 0.14 3539.8 60 13 17173.3 0.35 0.08

5/1 nk 60 19 14 4 3502.86 0.4 0.11 3349.7 46 15 29700.3 0.15 0.05

NT, Nerve transmitter; Gly, terminals immunopositive for gephyrin; Glut, terminals immunopositive for VGLUT2; nk, transmitter unknown.

A1 2 3 4

B1 2 3 4

* .

C1 2 3 4

_

D1 2 3 4

Figure 9. Clustering of terminals immunoreactive for 5-HT3A receptor subunits around somata of dorsal horn interneurons. A
series of single optical sections of four neurons [A, cell 1/1; 8, cell 1/2; C, cell 5/1; D, cell 2/1) show that two of these (A, 8) had
contacts from both types of immunolabeled axons clustered around the somata. Two additional cells from the sample (C, D) show
no such arrangements, although immunoreactive axons are present in the surrounding tissue. 1, Sections through labeled cells
(red); 2,3, immunolabeling for 5-HT3A receptor subunits (green) and 5-HT (blue); 4, merged images. Scale bars, 10 /cm.

ever, effects of bicuculline must be interpreted cautiously, be¬
cause there are indications of interactions between GABA and
5-HT ligands and receptors. For instance, it has been demon¬
strated that certain GABAa receptor antagonists, including bicu¬

culline, inhibit 5-HT3 receptors (Sun and
Machu, 2000; Das et al., 2003), and certain
5-HT3 receptor ligands interact with
GABA receptors (Kawamata et al., 2003)
and glycine receptors (Maksay, 1998;
Chesnoy-Marchais et al., 2000). Other
complicating factors are that, in the pres¬
ence of bicuculline, the depression was
not only counteracted but replaced by ex¬
citation (possibly by unmasking an excita¬
tory pathway) and that bicuculline might
also reduce the test responses. The latter
effect suggests that it might also interact
with an excitatory receptor, such as the
nicotinic acetylcholine receptor possibly
found on primary afferents (Ninkovic and
Hunt, 1983; Khan et al., 2003) and known
to be blocked by bicuculline (Demuro et
al., 2001).

8-OH-DPAT interacts with both

5-HT1A and 5-HT7 membrane receptors
(Barnes and Sharp, 1999; Hochman et al.,
2001; Hoyer et al., 2002; Alexander et al.,
2004). However, the effect ofWAY100635,
an antagonist specific for the 5-HT1A recep¬
tor (Forster et al., 1995), in reversing the
5-HT-induced depression increases our
confidence in the involvement of 5-HT1A
receptors. 8-OH DPAT, like a number of
other 5-HT agonists, could act postsynapti-
cally and/or presynaptically at the level of
presynaptic terminals of sensory fibers and
other neurons (Pompeiano et al., 1992).

5-HT effects mediated by 5-HT3 recep¬
tors could be reasonably and reliably attrib¬
uted to presynaptic actions (Proudfit et al.,
1980; Singer and Berger, 1996; Singer et al.,
1996; Khasabovet al., 1999), because 5-HT3
receptors are present on the axon terminals
of small primary afferent fibers (in particu¬
lar, C, possibly A8 fibers) and on excitatory
interneurons and interneuron terminals in
the dorsal horn (Kia et al., 1996; Zeitz et al.,
2002; Maxwell et al., 2003). However, be¬
cause 5-HT3A subunit immunoreactivity is
not found on axons labeled with VGLUT 1

or myelinated axons that transport CTb in laminas III—VI of rat
dorsal horn (D. Conte, E. D. Legg, A. C. McCourt, E. Silajdzic, G. G.
Nagy, and D. J. Maxwell, unpublished observations), it is unlikely
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that the 5-HT3 receptors are on the terminals of group II muscle
afferents themselves. It is much more likely that they are present on
excitatory interneurons as they colocalize with the vesicular gluta-
mate transporter 2, which is found mainlywithin terminals ofspinal
interneurons (Todd et al., 2003; Conte, Legg, McCourt, Silajdzic,
Nagy, and Maxwell, unpublished observations). 5-HT-induced de¬
pression mediated by 5-HT3 receptors may thus occur as a conse¬
quence of reduction of actions of excitatory interneurons, which
provide background input to dorsal horn interneurons or mediate
their disynaptic or polysynaptic excitation from group II afferents.

Two series of present experiments dealt with involvement of
5-HT3 receptors. In one of these, the highly selective 5-HT3 re¬
ceptor agonist 2-Me 5-HT (Hochman et al., 2001; Alexander et
al., 2004) was found to depress responses of dorsal interneurons
from group II afferents and the 5-HT3 receptor antagonist
Y-25130 to reduce the depression evoked by stimuli applied in
the raphe nuclei. In the other, axon terminals immunoreactive
for 5-HT3A receptors were shown to surround the dorsal horn
interneurons.

In pain pathways, 5-HT acting on 5-HT3 receptors has been
reported to have both excitatory and inhibitory effects (Peng et
al., 1996; Green et al., 2000; for review, see Hochman et al., 2001).
In contrast, only inhibitory actions have been found to be evoked
via 5-HT3 receptors on dorsal horn interneurons activated by
group II afferents. In addition, no obvious differences occurred
in effects of 2-Me 5-HT on the sample of the 10 of 11 cells tested,
and the lack of effects on the 11th cell could be attributable to

technical reasons. It is therefore of interest that subgroups of
dorsal horn group interneurons showed a tendency to be targeted
in a specific way by axons that possess 5-HT3A receptors on their
terminals. If the data for interneurons 3/1 and 4/1 are representa¬
tive, theywould suggest that inhibitory neurons have cell bodies that
are surrounded by axons that are immunoreactive for the 5-HT3A
subunit (Fig. 8), although this arrangement maybe absent on exci¬
tatory cells.

Because there was no clear relationship between 5-HT axons
and axons possessing 5-HT3A receptor subunits, we hypothesize
that 5-HT depresses excitatory transmission to dorsal horn inter¬
neurons by acting on terminals of excitatory input cells via vol¬
ume transmission, 5-HT3 receptors having a high affinity for
5-HT (mean Ki = 160 nM in rat nervous system; PDSP database:
http://kidb.cwru.edu/pdsp.php). Volume transmission could also
be involved in actionsmediated by 5-HT, A membrane receptors.
Nevertheless, the higher density of the 5-1IT3A than that of5-HT-
immunoreactive terminals in apposition to soma and proximal
dendrites might explain differences in dynamics of effects of
5-HT3 and 5-HT1A receptor agonists and antagonists on dorsal
horn interneurons ifeffects of2-Me 5-HT and Y-25130 on 5-HT3
receptors would require a shorter time to diffuse from the iono-
phoretic electrode, which was always located close to the soma.
This, along with faster ionotropic (5-HT3) versus metabotropic
(5-HT1A) actions, could account for the lag in effect.

As for the consequences of the enhanced or weakened control
of dorsal horn interneurons by 5-HT for the state-dependent
actions of group II afferents on contralateral motoneurons, the
results of the present study lead to the following conclusions.
First, they show that effects of5-HT are associatedwith the mod¬
ulation of actions of group II afferents on dorsal horn interneu¬
rons both postsynaptically (via 5-HT1A membrane receptors)
and presynaptically (via 5-HT3 possibly also 5-HT1A and/or
other metabotropic 5-HT receptors). By acting presynaptically
via metabotropic receptors, 5-HT may weaken transmission from
group II afferents to dorsal horn interneurons and strengthen the

effects of the GABAergic presynaptic inhibition. In both cases, when
the raphespinal connections are interrupted, dorsal horn interneu¬
rons would be more effectively activated, and their actions on com¬
missural interneurons would be enhanced. Systemically applied
5-HT1Amembrane receptor agonists and antagonists (8-OH DPAT,
WAY 100635) would change this situation and restore the postsyn¬
aptic, and possibly also presynaptic, depression ofactivation ofdor¬
sal horn interneurons.

Second, if postsynaptic actions of 5-HT on excitatory and
inhibitory dorsal horn interneurons are similar, they may not be
compatible with the major role of these actions for the funneling
of nerve impulses from group II afferents to contralateral mo¬
toneurons (Aggelopoulos et al., 1996) via either excitatory or
inhibitory commissural interneurons (Bannatyne et al., 2003;
Butt and Kiehn, 2003). However, the presynaptic actions via
5-HT3 membrane receptors on dorsal horn interneurons appear
to be more differentiated. Ifwe hypothesize that these actions are
stronger on inhibitory interneurons (see below), after damage to
raphespinal connections, these interneurons might be relatively
more released from the depressive actions of 5-HT, and inhibi¬
tion of commissural interneurons by dorsal horn interneurons
may become stronger than the excitation. This would not by itself
explain stronger actions of excitatory commissural interneurons on
contralateral motoneurons in the absence of 5-HT. However, one
might putatively consider that actions of excitatory dorsal horn in¬
terneurons have greater impact on the excitatory commissural inter¬
neurons and actions of inhibitory dorsal horn interneurons on in¬
hibitory commissural interneurons and, in addition, that the
coupling between the excitatory commissural interneurons with
contralateral motoneurons is stronger than the coupling of the in¬
hibitory interneurons. Under these conditions, lack of5-HT control
of dorsal horn intemeurons would contribute to the dominance of
the crossed excitation.

5-HT might also act on interneurons that mediate disynaptic
excitation or inhibition of dorsal horn interneurons and on syn¬
aptic transmission between them. It might also act on polysynap¬
tic actions of commissural interneurons on contralateral mo¬
toneurons. There are indications that such interneurons are

located in the ventral horn and in the intermediate zone at the
same side as the contralateral motoneurons (Matsuyama and
Mori, 1998; Bannatyne et al., 2003; Matsuyama et al., 2004). The
choice between these putative explanations would require thatwe
knowmore about properties of different functional categories of
neurons in these networks.
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TRANSMITTER CONTENT, ORIGINS AND CONNECTIONS OF AXONS
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Abstract—Recent evidence suggests that serotonin has prono-
ciceptive actions in the spinal cord when it acts through
5-hydroxytryptamine (5-HT)3 receptors. Cells and axon termi¬
nals which are concentrated in the superficial dorsal horn
possess this receptor. We performed a series of immunocy-
tochemical studies with an antibody raised against the
5-HT3A subunit in order to address the following questions:
1) Are axons that possess 5-HT3 receptors excitatory? 2) Are
5-HT3 receptors present on terminals of myelinated primary
afferents? 3) What is the chemical nature of dorsal horn cells
that possess 5-HT3 receptors? 4) Do axons that possess
5-HT3 receptors target lamina I projection cells?

Approximately 45% of 5-HT3A immunoreactive boutons
were immunoreactive for the vesicular glutamate transporter
2 and almost 80% formed synapse-like associations with
GluR2 subunits of the AMPA receptor therefore it is princi¬
pally glutamatergic axons that possess the receptor. Immu-
noreactivity was not present on myelinated primary afferent
axons labeled with the B-subunit of cholera toxin or those

containing the vesicular glutamate transporter 1. Calbindin
(which is associated with excitatory interneurons) was found
in 44% of 5-HT3A immunoreactive cells but other markers for
inhibitory and excitatory cells were not present. Lamina I
projection cells that possessed the neurokinin-1 receptor
were associated with 5-HT3A axons but the density of con¬
tacts on individual neurons varied considerably.

The results suggest that 5-HT3 receptors are present prin¬
cipally on terminals of excitatory axons, and at least some of
these originate from dorsal horn interneurons. The relation¬
ship between lamina I projection cells and axons possessing
the 5-HT3 receptor indicates that this receptor has an impor¬
tant role in regulation of ascending nociceptive information.
© 2005 Published by Elsevier Ltd on behalf of IBRO.
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Serotonin (5-HT) acts through a variety of receptors which
are present at both pre- and post-synaptic locations in the
spinal cord and, for this reason, its actions of are complex.
Although, traditionally 5-HT is associated with an antinoci¬
ceptive action (e.g. see Millan, 2002) evidence is emerging
which suggests that 5-HT also has pronociceptive actions
when it acts through 5-HT3 receptors (Green et al., 2000;
Zeitz et al., 2002; Suzuki et al., 2002). Recent studies
show that alterations in descending 5-HT control systems
acting on 5-HT3 receptors may contribute to the tactile
allodynia that occurs in neuropathic pain states (Oatway et
al., 2004; Suzuki et al., 2004) and clinical trials indicate that
the 5-HTg receptor antagonist, ondansetron, is potentially
a useful analgesic for the treatment of neuropathic pain
(McCleane et al., 2003). As neuropathic pain is difficult to
treat with standard analgesics, the role of 5-HT3 receptors
in pain states is clearly an issue of great importance.

The 5-HT3 receptor is unique as it is a ligand-gated ion
channel whereas all other 5-HT receptors that have been
identified to date are metabotropic receptors. Two subunits
of the receptor exist which have been termed 5-HT3A and
5-HT3B All functional 5-HT3 receptors are homomers of
5-HT3A subunits or heteromers of 5-HT3A and 5-HT3B sub-
units (Davies et al., 1999; Dubin et al., 1999). However,
there may be differences in the composition of receptors
present in peripheral and central neurons. In the peripheral
nervous system, heteromeric receptors are likely to be
common whereas receptors in the CNS appear to be com¬
posed only of 5-HT3A subunits (Morales and Wang, 2002).

A number of studies have reported that 5-HT3 recep¬
tors are located principally on axon terminals in the spinal
cord (Hamon etal., 1989; Kidd et al., 1993; Kia et al., 1995;
Zeitz et al., 2002; Maxwell et al., 2003). Binding sites and
immunoreactivity for 5-HT3 receptors in the dorsal horn
decrease following rhizotomy but are not completely abol¬
ished (Kidd et al., 1993; Kia et al., 1995) and therefore, not
all 5-HT3 receptors are located on terminals of primary
afferent axons. Indeed, immunocytochemical and in situ
hybridization studies confirm the presence of cells in the
dorsal horn that express the 5-HT3 receptor (Tecott et al.,
1993; Kia et al., 1995; Maxwell et al., 2003) and these
are likely to be the source of axon terminals that survive
rhizotomy. We showed previously (Maxwell et al., 2003),
that a small proportion (approximately 10%) of axon
terminals in lamina II which are immunoreactive for the

5-hydroxytryptamine3A receptor subunit (5-HT3A-IR) are
also immunoreactive for calcitonin gene-related peptide
and hence may originate from the peptidergic subgroup of
unmyelinated primary afferent fibers. Very few 5-HT3A-IR
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axons were double-labeled with the IB4 lectin which is a

marker for another subset of unmyelinated primary afferent
fibers. A study performed by Zeitz et al. (2002) similarly
concluded that only a small proportion of peptidergic and
IB4-binding dorsal root ganglion cells contain 5-HT3A
m-RNA. Zeitz et al. (2002) also reported that approxi¬
mately 80% of cells containing 5-HT3A m-RNA were im-
munoreactive for N52 which is a marker for neurofilaments
associated with myelinated primary afferents. As the great¬
est density of 5-HT3 immunoreactivity and binding sites is
found in the superficial dorsal horn, it likely that many of
these fibers belong to the AS group of primary afferents
that terminate in lamina I. Almost none of the 5-HT3A-IR
axons we examined in our previous study (Maxwell et al.,
2003) contained 5-HT or glutamate decarboxylase (GAD).
Furthermore, 5-HT3A-IR axons did not possess the glycine
transporter 2 (D.J. Maxwell, unpublished observation).
These findings suggests that the 5-HT3 receptor does not
function as an autoreceptor on descending 5-HT axons
and is not present in inhibitory cells since GAD is the
synthetic enzyme for GABA and GABA or a combination of
GABA and glycine is present in most dorsal horn inhibitory
cells (Todd and Spike, 1993). In addition, ultrastructural
examination of 5-HT3A-IR axon terminals shows that they
form asymmetric synaptic junctions which are indicative of
an excitatory action (Uchinozo, 1965). These observations
raise a number of issues concerning the nature and origin
of dorsal horn axons that possess 5-HT3 receptors. In the
initial part of the present study, we performed a series of
experiments in an attempt to answer the following ques¬
tions: 1) Are 5-HT3 receptors present on terminals of ex¬
citatory neurons that use glutamate as a neurotransmitter?
2) Are 5-HT3 receptors present on terminals of myelinated
primary afferents? 3) What types of dorsal horn cells pos¬
sess 5-HT3 receptors?

It has recently been suggested that 5-HT3 receptors
are important elements of an ascending-descending spino-
bulbo-spinal pathway which regulates spinal cord excitabil¬
ity (Suzuki et al., 2002). Lamina I projection cells which
possess the neurokinin 1 (NK-1) receptor are likely to form
the origin of this pathway. These cells provide an indirect
positive drive to neurons in the nucleus raphe magnus
which, in turn, project to the spinal cord and increase
excitability. A mechanism of this sort may underlie the
hyperalgesia which is associated with central sensitization
(see above). Therefore the final aim of this study was to
investigate the relationship between axons that possess
5-HT3 receptors and projection cells.

EXPERIMENTAL PROCEDURES

Animals

All animal experiments were conducted according to British Home
Office legislation and were approved by the University of Glasgow
Ethical Review Committee. Steps were taken to minimize the
numbers of animals used in the study and to prevent any suffering.
Altogether 12 male Sprague-Dawley rats (250-350 g; Harlan,
Bicester UK) were used in the experiments. Seven animals were
deeply anesthetized with sodium pentobarbitone (1 ml i.p.) and
perfused through the left ventricle with saline followed by a fixative

containing 4% formaldehyde in phosphate buffer pH 7.6. To label
myelinated primary afferents we injected the B-subunit of cholera
toxin (CTb) into the left sciatic nerve of three further rats. CTb is
specifically taken up by these afferents and transported to their
central terminations (LaMotte et al., 1991). Animals were deeply
anesthetized with halothane and the left sciatic nerve was ex¬

posed under strict aseptic conditions. A micropipette containing a
1% solution of CTb (Sigma-Aldrich Ltd., Poole, UK) in sterile dis¬
tilled water was inserted into the perineurium and 3-4 p.1 was pres¬
sure injected into the nerve. Following 3 days' survival, these rats
were anesthetized with pentobarbitone and perfused as described
above. To label lamina I projection neurons retrogradely, two rats
were deeply anesthetized with a mixture of ketamine and xylazine
(7.33 and 0.73 mg/100 g i.p.) and 200 nl of 1% aqueous solution
of CTb was injected stereotaxically within the left caudal ventro¬
lateral medulla (CVLM; co-ordinates=AP -4.8; DV -0.6; ML
+2.1; Paxinos and Watson, 2003). Following 3 days' survival,
operated animals were anesthetized with sodium pentobarbitone
and perfused as described above. Mid-lumbar segments were
removed from all animals and postfixed in the same fixative for 8 h
at 4 °C. Horizontal or transverse sections (60 pm thick) were cut
with a Vibratome and treated with 50% ethanol (30 min) to en¬
hance antibody penetration.

Aim I: are 5-HT3 receptors present on terminals of
excitatory neurons that use glutamate as a
neurotransmitter?

In order to determine if 5-HT3A-IR axons are likely to be glutama-
tergic we performed a series of experiments where 5-HT3A-IR
axons were double labeled with antibodies raised against either
the vesicular glutamate transporter 1 (VGLUT1) or the vesicular
glutamate transporter 2 (VGLUT2). VGLUT1 and VGLUT2 are
known to be reliable markers for glutamatergic neurons (see Todd
et al., 2003 for further details). Transverse sections from three rats
were incubated in a cocktail of rabbit anti-5-HT3A (diluted 1:200;
Oncogene Research Products, Boston, USA) and guinea-pig anti-
VGLUT1 (1:5000; Chemicon International, Harlow, UK) or guinea-
pig anti-VGLUT2 (1:5000; Chemicon) antibodies. All antibodies
used in this study were diluted in phosphate-buffered saline con¬
taining 0.3% Triton X-100. Sections were rinsed and incubated in
solutions containing species-specific secondary antibodies (all
raised in donkey and diluted 1:100) coupled to fluorophores: flu¬
orescein isothyoanate, to identify 5-HT3 immunoreactivity, or Rho-
damine Red to identify the VGLUT marker (Jackson ImmunoRe-
search, Luton, UK). Sections were mounted in a glycerol-based
antifade medium (Vectashield, Vector Laboratories, Peterbor¬
ough, UK) and examined with a BioRad MRC 1024 (BioRad,
Hemel Hempstead, UK) confocal laser scanning microscope.
Fields from the superficial dorsal horn (laminae I and II) were
scanned systematically from sections cut in the transverse plane.
It was apparent that there was no colocalisation between VGLUT 1
and 5-HT3A-IR and therefore the following procedure was adopted
to quantify the extent of colocalisation between 5-HT3A-IR and
VGLUT2 only. Each field consisted of six optical sections which were
gathered sequentially with a x40 oil-immersion lens at a zoom
factor of 3 and at 0.5 p.m intervals from both left and right dorsal
horns. In total 80 fields were gathered from the three animals (24,
28 and 28 respectively). The extent of colocalisation was quanti¬
fied by using Neurolucida for Confocal (MicroBrightfield, Colches¬
ter, VT, USA). Forty 5-HT3AIR axon terminals were selected at
random from the third optical section of each scanned field. Sam¬
pled boutons 5-HT3A-IR were assessed individually to determine if
they contained immunoreactivity for VGLUT2. The numbers of
double-labeled profiles were then counted for each animal and the
final overall mean percentage value (±standard deviation) was
calculated for the three animals.
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Fig. 1. Single optical sections illustrating colocalisation between 5-HT3A-IR axon terminals and VGLUT2 (A-A") and lack of colocalisation with
VGLUT1 (B-B"). Arrowheads indicate selected terminals that are both 5-HT3A-IR and VGLUT2-immunoreactive (A"). Scale bar=10 pm.

To test further if 5-HT3A-containing axons are likely to be
glutamatergic, an antigen unmasking method was used to exam¬
ine whether 5-HT3A-IR boutons form synapses where AMPA re¬
ceptors are present. Nagy et al. (2004) showed that in the rat
spinal cord virtually all AMPA-containing synapses possess the
GluR2 subunit, therefore an antibody raised against this subunit
was used to identify glutamatergic synapses. Transverse sections
from three rats were incubated in rabbit anti-5-HT3A antibody
(1:200) for 24 h and then subjected to a tyramide signal amplifi¬
cation (TSA) reaction. The TSA method was used to preserve
antigenicity for 5-HT3A prior to antigen unmasking (Nagy et al.,
2004) and it was performed according to manufacturer's specifi¬
cations (Perkin Elmer Life Sciences, Boston, MA, USA). Briefly,
sections were incubated for 2 h in biotinylated donkey anti-rabbit
IgG (1:500, Jackson Immunoresearch, West Grove, PA, USA;
diluted 1:500), followed by streptavidin conjugated to HRP (diluted
1:100, part of TSA kit) for 30 min. Amplification was carried out by
incubating the sections in tetramethylrhodamine fluorophore stock
solution diluted 1:50 in amplification diluent for 7 min. Sections
were subjected to antigen umasking involving limited proteolytic
digestion with pepsin to reveal GluR2 subunits at synapses (see
Watanabe et al., 1998 and Nagy et al., 2004 for details). Pepsin
treatment was carried out by incubating sections at 37 °C for 30
min in PBST, followed by 10 min in 0.2 M HCI containing 1 mg/ml
pepsin (Dako, Glostrup, Denmark) with continuous agitation. After
rinsing sections were incubated in a mouse monoclonal anti-
GluR2 antibody (1:300; Chemicon International, Harlow, UK) for
72 h at 4 °C. Finally, sections were incubated in a species-specific
donkey secondary antibody conjugated to Alexa 488 (1:500: Mo¬
lecular Probes, Eugene, OR, USA) for 2 h and mounted in anti-
fade medium The superficial 10 pm depth in lamina l/ll of one
section from each of the three animals was scanned with a BioRad
MRC 1024 confocal microscope using a 60x lens with a zoom
factor of 2 at 0.3 pm steps in the z axis. Stacks of images were
analyzed with Matamorph software (Universal Imaging, Dowing-
ton, PA, USA) and 100 5-HT3A-IR boutons were chosen randomly
for analysis from each of the series by switching off the green
channel (representing GluR2). The green channel was then
switched on and the number of GluR2-immunoreactive puncta
apposed to individual 5-HT3A-containing axon terminals was
counted.

Aim II: are 5-HT3 receptors present on terminals of
myelinated primary afferents?
Central terminations of myelinated primary afferents were labeled
transganglionically with CTb (see above). Transverse sections
from three rats that received a CTb injection into the sciatic nerve
were incubated with the 5-HT3A antibody, as described above,
along with a goat antibody that was specific for CTb (1:5000; List
Laboratories, CA, USA). Fields were gathered with the confocal
microscope by using a X40 oil immersion lens at a zoom factor of
2 with 1 pm steps in the z axis. Two fields were gathered from
each section (one from lamina I and one from lamina III ipsilateral
to the injection) from six sections per animal. These were ana¬
lyzed with Neurolucida for Confocal as described above.

Aim III: what types of dorsal horn cell possess 5-HT3
receptors?

We performed a series of experiments where 5-HT3A-IR cells
were double labeled with various markers which are associated
with inhibitory or excitatory dorsal horn interneurons (see Discus¬
sion for details). Transverse sections from three rats were incu¬
bated in rabbit anti-5-HT3A antibody (1:200) for 48 h along with
one of each of the following: mouse anti-parvalbumin (PV) (1:500;
Sigma-Aldrich Ltd., Poole, UK); mouse anti-calbindin (1:200;
Swant, Bellizona, Switzerland); sheep anti-nitric oxide synthase
(NOS; 1:2000; kindly provided by Dr. P.C. Emson, Cambridge,
UK); goat anti-choline acetyltransferase (ChAT; 1:100; Chemicon
International, Harlow, UK); guinea-pig anti-somatostatin receptor
2A (SST2A; 1:2000; Gramsch Laboratories, Schwabhausen, Ger¬
many) or guinea-pig anti-p opioid receptor 1 (MOR-1; 1:5000;
Chemicon International, Harlow, UK). Following washes in PBST,
sections were then incubated in donkey anti-rabbit IgG coupled to
Alexa 488 (Molecular Probes, Eugene, OR, USA) and donkey
species specific antibodies coupled to Rhodamine Red. Sections
were then mounted and examined with the BioRad 1024 confocal

microscope. Five sections per marker were examined for each of
the animals. Fields were taken from the middle region of the
superficial dorsal horn (laminae I and II) and were gathered with a
X40 oil immersion lens at a zoom factor of 2 with 1 pm steps in the
z axis. These were gathered throughout the full 50 pm thickness
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Rat % Colocalisation

1

2

3

Average±S.D.

36.6

51.3

47.1

45.9± 13.3

of each section. Series of sections were examined with Confocal
Assistant and initially only the 5-HT3A-IR (green) channel was
viewed. The numbers and locations of all complete 5-HT3A-IR
cells within the field were recorded. The same series was then
examined again with merged red and green channels and the
numbers of double-labeled cells were counted and expressed as
a percentage of the total number of cells in each series for each
animal.

Aim IV: what is the relationship between lamina I
projection cells and 5-HT3A-IR axons?
Lamina I projection neurons were identified by retrogradely trans¬
ported CTb from the CVLM (see above). Triple-labeling immuno¬
fluorescence was performed on horizontal sections from two rats
with a guinea-pig anti-NK-1 antibody (1:1000; Affiniti Research
Products Ltd., Exeter, UK), goat anti-CTb antibody (1:5000; List
Laboratories, Campbell, CA, USA) and the 5-HT3A antibody. After
a 48 h incubation period, sections were rinsed and incubated for
3 h in solutions containing species-specific secondary antibodies
coupled to the following fluorophores (all raised in donkey and
diluted 1:100): Rhodamine Red to identify 5-HT3A-IR; fluorescein
isothyocyanate to identify NK-1 receptor immunoreactivity; and
cyanine 5.18 to identify CTb (all obtained from Jackson Immu-
noResearch). Sections were scanned with a BioRad MRC 1024
confocal laser scanning microscope (BioRad, Hemel Hempstead,
UK) using a x40 oil-immersion lens at 0.5 p.m intervals in the z
axis and a zoom factor of 2. In total, 22 lamina I (10 and 12 from
each animal respectively) neurons were reconstructed with Neu-
rolucida for Confocal software (MicroBrightField, Colchester, VT,
USA) and appositions formed by 5-HT3A-IR axon terminals were
plotted on the reconstructions. Contact densities per 100 p.m2 of
dendritic surface area were calculated for projection cells that
were double-labeled for CTb and NK-1.
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Fig. 2. Relationship between 5-HT3A-IR axon terminals and immuno¬
reactivity for the GluR2 subunit of the AMPA receptor following antigen
unmasking with pepsin. (A) Shows a general overview of several
5-HT3A-IR boutons (red) in lamina II and their association with GluR2-
immunoreactive synapses (green puncta). Details of the areas demar¬
cated by the boxes are shown in B-B" and C-C". (B) Shows 5-HT3A-IR
(B), GluR2 (B') and a merged image (B") in the same optical section.
(C) Shows a series of merged single optical sections through a
5-HT3A-IR terminal taken at intervals of 0.3 |a.m. Scale bar=10 |xm A;
scale bar=1 pm B and C.

5-HT3a-IR axon terminals were apposed to at least one
GluR2-immunoreactive punctum (Table 2) but some
were associated with up to four GluR2 puncta.

RESULTS

The distribution of 5-HT3A-IR was similar to that reported
previously (Kia et al., 1995; Morales et al., 1998; Maxwell
et al., 2003). An intense band of immunofluorescent axon
terminals and occasional cell bodies were present in lam¬
ina I and the outer part of lamina II. Sparse punctate
labeling was also found in deeper laminae.

Are 5-HT3 receptors present on terminals of
excitatory neurons that use glutamate as a
neurotransmitter?

Double labeling experiments revealed no overlap of immu¬
noreactivity for VGLUT1 and 5-HT3A-IR (Fig. 1B) but there
was extensive overlap between VGLUT2 and 5-HT3A-IR
(Fig. 1A); approximately 46% of 5-FIT3A-IR axon terminals
were found to contain VGLUT2 (Table 1).

The majority of 5-HT3A-containing axon terminals
were adjacent to GluR2-immunoreactive puncta (Fig. 2).
Quantitative analysis revealed that almost 80% of

Are 5-HT3 receptors present on terminals of
myelinated primary afferents?

Despite an intensive search, we could detect almost no
overlap (0.3±0.7%) between CTb and 5-FIT3A-IR in lamina
I and lamina III (Fig. 3A).

What chemical markers are present in 5-HT3A-IR
cells?

Of the markers that we tested, only calbindin was found to
be co-localized extensively in 5-HT3A-IR cells (Table 3;
Table 2. Apposition to GluR2-immunoreactive subunits by 5-HT3A-IR
axons

Rat % Apposed to GluR2

1 79

2 80
3 77

Average S.D. 78.7±1.53
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Fig. 3. (A-A") Single optical sections illustrating the relationship between 5-HT3A-IR axon terminals (A) and trans-ganglionic labeling for the CTb (A')
in a transverse section of the dorsal horn. A"=merged image. I—lll = laminae of Rexed. Note that there is no overlap of immunoreactivity between
5-HT3A and CTb in lamina I (presumed A8 fibers) or in lamina III presumed A(3 fibers). Scale bar=10 pm. (B-B") Single optical sections in lamina II
showing the relationship between 5-HT3A-IR cells (B) and immunoreactivity for calbindin (Cal; B'). B"=merged image. Three cells are illustrated: 1 is
immunoreactive for 5-HT3A and Cal; 2 is 5-HT3A-IR only; 3 is immunoreactive for Cal only. Scale bar=20 p,m.

Fig. 3B). Quantitative analysis revealed that approximately
44% of 5-HT3A-IR cells contained calbindin. Very small
numbers of cells were associated with immunoreactivity for
PV (1%), NOS (2%) and the MOR-1 (0.7%). The other
markers, ChAT and SST2A were not associated with
5-HT3a-IR cells.

What is the relationship between lamina I projection
cells and 5-HT3A-IR axons?

Brainstem injection sites in both experiments were con¬
fined to the CVLM (Fig. 4). Numerous labeled cells were
present contralateral to the injection site in lamina I and
occasional cells were present in lamina III. The majority of
these cells were also immunoreactive for the NK-1 recep¬
tor. In total, 22 cells were analyzed in horizontal sections
obtained from two animals. There was considerable vari¬
ation in the numbers of contacts formed by 5-HT3A-IR

Table 3. Markers associated with 5-HT3A-IR cells

axons on NK-1 projection cells (range=5-342 contacts).
Cells with high and low contact numbers were observed in
both experiments. Some cells were associated with very
large numbers of contacts which were distributed evenly
over the cell body and dendritic tree (Fig. 5). Contact
densities (numbers of contacts per 100 p,m2 of cell mem¬
brane) were plotted for each of the 22 cells (Fig. 6). How¬
ever, there were no obvious groupings of cells and the
contact densities formed a continuum which ranged from
0.005 to 0.262 contacts/100 |xm2.

DISCUSSION

Specificity of the antibody

The 5-HT3A antibody used in this study was obtained from
a commercial source (Oncogene Research Products) and
was raised against a peptide sequence (444SLEKRDEM-

Rat 1 Rat 2 Rat 3 Rat 4 Mean %
±gt |-)ev

Double labeled/ % Double Double labeled/ % Double Double labeled/ % Double Double labeled/ % Double
total 5-HT3 labeled total 5-HT3 labeled total 5-FIT3 labeled total 5-HT3 labeled

5-HT3/PV 0/46 0.0 2/50 4.0 0/26 0.0 0/27 0.0 1.0±2.0

5-HT3/CAL 22/55 40.0 18/44 40.9 19/34 55.9 14/36 38.9 43.9±8.0

5-HT3/NOS 2/41 4.9 1/40 2.5 0/19 0.0 0/28 0.0 1.8±2.4

5-HT3/ChAT 0/46 0.0 0/56 0.0 0/32 0.0 0/23 0.0 0.0

5-HT3/SST2A 0/51 0.0 0/44 0.0 0/28 0.0 0/19 0.0 0.0

5-HT3/MOR-1 0/43 0.0 1/38 2.6 0/29 0.0 0/25 0.0 o l+ co

CAL, calbindin.
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Fig. 4. (A, B) Injection sites in the CVLM from the two stereotaxic
experiments (A and B) showing the spread of immunoreactivity for the
CTb. CC, central canal; LRt, lateral reticular nucleus; py, pyramid; sp5,
spinal trigeminal tract; Sp5, trigeminal nucleus; 12, hypoglossal nu¬
cleus.

REVARD457) which is found in both the long and short
isoforms of the 5-HT3A subunit but is not present in the
5-HT3B subunit. As the 5-HT3A subunit is essential for
functional 5-HT3 receptors (Dubin et al., 1999), it is likely
that it is present in all cells that possess the active form of
the receptor. In our previous study (Maxwell et al., 2003),
we showed that preadsorption of the 5-HT3A antibody with
the cognate peptide blocked the immunoreaction thus in¬
dicating that it binds specifically to this sequence.

Transmitter content of 5-HT3A-IR axons

In this study we have shown that approximately half of the
5-HT3a-IR terminals investigated contain VGLUT2. How¬
ever, almost 80% of the terminals formed synapse-like
associations with GluR2 subunits of the AMPA receptor.
According to Nagy et al. (2004) this subunit is present in
virtually all AMPA receptors in the spinal cord and there¬
fore the vast majority of axon terminals that possess 5-HT3
receptors are likely to use glutamate as a neurotransmitter
and have an excitatory action on their postsynaptic target
cells. This is consistent with findings from our previous
study where we showed that almost none of the 5-HT3A-IR
axons contained GAD and all of the terminals analyzed
with electron microscopy formed obvious asymmetric junc¬
tions. Taken together, these observations strongly suggest
that most, if not all, axons that possess 5-HT3 receptors
are excitatory. Although 20% 5-HT3A-IR axons were not
found to be opposed to GluR2-immunoreactive puncta,
they could still be glutamatergic; GluR2 subunits may have

*

A

Fig. 5. A projected series of optical sections in the horizontal plane in
lamina I. A shows cells that were retrogradely labeled from the caudal
venrolateral medulla (see Fig. 4), B shows immunoreactivity for the
NK-1 and C shows 5-HT3A-IR. D is a merged image of A, B and C. One
of the cells (*) is NK-1 positive and is heavily innervated by axons that
are 5-HT3A-IR. Scale bar=20 p,m.

been present at low levels which were not detected by the
immunocytochemical method used or receptors composed
predominantly of other classes of AMPA subunit may be
present. Preliminary evidence suggests that approximately
24% of 5-HT3A-IR axons are apposed to GluR1 subunits
(E. D. Legg, G. G. Nagy and D. J. Maxwell, unpublished
observations). In addition, they could also form 'silent'
synapses where only NMDA receptors are present. There
is also a discrepancy between the number of terminals that
are immunoreactive for VGLUT2 and those apposed to
GluR2-immunoreactive puncta. This may be because
some terminals possess another type of vesicular gluta¬
mate transporter. The VGLUT1 transporter was not asso¬
ciated with 5-HT3A-IR axons and preliminary evidence sug¬
gests that this is also the case for the VGLUT3 transporter
(D. J. Maxwell, unpublished observations). Therefore if
such cells do possess a glutamate transporter then it must
be a variety that has not been described hitherto.

Origins of 5-HT3A-IR axons

Our previous study indicated that a small proportion of
5-HT3A-IR axons (14%) originates from peptidergic pri¬
mary afferents or those that are labeled with IB4 lectin
(Maxwell et al., 2003). It is presumed that the majority of
the terminals in lamina II that are labeled with these mark¬
ers originate from unmyelinated C fibers (Lawson, 2002).
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Fig. 6. Packing density of contacts of 5-HT3A-IR axons associated with 22 lamina I NK-1 projection cells. Note that there is a continuum of contact
densities.

Zeitz et al. (2002) provided evidence that approximately
80% of dorsal root ganglion cells that contain 5-HT3A
mRNA are also immunoreactive for N52 which is protein
associated with neurofilaments in myelinated axons. It is
therefore surprising that we did not find that axons labeled
with CTb also possessed the 5-HT3A subunit. It is generally
accepted that CTb is specifically taken up by myelinated
axons in the rat and is transported centrally (Robertson
and Grant, 1985; LaMotte et al., 1991). We also found no
evidence of colocalisation with the VGLUT1 transporter
which is found predominantly in terminals of large diameter
primary afferent axons (Todd et al., 2003). There could be
several explanations for this discrepancy. Firstly, it is pos¬
sible that subunit protein is not transported centrally in
myelinated axons but is channeled in the peripheral direc¬
tion. Such a phenomenon has been described for the
neuropeptide Y Yl receptor (see Brumovsky et al., 2002).
Secondly, neonatal capsaicin treatment or rhizotomy con¬
siderably reduces binding of radioactive zacopride (Kidd et
al., 1993; Kia et al., 1995) which suggests that consider¬
able numbers of primary afferents possess the receptor. In
our experiments CTb labeling was observed in lamina I
and in laminae dorsal to lamina II and thus it is likely that
both AS and Aa|3 fibers were labeled. However, CTb may
not label all classes of myelinated axons (especially some
AS fibers; see LaMotte et al., 1991) and therefore we
cannot exclude the possibility that myelinated afferents
that are not labeled with CTb have 5-HT3A receptors on
their central terminals. Thirdly, although the message for
5-HT3a subunit is present in N52 DRG cells, the protein

may be expressed at levels that are too low to detect.
Finally, it is possible that the antibody we used may only
detect pre-assembled subunits, as was suggested for a
similar antibody used by Morales et al. (1998). Clearly
further investigation is required to resolve this question.

We found that almost half of the 5-HT3A-IR axons also
contained VGLUT2. VGLUT2 is found predominantly in
terminals of local circuit neurons in the spinal cord (Todd et
al., 2003) and therefore it is likely that a considerable
proportion of axons possessing the 5HT3 receptor origi¬
nates from dorsal horn interneurons. This observation is
consistent with previous studies which indicated that a

proportion of 5-HT3A-IR axons are likely to arise from local
interneurons (Kidd et al., 1993; Kia et al., 1995; Maxwell et
al., 2003). It is also likely that many of the cells of origin of
these axons are situated in the dorsal horn as cell bodies
that are 5-HT3A-IR and contain mRNA coding the 5-HT3A
subunit are present in this region (Kia et al., 1995; Maxwell
et al., 2003). Ultrastructural analysis of 5-HT3A-IR cells
(Maxwell et al., 2003) showed that most of the immunore-
activity associated with cell bodies was cytoplasmic and
was particularly concentrated around the Golgi apparatus.
We concluded that these 5-HT3A subunits were possibly in
the process of being transported to the axon terminals and
that these cells were likely to be the principal spinal source
of 5-HT3A-IR terminals. Of all the markers we used in this
study, only calbindin was found in significant numbers
(44%) of 5-HT3A-IR cells. This observation is of interest
because calbindin is associated with excitatory cells in the
dorsal horn (Antal et al., 1991). Markers which are pre-
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dominantly associated with inhibitory neurons (PV, NOS,
ChAT, SST2A; Antal et al., 1991; Todd and Spike, 1993;
Spike et al., 1993; Todd et al., 1998) showed no or negli¬
gible co-localization with 5-HT3A-IR cells. This reinforces
the idea that almost all 5-HT3A-IR cells in the dorsal horn
are excitatory interneurons. The small percentages of cells
labeled with PV and NOS may represent a tiny inhibitory
minority, indeed in our previous study, a very small pro¬
portion of 5-HT3 terminals appeared to be associated with
GAD (1.4%). However an alternative interpretation of this
observation is that small proportions of PV and NOS cells
do not contain GABA (Laing et al., 1994) and it could be
this group of cells that are 5-HT3A-IR. A very small propor¬
tion of 5-HT3A-IR cells (0.7%) were immunoreactive for
MOR-1. MOR-1 is associated with excitatory neurons
(Kemp et al., 1996) hence it seems likely that the 5-HT3
receptor is predominantly associated with particular sub¬
classes of excitatory interneuron. The majority (56%) of
cells, however, were not labeled with the markers used in
this study and we have no knowledge of the chemical
phenotype of these cells.

Targets of 5-HT3A-IR axons and functional
implications

Projection cells in lamina I that possess the NK-1 receptor
were chosen for analysis because such cells are likely to
be important components of ascending nociceptive path¬
ways (e.g. see Lima and Almeida, 2002). Although some
cells were densely innervated by 5-HT3A-IR terminals, oth¬
ers received only sparse innervation. A binomial distribu¬
tion of contact packing densities was not observed and it
cannot be concluded that strongly and weakly innervated
cells belong to specific subgroups of projection cell. This
presumably implies that 5-HT, operating through 5-HT3
receptors, may have effects on lamina I cells that range
from very strong to weak. It is likely that the vast majority,
or indeed all, of the contacts formed on lamina I cells are

excitatory and therefore it is the excitatory input to these
cells which will be modulated by 5-HT. Although 5-HT is
principally thought of as having antinociceptive actions in
the spinal cord, recent evidence suggests that its action at
5-HT3 receptors may be pronociceptive (Green et al.,
2000; Zeitz et al., 2002; Suzuki et al., 2002). If this asser¬
tion is correct, our evidence suggests that a release of
5-HT in lamina I (where there is a dense plexus of 5-HT
axons), would result in a facilitation of the excitatory glu-
tamatergic input into lamina I. As 5-HT axons do not form
axo-axonic synapses (Maxwell et al., 1983) and the ma¬
jority of 5-HT3A-IR terminals are not postsynaptic to other
axons (Maxwell et al., 2003), it is likely that this action
would occur through volume transmission and therefore
5-HT would be predicted to have a global influence on the
excitability of lamina I. However, as discussed above, the
strength of this influence would be expected to vary con¬
siderably in individual neurons. Recently, Suzuki et al.
(2002) produced evidence that NK-1 projection cells in
lamina I form part of an ascending-descending feedback
system that controls spinal excitability. The descending
component of this loop appears, in part, to consist of 5-HT

containing axons. The specific 5-HT3 antagonist ondanse¬
tron, or ablation of NK-1 lamina I projection cells with
substance P conjugated to saporin, produced increases in
sensitivity to mechanical and thermal stimuli and changes
in receptive fields of deep dorsal horn cells that are also
components of pain pathways. These authors suggested
that this might occur as a consequence of changes in the
descending system. The arrangement we describe could
form part of a positive feedback system where increased
activity in ascending lamina I cells activates descending
5-HT systems which in turn facilitate activity of the ascend¬
ing lamina I systems. Such an arrangement may be impor¬
tant for the activation of classical antinociceptive serotonin-
ergic systems (that are likely to operate through other
classes of 5-HT receptor) but also could activate 5-HT
facilitatory systems which would exacerbate pain.

CONCLUSION

In this study we have produced evidence that axons which
are 5-HT3A-IR are likely to have an excitatory action in the
dorsal horn. Although a proportion of these axons are
terminals of peptidergic primary afferents, many of them
also appear to originate from interneurons, in particular,
the subgroup of excitatory interneurons in lamina II that
contain calbindin. These axons form a dense plexus in
lamina I and have a close association with many lamina I
projection neurons that possess the NK-1 receptor. This
may be the basis of an ascending-descending feedback
loop which activates descending 5-HT systems that facili¬
tate this input to the superficial dorsal horn.
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Conditional Rhythmicity of Ventral Spinal Interneurons
Defined by Expression of the Hb9 Homeodomain Protein
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Yutaka Yoshida,4 Thomas M. Jessell,4 and Robert M. Brownstone12
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The properties ofmammalian spinal interneurons that underlie rhythmic locomotor networks remain poorly described. Using postnatal
transgenic mice in which expression of green fluorescent protein is driven by the promoter for the homeodomain transcription factor
Hb9, as well as Hb9 -lacZ knock-in mice, we describe a novel population of glutamatergic interneurons located adjacent to the ventral
commissure from cervical to midlumbar spinal cord levels. Hb9 + interneurons exhibit strong postinhibitory rebound and demonstrate
pronounced membrane potential oscillations in response to chemical stimuli that induce locomotor activity. These data provide a
molecular and physiological delineation of a small population of ventral spinal interneurons that exhibit homogeneous electrophysio¬
logical features, the properties ofwhich suggest that they are candidate locomotor rhythm-generating interneurons.
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Introduction
The mammalian spinal cord contains a complex network of local
circuit interneurons that are involved in generating locomotor
output in the absence of descending and afferent input (Brown,
1911). Pioneering in vivo experiments in the cat have led to the
classification ofspinal ventral interneurons by their location, seg¬
mental input, and axonal projections (Jankowska, 1992). Certain
ventral interneuron populations are rhythmically active during
locomotor activity (Baev et al., 1979; Gossard et al., 1994; Huang
et al., 2000; Nakayama et al., 2002; Butt and Kiehn, 2003; Mat-
suyama et al., 2004). However, the intrinsic properties, which
likely play a key role in rhythm generation (Getting, 1989), have
seldom been studied in defined interneuronal populations (Butt
et al., 2002).

The spinal interneurons responsible for mammalian locomo¬
tor rhythm generation remain poorly defined. Molecular studies
have provided evidence that ventral interneuron subtypes derive
from distinct progenitor domains (Ericson et al., 1997; Pierani et
al., 1999). At early stages of spinal cord development, motoneu-
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rons and four major subclasses of ventral interneurons (V0-V3)
are generated (Briscoe et al., 2000). Their distinct identities are
determined by the profile of transcription factors expressed, both
in progenitor cells and postmitotic neurons (Goulding and
Lamar, 2000; Jessell, 2000). Although interneurons derived from
each major progenitor domain share common functional fea¬
tures, it is likely that, given the anatomical and physiological
diversity ofadult spinal interneurons, each of these classes can be
subdivided into a number of distinct functional populations
(Goulding et al., 2002). Identification ofphysiologically coherent
populations ofneurons may therefore depend on the availability
ofadditional molecular markers that are expressed in the postna¬
tal period, when the nascent circuitry of the ventral spinal cord
acquires characteristics of the mature locomotor network.

A homeodomain transcription factor, Hb9, is expressed by
embryonic motoneurons and functions during development to
consolidatemotoneuron identity (Arber et al., 1999; Thaler et al.,
1999). Likemany other transcription factors involved in the spec¬
ification of neuronal identity, Hb9 is evolutionarily conserved,
and its Drosophila counterpart also functions during motoneu
ron differentiation (Odden et al., 2002). In Drosophila, Hb9 ex¬
pression also defines specific interneuron classes (Broihier and
Skeath, 2002; Odden et al., 2002), raising the possibility that ex¬
pression of the protein in vertebrate interneurons may have been
overlooked. In this study, we used Hb9:enhanced green fluores¬
cent protein (eGFP) (Wichterle et al., 2002) and Hb9nlsLacZ (Ar¬
ber et al., 1999) transgenic mice to define and characterize a
population of small Hb9 + interneurons abutting the ventral
commissure (Wilson et al., 2003;Wilson and Brownstonc, 2001).
These Hb9 + interneurons are glutamatergic, have homogeneous
electrophysiological properties, and oscillate conditionally in re-
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sponse to drugs that induce locomotor activity. These data pro¬
vide evidence for the existence of a small population of ventral
spinal interneurons that are candidate rhythm-generating inter¬
neurons. A recent study (Hinckley et al., 2005) used the same
eGFP transgenic mouse line and demonstrated rhythmically ac¬
tive GFP ' neurons during induced ventral root bursting in the
newborn spinal cord. Our studies expand on these findings by
detailing the properties of a homogeneous population of endog¬
enous Hb9 interneurons in motor functionally mature mice.

Materials and Methods
Generation ofHb9 transgenic mice. Hb9:eGFP transgenic mice (mHB9-
Gfplb) were generated by pronuclear injection ot an ~9 kb fragment com¬
prising the5' upstream region ofthemurineHB9 gene (Arberetal., 1999),
followed by a 5' splice substrate (Choi et al., 1991), an eGFP gene, and a
bovine growth hormone polyadenylation signal (Wichterle et al., 2002), and
carry an estimated 5—10 copies of the transgene. Thesemice were ofthe same
linewe provided toHinckley et al. (2005). Hb9 nlsLacZ/+ micewere generated
by homologous recombination in embryonic stem cells and carry a nuclear
localized LacZ insertion in the Hb9 locus (Arber et al., 1999). Mice express¬
ing both nlsLacZ and GFP were generated by intercrossing the Hb9:eGFP
transgene line with heterozygous Hb9 nlsLacZ/+ mice.
In situ hybridization and immunohistochemistry. Combined fluores¬

cent in situ hybridization histochemistry/immunohistochemistry was
performed as described by Vosshall et al. (2000) and Price et al. (2002),
but proteinase K treatment was omitted. Atrliserrse digoxigeniti (DIG)
riboprobe for vesicular glutamate transporter 2 (VGLUT2) was gener¬
ated according to the recommendations of the manufacturer (Roche
Diagnostics, Indrarrapolrs, IN). Rabbit arrti-GFP primary arrtibudy (Mo¬
lecular Trobes, Eugene, OR) was applied lugcllrer with sheep artli-DIG-
peroxidase (Roche Diagnostics), washed with 0.1 M Tris 7.5,0.15 M NaCl,
and 0.05% Tween 20, and detected using donkey anti-rabbit FITC sec¬
ondary antibody (Jackson ImmunoResearch, West Grove, PA) and tyra-
mide-cyanine 3 (Cy3) amplification (PerkinElmer, Boston, MA). Slides
were mounted in Vectashield reagent (Vector Laboratories, Burlingame,
CA), and images were collected using a Bio-Rad (Hercules, CA) MRC-
1024 scan head on a Nikon (Tokyo, Japan) E800 microscope.
For the immunohistochemical experiments, mice were perfused with

4% paraformaldehyde, and their spinal cords were removed, postfixed,
and subsequently cryoprotected overnight in 30% sucrose. Cryostat or
freezingmicrotome sections (20-70 gm) were incubated free floating at
4°C for 24-72 h with combinations of the following primary antibodies
diluted in PBS containing 0.3 M NaCl and 0.3% Triton X-100: rabbit
(1:4000; Abeam, Cambridge, UK), chicken (1:2500), or sheep (1:1000)
anti-GFP (Biogenesis, Poole, UK); rabbit anti-Hb9 (1:16,000; a gift from
S. Arber, Biozentrum, University of Basel, Basel, Switzerland); rabbit
anti-/3-galactosidase (/3-gal) (1:1000; Biogenesis); goat anti-Fos (1:1000),
anti-choline acetyltransferase (ChAT) (1:100), guinea pig anti-VGLUT2
(1:5000), anti-VGLUTl (1:20,000), anti-glycine transporter 2 (GlyT2)
(1:10,000), and rabbit (1:5000) and mouse (1:5000) anti-GAD-67 (all
from Chemicon, Temecula, CA; Chandlers Ford, UK); rabbit anti-GlyT2
(1:2500; Sigma, St. Louis,MO); or goat anti-5-HT (1:5000; ImmunoStar,
Hudson, WI). Sections were rinsed three times for 10 min each in PBS
containing 0.3 m NaCl before incubation with secondary antibodies at
4°C overnight (Todd et al., 2003; Hughes et al., 2004). Appropriate sec¬
ondary antibodies were conjugated to Alexa 488, Alexa 555, Cy3 or Alexa
637 (1:500; Molecular Probes), or rhodamine or Cy5 (1:100; Jackson
ImmunoResearch). Fluorogold (1%; Fluorochrome, Denver, CO) was
injected intraperitoneally into mice 2-5 d before perfusion (Leong and
Ling, 1990).
Image acquisition. Epifluorescent images were acquired with a Zeiss

(Oberkochen, Germany) Axoplan inverted microscope, and confocal im¬
ages were acquired with a Zeiss Axiovert 100M or a Bio-Rad Radiance 2100
confocal laser-scanning microscope equipped with argon, HeNe, and red
diode lasers, through 25-100X oil-immersion objectives. Images were pro¬
cessed using MetaMorph (Universal Imaging, Marlow, UK), and figures
were made with Adobe Photoshop (Adobe Systems, Son Jose, CA).

Electrophysiological recordings. All procedures are in accordance with
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Figure 1. GFP + motoneurons and interneurons in the spinal cord of the postnatal Hb9:GFP
mouse. A, Fluorescent micrographs of 30 /xm upper lumbar spinal cord sections illustrate GrP
expressing neurons in the ventral spinal cord (71/), which include somatic and sympathetic
motoneurons, identified by colocalization with Fluorogold {Aii). Note the labeling of sympa
thetic preganglionic neurons in the intermediolateral cell column and central autonomic area,
dorsal to the central canal. B D, High magnification images corresponding to marked regions
in A illustrate somatic (8) and sympathetic preganglionic (0 motoneuron GFP expression,
identified by Fluorogold labeling. D, GFP + neurons that abut the ventral commissure are not
Fluorogold positive and are therefore interneurons.

protocols approved by and conforming to the Canadian Council for
Animal Care and the Dalhousie University Animal Care Committee.
Postnatal Hb9:GFP mice [postnatal day 6 (P6) to P14] were anesthetized
with ketamine (100 mg/kg, i.p.), and their spinal cords were isolated and
removed under cold (<4°C) sucrose-substituted artificial CSF (ACSF)
[detailed by Jiang et al. (1999)]. Transverse spinal cord slices (200-300
71m) prepared with a vibrating microtome (Vibratome 3000; Vibratome,
St. Louis, MO) were transferred to warm ACSF at 30°C for 15 min before
a 30min equilibration period in room-temperatureACSF before record¬
ing (Carlin et al., 2000). ACSF containing (in him) 127 NaCl, 1.9 KC1,1.2
KH2P04, 2.4 CaCl2, 1.3 MgCl2, 26 NaHC03, and 10 D-glucose was su-
perfused. Patch-clamp electrodes (5-9 Mil) contained 130 raM
K-gluconate, 10 mM KC1,10 mM HEPES, 0.1 mM EGTA, 1 iiim CaCl2,4 mM
Mg-ATP, and 70 /xm Alexa 594. GFP + neurons were identified under fluo¬
rescence using a narrow-band GFP filter (41020; Chroma Technology,
Rockingham, VT), and whole-cell patch-clamp recordings were obtained
using differential interference contrast optics under infrared illumination
and a MultiClamp 700A amplifier, Digidata 1322A analog-to-digital con¬
verter, andAxoGraph 4.9 software (MolecularDevices, Union City, CA). All
drugs (0.1-1 mM NiCl2, 20 /xm 5-HT, 50 /xm dopamine, 5-20 /xm NMDA,
and 1 /xm TTX) were applied to the perfusate.

Results
The identity ofGFP-expressing neurons
In the mammalian spinal cord, the homeobox gene Hb9 is ex¬
pressed by embryonicmotoneurons (Pfaffet al., 1996; Saha et al.,
1997; Tanabe et al., 1998; Thaler et al., 1999). Its encoded home-
odomain protein, Hb9, has an essential role in consolidating mo¬
toneuron fate (Arber et al., 1999; Thaler et al., 1999).

To investigate the postnatal expression of Hb9 in the mouse,
GFP was expressed under the control of an ~9 kb 5' flank regu¬
latory region (Wichterle et al., 2002). At postnatal stages, GFP
was expressed by many motoneurons in the ventral spinal cord
(Fig. 1). In P10 to adult mice, GFP + somatic motoneurons were
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observed in lateral and medial motoneu¬
ron pools in the ventral horns throughout
the spinal cord (Fig. 1A,B). To examine
whether all motoneurons express GFP,
motoneurons were labeled by intraperito¬
neal injection of Fluorogold, which is
taken up by peripheral axons to retro-
gradely label motoneuronal somata (Le-
ong and Ling, 1990). In one representative
animal in which the T12-L2 segments
were analyzed, —85% (547 of 641) of
Fluorogold-positive motoneurons were
GFP+. Fluorogold also labeled GFP +
sympathetic preganglionic neurons
(SPNs) (Fig. 1 A, C) (243 of 313; 78% be¬
tween T12-L2). Thus, not all somatic mo¬
toneurons or SPNs express GFP at postna¬
tal ages.

We observed that interneurons in Flb9:
eGFP mice, defined by the lack of Fluoro¬
gold tracer, also expressed GFP. These
GFP + interneurons were located through¬
out the ventral horn, primarily in laminas
VII, VIII, and ventral X (Fig. 1 A,D). In the
low thoracic to upper lumbar regions, an
average of 41 ± 5 GFP " interneurons per
30 pm section were observed in laminas
VII and VIII and in ventral lamina X. Of
note were small (8-10 pm diameter) in¬
terneurons (4 ± 2 of these interneurons
per 30 pm section) that abutted the ventral
commissure in medial lamina VIII or ven¬
tral lamina X and often formed discrete
clusters comprising two or three interneu¬
rons (Fig. 1 A,D). Because the majority of
these cells were in medial lamina VIII, we
will refer to them as such. The intensity of
GFP fluorescence in these neurons appeared greater than that
seen in the majority of other labeled interneurons.

Previous studies using the Hb9 promoter have reported ec¬
topic GFP expression in embryonic interneurons (Wichterle et
al., 2002). To investigate the correspondence of transgene GFP
expression with endogenous Hb9 expression in interneurons,
Hb9:eGFPmicewere crossed with Hb9 nlsLacZ/+ mice (Arber et al.,
1999). In the double-transgenic offspring, /3-gal expression was
detected in the nuclei of large GFP + motoneurons in the ventral
horn (Fig. 2A,D) and in the cluster of small GFP + cells abutting
the ventral commissure (Fig. 2B). Importantly, the GFP + inter¬
neurons scattered throughout the remainder of the ventral horn
lacked j3-gal expression (Fig. 2C). Somatic motoneurons and the
medially located cluster of GFP + interneurons expressed Hb9
immunoreactivity (data not shown). In contrast, GFP+ inter¬
neurons scattered throughout laminaVII andVIII lacked endog¬
enous Hb9 protein expression. Thus, medial lamina VIII eGFP +
interneurons alone correspond to endogenous Hb9+
interneurons.

The rostrocaudal distribution of j8-gal+, GFP + interneurons
was investigated in the spinal cord of P10 to adult Hb9:eGFP X
Hb9nlsLacZ/+ double-transgenic mice. At thoracic levels, occa¬
sional Hb9 + neurons were observed in lamina X, below the cen¬
tral canal abutting the ventral commissure, whereas at upper
lumbar levels, these neurons were found in more ventral loca¬
tions, forming clusters along the commissure (mean, 2.2 per 30
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Figure 2. Medial lamina VIII interneurons are Hb9 ~. A, In Hb9:GFP x Hb9nlsLacZ/+ offspring, low-power confocal projections
show the distributions ofGFP, /3-gal, and ChAT + neurons in the spinal cord. 8, Higher-magnification images indicate thatmedial
lamina VIII interneurons are /3-gal + (and thus Hb9 +) but ChAT ~. The midline is to the left of these cells. A separate, small
population of interneurons in ventral medial lamina VIII coexpressed GFP with ChAT, but these neurons lacked /3-gal expression
(Hb9) (data not shown). C, Most GFP + scattered interneurons throughout the ventral horn are both /3-gal ~ and ChAT ~. D,
Motoneurons identified by ChAT immunoreactivity are /3-gal 1 .Note that not all motoneurons are GFP ' .Scale bars: 8-0,20 p.m.

pm section). Hb9+ interneurons were rarely observed below
midlumbar levels. Although not uniformly distributed in the ros¬
trocaudal axis, the mean distribution of these cells was similar at
upper thoracic (2.4 cells per 30 pm section, 43 sections), lower
thoracic (2.1 cells, 40 sections), and upper lumbar (2.2 cells, 25
sections) levels.

In motoneurons, the expression of Hb9 is associated with a
cholinergic phenotype (Tanabe et al., 1998), prompting us to
examine whether GFP+ interneurons are also cholinergic. In
Hb9:eGFP X jdf>9"'si<":Z/+ double-transgenic mice, Hb9 + inter¬
neurons lacked ChAT expression (Fig. 2B). We next examined
interneuronal expression of Islet class LIM homeodomain pro¬
teins, which are expressed in motoneurons (Ericson et al., 1992)
and in some Hb9 + interneurons in Drosophila (Odden et al.,
2002). None of the GFP + interneurons in Hb9:eGFP mice ex¬

pressed Islet proteins (data not shown). Thus, Hb9+ interneu¬
rons in mice lack both ChAT and Islet protein expression.

To investigate the transmitter phenotype of the Hb9 + neu¬
rons, we began by investigating the colocalization of GFP with
various transmitter transporters in axonal terminals. Because the
majority of GFP+ interneuronal terminals (>75%) (data not
shown) were VGLUT2-immunoreactive (IR), we tested the hy¬
pothesis that Hb9 + neurons are VGLUT2 + by using combined
fluorescent in situ hybridization and immunohistochemistry.
VGLUT2 mRNA was expressed in medially located GFP " neu¬
rons (Fig. 3Ai-Aiv), most notably the small medial lamina VIII
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Figure 3. Hb9 + interneurons are glutamatergic and do not appear to provide a major input to motoneurons. A, Confocal
images of fluorescence in situ hybridization studies reveal expression of VGLUT2 mRNA (Ai) in cells that express GFP (Aii). All
medial GFP 1 neurons contain mRNA for VGLUT2 [Aiv-Avi), including the clustered neurons abutting the ventral commissure
recognized as Hb9 + (Av is an enlargement of the box in Aiv), as well as populationsof neurons located more laterally (Avi). Scale
bar: (in Aii) for Ai-Aiv, 100 /xm; (in Avi) for Av-Avi, 50 /jlm. Am, Neurolucida schematic drawings illustrate the corresponding
clustering of Hb9 + interneurons abutting the ventral commissure in the Hb9:GFP X Hb9nlsLac2/+ double-transgenic mice. Note
thattheGFP ' cells that express VGLUT2 (/1//f) include the Hb9 1 interneurons (ylw/). S, GFP 1 motoneuron somata and proximal
dendrites in the lateral motor column in L2 are devoid of VGLJT2 + GFP + terminals. This image is representative of the thorough
scanning of three 70 /xm sections from L2 in each of three mice. The single VGLUT2 + GFP + terminal in this frame is marked with
an arrow and magnified in the inset. Scale bar, 10 pirn.

ments. In addition, a detailed studyofboth
the medial and lateral motor columns re¬

vealed that GFP +/VGLUT2 + terminals
were seldom found in contact with mo¬

toneuron somata or proximal dendrites
(Fig. 3B). Thus, we did not obtain evidence
in support of significant input of Hb9 in¬
terneurons to motoneurons. However, it
remains possible that the terminals ofHb9
interneurons are restricted to the distal
dendrites of motoneurons. We note that
the study by Hinckley et al. (2005) reports
detection of a neurobiotin-filled GFP+
process in proximity to a GFP+ (pre¬
sumed motoneuron) dendrite in the re¬

gion between the medial and lateralmotor
columns, although the status of endoge¬
nous Hb9 expression in this neuron was
not determined. Evaluation of the extent

of direct connectivity between Hb9 inter¬
neurons and motor neurons will therefore

require more detailed study.
We next examined the transmitter phe-

notype ofsynaptic terminals that are likely
to be presynaptic to Hb9 + interneurons.
Glutamatergic input to GFP+ Hb9+ in-
terneuron somata and dendrites was de¬
tected with antibodies against VGLUT1
(Fig. 4A) andVGLUT2 (Fig. 4B). Virtually
all Hb9+ interneurons studied (12 of 13)
had VGLUT1-IR boutons (3-5 per 60 /urn
section) contacting the somata or proxi¬
mal dendrites. These VGLUT1-IR termi¬
nals on Hb9+ interneurons likely arise
from primary afferents, whereas
VGLUT2-IR terminals arise from inter¬
neurons (Oliveira et al., 2003; Hughes et
al., 2004). VGLUT2-IR GFP+ terminals
were seen on all GFP + Hb9+ interneu¬

rons, raising the possibility of self-

Hb9 + interneurons (Fig. 3Av), as well as in some larger GFP +
neurons locatedmore laterally (Fig. 3Avi). The similar location of
VGLUT2+/GFP+ neurons (Fig. 3Aiii) and GFP+/lacZ+ neu¬
rons (Fig. 3Avii) provides evidence that GFP + interneurons in
this region, which includes endogenous Hb9 + interneurons, are
glutamatergic.

To determine whether Hb9 1 interneurons form direct con¬
tacts with motoneurons, we studied the distribution of GFP +l
VGLUT2 + terminals in the L2-L4 segments (n = 7 mice). How¬
ever, it should be noted that some GFP+/VGLUT2+ terminals
originate from Hb9 ~ neurons (Fig. 3A). GFP +/VGLUT2 + ter¬
minals were the most numerous in lamina VIII and the ventral

part of lamina X but also formed a plexus in the central part of
laminas V-VI. Scattered GFP +/VGLUT2 + boutons were seen in
the medial part of lamina VII. There were relatively few GFP +l
VGLUT2 + terminals in lamina IX in any of these lumbar seg¬

excitation ormutual re-excitation, a prop¬
erty important in rhythm-generating
networks (Roberts andTunstall, 1990; Ro-
wat and Selverston, 1997). Evidence for in¬
hibitory synaptic input was demonstrated
by the presence of both GAD-67+ and
GlyT2+ axons in contact with GFP+

Hb9 + interneurons (Fig. 4C,D). In addition, because serotonin is
important in the generation of locomotor rhythm (MacLean et
al., 1998; Jiang et al., 1999; Ribotta et al., 2000), we examined
serotonergic input to the GFP + Hb9 + interneurons and found
5-HT-IR fibers in apposition to these cells (Fig. 4£). Together,
these data suggest that the Hb9 + interneurons receive diverse
excitatory, inhibitory, and neuromodulatory input.

Electrophysiological properties ofmedial laminaVIII
GFP + interneurons
The intrinsic properties ofneurons involved in the production of
rhythmic movement play a critical role in establishing network
activity (Getting, 1989). We investigated the intrinsic membrane
properties of medial lamina VIII Hb9 + and other nearby inter¬
neurons in vitro using whole-cell patch-clamp recording tech¬
niques in acutely prepared spinal cord slices (Carlin et al., 2000)
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Figure 4. Excitatory and inhibitory inputs to Hb9 + interneurons. A-D, Single optical sec¬
tion confocal micrographs illustrate VGLUT1 + (4) and VGLUT2 + (8) axon terminals apposed to
medial lamina VIII GFP ' neurons. Note that some VGLUT2 ' terminals apposed to the Hb9 '
interneurons are also GFP + and may therefore reflect self- or mutual excitation. There are also
GAD-67 ~ (f) and GlyT2 + (D) terminals apposed to the Hb9 + interneurons. Scale bar, 10 /rem.
E, In the Hb9:GFP X Hb9nlsLac1'double-transgenic mouse, 5-HT + terminals make contact
with GFP 1 interneurons that are also j3-gal 1 (Hb9 1). Scale bar, 1 ^m.

(Figs. 5A, 6A). Current-clamp recordings were obtained from
GFP + interneurons located below the central canal and inmedial
lamina VIII, bordering the ventral commissure.

Based on their size, location, passive membrane properties,
and responses to injected current steps, two distinct populations
ofGFP + interneurons could be identified (Table 1). Themajority
were identified as endogenous FIb9+ interneurons by their size
and location (type 1; n = 57). The Hb9 ! neurons were small (mean
whole-cell capacitance, 10.0 ±1.5 pF) with high input resistances
(mean, 903.2 ± 226.9Mil). These input resistances were in a range
(~700 Mfl) similar to those reported by Hinckley et al. (2005).
Approximately one-third (18 of 57) of these cells were spontane¬
ously active, either with tonic firing orwith occasional action poten¬
tials. The remaining cells in this population did not fire spontane¬
ously and had a mean resting membrane potential of —51.7 ± 6.4
mV. Recordings were also obtained from more lateral GFP + inter¬
neurons (type 2; n = 8). The type 2 ectopic GFP + interneurons were

not clustered and appearedmorphologically distinct from the Hb9 +
interneurons. Compared with the type 1 cells, these type 2 cells were
larger (mean whole-cell capacitance, 16.8 ± 2.3 pF; p < 0.005) with
correspondingly lower input resistances (517.8 ± 169.8 MO; p <
0.005) (Table 1). These data suggest that Hb9+ interneurons are
bothmolecularly and electrophysiologicallydistinct from surround¬
ing neurons.

To examine additional electrophysiological characteristics of
these neurons, we studied postinhibitory rebound (PIR), a criti¬
cal feature in establishing an alternating rhythm in many motor
systems (Perkel and Mulloney, 1974; Tegner et al., 1997). The
endogenous Hb9+ interneurons (type 1) (Fig. 5A) exhibited
strong PIR that was evoked after the break of a hyperpolarizing
current pulse (Fig. 5B,D~F). The PIR reached threshold for ac¬
tion potential generation, followed (within 35 ms) by a second
action potential, forming a doublet (Fig. 5B,C,F). Depolarizing
steps from —90 mV led to all-or-none spiking, which, in the
presence ofTTX, resembled a calcium-mediated spike (Fig. 5C).
The amplitude of the PIRwas dependent on both the voltage (Fig.
5B) and time (Fig. 5D) of previous hyperpolarization, consistent
with the PIR being mediated by T-type (Cav3) calcium channels
(Carbone and Lux, 1984; Aizenman and Linden, 1999). This was
confirmed by its blockwith nickel (100-500 jum; n = 6) (Fig. 5£).
In experiments using the Hb9:GFP X Hb9nlsLacZ/+ double-
transgenic mice and intracellular injection ofAlexa 594, process¬
ing for /3-gal immunoreactivity established that interneurons
with PIR expressed Hb9 (Fig. 5F). These data indicate that Hb9 +
interneurons have electrophysiological characteristics important
in rhythmogenic networks.

To establish whether this electrophysiological profile was se¬
lective for the endogenous Hb9 1 interneurons, type 2 interneu¬
rons that expressed GFP ectopically were also studied (Fig. 6A).
Unlike the type 1 neurons, injection of hyperpolarizing current
pulses revealed a time-dependent sag that is typical of that medi¬
ated by a hyperpolarization-activated mixed cationic conduc¬
tance (/h) (Pape, 1996) (Fig. 6B). As a consequence, these GFP +
interneurons exhibited a small depolarization after the break of
the hyperpolarizing current pulse, which could be associatedwith
single action potentials. Doublet spike firing was never observed.
The majority of these type 2 cells (5 of 8; 63%) exhibited small-
amplitude (peak to peak, 3.9 ± 1.3 mV) biphasic spontaneous
oscillations in their membrane potential that were voltage inde¬
pendent (Fig. 6C, arrows). Such oscillations were not detected in
type 1 neurons. Thus, the electrophysiological profile of endoge¬
nous Hb9 + GFP + neurons appears distinct from other ectopic
GFP + interneurons found in close proximity in the ventral spinal
cord.

Locomotor-induced Fos expression and conditional bursting
ofHb9-positive interneurons
Recent studies by Hinckley et al. (2005) have provided evidence
that the activity of a population ofGFP + interneurons in lamina
VIII is synchronized to rhythmic ventral root output. To assess
whether Hb9 1 interneurons are activated in locomotion, adult
mice were subjected to a 90 min locomotor task, and their spinal
cords were processed for Fos immunohistochemistry (Barajon et
al., 1992; Carr et al., 1995; Herdegen and Leah, 1998; Dai et al.,
2005). This activity induced Fos expression in these mice in a
distribution similar to that demonstrated recently in cat Active
locomotion (Dai et al., 2005). Single small cells and clusters of
GFP + interneurons that were morphologically and anatomically
homologous to the Hb9+ interneurons expressed Fos under
these conditions (1.2 cells per 30 /urn section; 15 sections per
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Figure 5. The electrophysiological profile of Hb9 + interneurons. A, Interneurons identified by the presence of GFP were patch
clamped using IR-differential interference contrast (DIC) and filled with Alexa 594.8, The PIR that evokes action potential firing is
dependent on the preceding voltage. In TTX, the amplitude of the PIR is dependent on previous membrane voltage. Hyperpolar-
izing pulses of 500 ms duration were elicited from -50 mV. C, Injection of linearly increasing current pulses from a holding
potential of —90 mV revealed an all-or-none depolarization that, after reaching threshold, led to a burst ofaction potentials. In
the presence ofTTX (1 /am), an underlying low-amplitude spike was revealed. D, The amplitudeof the PIR (in TTX) is dependent on
the duration of preceding hyperpolarization. f, The PIR is blocked with nickel (100 put). F, In Hb9:GFP X Hb9n
transgenic mouse slices, recorded cell somata were filled with the intracellular dye Alexa 594. Immunohistochemical processing
after recording revealed colocalization of Alexa 594 with /3-gal, demonstrating that these cells (type 1) are indeed Hb9 +.

mouse; n = 2 mice) (Fig. 7A, top panels). In contrast, Fos immu-
noreactivity was not detected in these neurons in mice that were
relatively inactive before perfusion (n = 2) (Fig. 7A, bottom pan¬
els), linking Fos expression to locomotor behavior. Thus, endog¬
enous Hb9 + neurons are activated during locomotion.

Rhythmic locomotor output can be induced in the in vitro
mouse spinal cord preparation by the application of 5-HT (20
/am), dopamine (50 /am), andNMDA (20 /am) (Jiang et al., 1999).
To investigate whether endogenous Hb9 + interneurons have in¬
trinsic properties to support rhythmic activity, these three recep¬
tor agonists were bath applied to spinal cord slices of mice of a
developmental stage sufficient to bear weight and walk (more
than or equal to P8). In all 19 type 1 neurons studied under these
conditions, application resulted in an increase in spontaneous
activity. After the addition of TTX (1 /am), oscillations in mem¬
brane potential were recorded (11 of 19 neurons), indicating that
the membrane potential of these cells can oscillate in the absence
of synaptic activation. In 8 of 11 neurons, these oscillations were

relatively low amplitude (5.1 ±1.3 mV)
and occurred with a frequency of0.9 ± 0.4
Hz (Fig. 7B). These oscillation frequencies
were voltage independent (Fig. 7D), con¬
sistent with the hypothesis that the oscilla¬
tions reflect activity in electrotonically
coupled neurons that have similar in-
phase membrane potential oscillations
(Sillar and Simmers, 1994). These fre¬
quencies are in the range of slow over¬
ground locomotion, but faster than the
frequencies of fictive stepping illustrated
in mouse in vitro spinal cord preparations
[—0.2 Hz (Jiang et al., 1999); <0.1 Hz
(Hinckley et al., 2005)]. In the remaining
three cells, application of these drugs in the
presence of TTX resulted in an initial de¬
polarization (8.9 ± 0.4 mV), followed by
the onset of large-amplitude oscillations
(42.5 ± 2.9 mV) with a frequency of 0.4 ±
0.1 Hz (Fig. 7C). When hyperpolarized to
holding potentials of —70 to —75 mV, the
depolarized phase ofthe oscillations initiated
an all-or-none type of spike, peaking at
— 13.3 ± 0.5 mV (amplitude, 61.6 ± 0.6
mV) and decaying to a plateau at —50.7 ±
2.8 mV before rapid hyperpolarization back
to baseline. On additional hyperpolariza¬
tion, a thresholding effect was seen, in which
only some of the depolarizations elicited an
all-or-none spike. Additional hyperpolariza¬
tion eliminated these spikes, leaving smaller-
amplitude oscillations (14.0 ± 3.5 mV) of
similar frequency (0.4 ± 0.1 Hz) (Fig. 7C). In
contrast to the lower-amplitude oscillations
demonstrated above, these oscillations were
voltage-dependent, with hyperpolarization
leading to an increase in oscillation fre¬
quency (Fig. 7D), indicating that the fre¬
quency of oscillations is determined by in¬
trinsic neuronal properties rather than by
the network. The reduction in frequency
with depolarization primarily results from a
prolongation of the depolarized phase of the
oscillation. This likely results from the re¬

cruitment ofslowly inactivating inward conductances.
To investigate the contribution of the Cav3-mediated calcium

conductance to this intrinsic oscillatory activity, nickel (100 /am)
was added to the bath (« = 2). Nickel blocked the large-
amplitude spike, leaving small-amplitude (7.8 ±1.8 mV) oscil¬
lationswith waveforms similar to those seen in the cells described
above. The frequency was relatively unaffected (0.3 ± 0.1 Hz)
(Fig. 7C). The large-amplitude oscillations in these three cells
may result from more intact dendritic arborizations with their
associated currents. These data show that the Hb9+ (type 1)
interneurons are capable of endogenous rhythmic oscillatory ac¬
tivity under the same conditions that evoke rhythmic locomotor
output in the in vitro spinal cord preparation. The large-
amplitude oscillations evoked by the locomotor stimuli depend
on the conductance that underlies the PIR (nickel-sensitive cal¬
cium conductance). These biophysical studies of endogenous
Hb9 + interneurons support the idea that phasic activity of these
neurons may contribute to rhythmic locomotor output.

double-
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Discussion
The spinal cord circuitry involved in the
generation of rhythmic locomotor activity
has remained elusive, primarily as a conse¬
quence of the technical challenges of iden¬
tifying relevant populations of interneu-
rons. In this study, we analyzed transgenic
mice that express GFP in a small set of
Hb9 + interneurons to define the anatom¬

ical and physiological properties of a pop¬
ulation of excitatory spinal interneurons
that express many of the characteristics ex¬
pected of interneurons involved in loco¬
motor rhythm generation.

In embryonic mammals, the ho-
meobox gene Hb9 is expressed by newly
generated motoneurons (PfafFet al., 1996;
Saha et al., 1997; Tanabe et al., 1998; Tha¬
ler et al., 1999) and functions in the con¬
solidation of motoneuron fate (Arber et
al., 1999). Neuronal expression of Hb9
continues into adulthood (Vult von Stey-
ern et al., 1999), and GFP expression
driven by an Hb9 promoter can be used to
identify Hb9-expressing neurons in the
postnatal spinal cord (Wichterle et al.,
2002). The Hb9-GFP and Hb9nlsLacZ
transgenic mice permit the identification
and characterization of a population of
spinal interneurons defined by endoge¬
nous Hb9 expression. These interneurons constitute an anatom¬
ically and electrophysiologically homogeneous population.

To date, it has not been possible to define a discrete popula¬
tion of spinal interneurons based on genetic criteria. The expres¬
sion of transcription factors has been used to classify ventral in¬
terneurons into four major subgroups (V0-V3), each with some
common features (Briscoe et al., 2000). However, it is clear, given
the diversity of spinal interneurons, that there are many distinct
populations within each domain (Goulding and Lamar, 2000). In
Xenopus and zebrafish, a single homogeneous population of in¬
hibitory spinal interneurons expresses the transcription factor
engrailed-1 (Higashijima et al., 2004; Li et al., 2004). However, in
mammals, engrailed-1-expressing VI-derived interneurons de¬
velop into diverse functional populations that include Renshaw
cells as well as other interneuronal populations (Sapir et al.,
2004). Similarly, V0 Dbxl + progenitors give rise to a heteroge¬
neous population of commissural inhibitory interneurons (Pierani
et al., 2001), some ofwhich are likely involved in locomotor activity,
because interlimb coordination is disrupted in embryonic Dbxl
knock-out animals that lack V0 neurons (Lanuza et al., 2004).

Although it has been documented that Hb9 is involved in
motoneuron development (Arber et al., 1999; Thaler et al., 1999),
its role in interneuron differentiation is unclear. In Drosophila,
Hb9 is expressed not only in somatic motoneurons but also in
two populations of interneurons (Broihier and Skeath, 2002;
Odden et al., 2002), one ofwhich expresses the Islet transcription
factor and the neurotransmitter serotonin. However, in the
mouse, Hb9 + interneurons are not serotonergic (Fig. 4£), nor do
they express Isll/2 (data not shown). It remains to be seen
whether vertebrate Hb9 + interneurons are homologous to the
ventral cluster of six Hb9 + Islet ~ (VHI) interneurons in Dro¬
sophila (Odden et al., 2002).
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Figure 6. Larger lamina VIII interneurons (type 2) exhibit a time-dependent sag, which is typical of that mediated by /h, and
are electrotonically coupled. A, Interneurons identified by the presence of GFP were patch clamped under IR-differential interfer¬
ence contrast (DIC) optics and filled with Alexa 594. B, Membrane-voltage responses to increasing injections of current pulses
reveal a characteristic sag in membrane voltage at potentials greater than —80 mV. In addition, a small "hump" is evident on the
break of the hyperpolarizing current pulse that could reach threshold for single action potential generation. C, These interneurons
were spontaneously active at resting potentials with voltage-independent, biphasic subthreshold oscillations in membrane
potential evident after hyperpolarization of the membrane (arrows). This indicates that these cells were likely electrotonically
coupled to active neurons.

Table 1. Comparison of electrophysiological properties of Hb9+ (type 1) and non-
Hb9+ (type 2) interneurons
Membrane property Type 1 (n == 57) Type 2 (n = 8)

Percentage with spontaneous firing 31.6 100

Percentage with biphasic subthreshold oscillations 0 63

Resting membrane potential (mV) -51.7 ± 6.4 ND

Membrane capacitance (pF) 10.0 ± 1.5 16.8 ± 2.3*

Input resistance (Mil) 903 ± 227 517 ± 170**

Percentage with PIR-evoked doublets 100 0

Percentage with time-dependent rectifier 0 100

ND, Not determined (could not be determined because of spontaneous activity). *p = 0.00025; = 0.0021.

In the mouse, endogenous Hb9 ' interneurons are found in the
cervical, thoracic, and upper lumbar spinal cord abutting the ventral
commissure. Few interneurons in this region have been character¬
ized, although some lamina VIII interneurons have tk;2been de¬
scribed. Long ascending and descending fibers originate from neu¬
rons in laminaVIII (MolenaarandKuypers, 1978). However,Hb9^
neurons are located dorsal to these populations. Furthermore, the
presence ofnumerousVGLUT2 +, GFP + terminals in the vicinityof
their cell bodies suggests that the Hb9 + interneurons may have an
axonal arborization at or near the segmental level of their somata.
Approximately 85% of lamina VIII interneurons are commissural
(Scheibel, 1969), but those studied are located caudal and lateral to
Hb9 + interneurons (Bannatyne et al., 2003; Jankowska et al., 2003;
Matsuyama et al., 2004).

Very few populations of excitatory interneurons involved in
locomotion have been defined in the ventral spinal cord, al¬
though some are involved in pattern generation (Buchanan et al.,
1989; Roberts and Sillar, 1990). In the mouse, excitatory inter¬
neurons important for interlimb coordination have been de¬
scribed: EphA4 receptor and ephrin B3 knock-out mice hop
rather than walk, likely because aberrant crossing of excitatory
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Figure 7. Hb9 + interneurons are active during locomotion and are conditionally rhythmic.
A Adult mice were subjected to 90 min ofwalking to induce activity-dependent Fos expression.
Confocal micrographs illustrate Fos immunoreactivity in the clustered medial lamina VIII Hb9 ^
interneurons (arrows) but not in the more lateral larger GFP + (Hb9 ~) interneurons (asterisks).
In the control condition, mice slept before perfusion, and the Hb9 + interneurons were Fos
Experimental and control experiments were both conducted at mid-day. Low-magnification
insets indicate location of the interneurons abutting the ventral commissure. B-D, Application
of the neurotransmitters 5-HT (20 /am), dopamine (DA; 50 /,cm), and NMDA (20 /cm) in the
presence of TTX (1 /lx,m) induced two distinct waveforms of endogenous activity in Hb9 f cells.
8, In some Hb9+ neurons, small-amplitude subthreshold oscillations were evoked. The ampli¬
tude of these oscillations was voltage independent. C, In other Hb9+ neurons, large oscillations
in membrane potential could reach threshold for calcium spikes. Note the all-or-none nature of
the activation of the calcium spike. The amplitude of these oscillations was voltage dependent,
with a voltage window where calcium spikes were evoked. This large calcium spike component
of the oscillations was blocked by nickel (100 /cm), leaving small-amplitude oscillations. O, The
frequency of the large-amplitude oscillations was voltage dependent, whereas the frequency of
the smaller-amplitude oscillations was independent ofmembrane potential.

EphA4 + neurons resulted in the synchronous locomotor pheno-
type observed (Kullander et al., 2003). However, the function and
connectivity of neurons with aberrant crossing in the EphA4 mu¬
tants have yet to be identified.

A recent study examining the connectivity of lamina VIII
Hb9:GFP + neurons in the early postnatal lumbar spinal cord has
suggested that these are last-order interneurons (Hinckley et al.,
2005). In these studies, the connectivity of GFP^ interneurons
was assessed in the absence of information on the status of en¬

dogenous Hb9 expression. Because only a minority of eGFP+
interneurons express endogenous Hb9 and there is no demon¬
strated homogeneity of electrophysiological properties of the
neurons studied by Hinckley et al. (2005), it remains possible that
the eGFP + interneurons found to form direct contacts with mo¬

toneurons are distinct from the endogenous Hb9 interneuron
population. Our studies could not confirm the last-order status
of endogenous Hb9 + interneurons: we rarely detected GFP +
VGLUT2 + terminals on motoneuron somata or proximal den¬
drites. However, it cannot be excluded that contacts are formed
with the distal dendrites ofmotoneurons. Resolving with greater
certainty whether endogenous Hb9 interneurons form direct
synaptic contacts with motoneurons is imperative, given the ev¬
idence that this population of interneurons may contribute to
rhythmic motor output.

A possible role for Hb9 + interneurons in locomotor
rhythm generation
Several features of Hb9 + interneurons suggest their possible in¬
volvement in rhythm generation. First, the distribution of these
neurons (from cervical to upper lumbar spinal cord with few seen
caudal to midlumbar segments) is similar to that shown for hind-
limb locomotor rhythm-generating networks (Cazalets et al.,
1996; Kjaerulff and Kiehn, 1996; Cowley and Schmidt, 1997;
Kiehn and Kjaerulff, 1998; Marcoux and Rossignol, 2000).

Second, they receive diverse types of inputs. Serotonergic in¬
put is critical in activating the rhythm generator in mammals
including the mature mouse (Jiang et al., 1999), neonatal rat
(MacLean et al., 1998), and adult cat (Ribotta et al., 2000). In
addition, the presence of VGLUT2+ GFP + terminals on the
Hb9 + interneurons raises the possibility that self-excitation or
mutual excitation has a role in their function. Evidence from
other rhythm-generating networks has revealed a prominent role
for mutual excitation or self-excitation (Rowat and Selverston,
1997), in which the combination of PIR with mutual re-
excitation can facilitate a sustained rhythm (Roberts and Tun-
stall, 1990).

Third, the electrophysiological properties of Hb9 1 interneu¬
rons are also suited for rhythm generation. Hb9 + interneurons
exhibit prominent PIR, mediated by a low-threshold, nickel-
sensitive calcium conductance. In other rhythm-generating net¬
works, it has been established that connectivity alone is insuffi¬
cient to generate rhythm: the intrinsic properties of the network
interneurons determine the rhythm and pattern of output (Per-
kel and Mulloney, 1974; Hartline and Gassie, 1979; Mulloney et
al., 1981; Eisen and Marder, 1984; Harris-Warrick et al., 1995;
Roberts et al., 1995; Tegner et al., 1997; Arshavsky et al., 1998;
Pena et al., 2004). In particular, PIR has been shown to be an
essential property inmany rhythm-generating neurons. In differ¬
ent networks, this property may facilitate bursting (Perkel and
Mulloney, 1974), ensure that the rhythm is sustained (Roberts
and Tunstail, 1990), or improve the stability of the rhythm (Teg¬
ner et al., 1997). Thus, Hb9+ interneurons have the properties
expected for neurons involved in rhythm-generating networks.

It has been demonstrated recently that Hb9 + interneurons are
rhythmically active during locomotor-like ventral root dis¬
charges (Hinckley et al., 2005). We found that Hb9 + interneu¬
rons are activated during overground locomotion, as shown by
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Fos expression elicited by a walking task (Fig. 7A) (Carr et al.,
1995; Wilson et al., 2003). Neurons in this region have been
shown to be recruited during locomotor-like activity (Kjaerulffet
al., 1994; Cina and Hochman, 2000; Dai et al., 2005), and medial
lamina VII and lamina X interneurons have been shown to oscil¬
late rhythmically in response to NMDA (Hochman et al., 1994;
Kiehn et al., 1996). Furthermore, Hb9 + interneurons are intrin¬
sic oscillators; in the presence ofTTX, they have large-amplitude
oscillations in response to serotonin, dopamine, andNMDA, the
same combination of transmitters that evoke locomotor activity
in the isolated mouse spinal cord (Cowley and Schmidt, 1994;
Jiang etal., 1999). Inaddition, other stimuli that evoke locomotor
activity, including increased extracellular K+ concentration
(Bracciet al., 1998), or the addition ofK+ channel blockers (Tac-
cola and Nistri, 2004), evoke rhythmic oscillations in Hb9 + in¬
terneurons (Wilson and Brownstone, 2004) (J. M. Wilson and
R. M. Brownstone, unpublished data). Furthermore, the voltage
independence of the oscillation frequency is consistent with ac¬
tivity produced in electrotonically coupled oscillating networks
(Sillar and Simmers, 1994). Together with data demonstrating
that electrotonic coupling can function to synchronize and pat¬
tern spinal locomotor network activity (Kiehn and Tresch, 2002;
Taccola and Nistri, 2004), these data support the idea that Hb9 +
interneurons may be involved in generating locomotor activity.

In conclusion, our findings demonstrate that the genetic dis¬
section of spinal interneuron circuitry based on selective profiles
of transcription factor expression combined with electrophysio¬
logical analysis can provide insight into locomotor function. The
biophysical properties ofHb9 + interneurons documented in this
study lend intriguing, albeit incomplete, support for the view that
this set of interneurons has a role in rhythm generation in spinal
locomotor circuits.
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Presynaptic inhibition of primary muscle spindle (group la) afferent
terminals in motor nuclei of the spinal cord plays an important role
in regulating motor output and is produced by a population of
GABAergic axon terminals known as P boutons. Despite extensive
investigation, the cells that mediate this control have not yet been
identified. In this work, we use immunocytochemistry with con-
focal microscopy and EM to demonstrate that P boutons can be
distinguished from other GABAergic terminals in the ventral horn
of rat and mouse spinal cord by their high level of the glutamic acid
decarboxylase (GAD) 65 isoform of GAD. By carrying out retro¬
grade labeling from lamina IX in mice that express green fluores¬
cent protein under the control of the GAD65 promoter, we provide
evidence that the cells of origin of the P boutons are located in the
medial part of laminae V and VI. Our results suggest that P boutons
represent the major output of these cells within the ventral horn
and are consistent with the view that presynaptic inhibition of
proprioceptive afferents is mediated by specific populations of
interneurons. They also provide a means of identifying P boutons
that will be important in studies of the organization of presynaptic
control of la afferents.

GABA | la afferent | presynaptic inhibition

The inhibitory transmitter GABA is used by many neurons inthe spinal cord and generates both postsynaptic inhibition at
axodendritic and axo-somatic synapses and presynaptic inhibi¬
tion at axo-axonic synapses (1). GABA is synthesized by the
enzyme glutamic acid decarboxylase (GAD), and Abs against
GAD have been used to identify GABAergic axonal boutons in
the spinal cord (2, 3). More recently, two forms of the enzyme
have been identified, and based on their molecular weights these
forms have been named GAD65 and GAD67 (4). Both forms are
present in the ventral horn of the rat spinal cord but have a very
different distribution (5,6). The majority of GABAergic boutons
throughout the ventral horn show strong GAD67 immunoreac-
tivity and a low level of GAD65. However, there are clusters of
boutons in lamina IX that contain very high levels of GAD65.
We have suggested (6) that these clusters may correspond to the
P boutons that form axo-axonic synapses with terminals of group
la afferents (7-10). In this work, we have used a variety of
approaches to confirm this hypothesis and to identify the cells of
origin of these boutons.

Methods
All experiments were approved by the Ethical Review Process
Applications Panel of the University of Glasgow or the Animal
Care and Protection Committee at the University of Debrecen
and were performed in accordance with the U.K. Animals
(Scientific Procedures) Act 1986 and the European Communi¬
ties Council Directives. Immunocytochemical reactions were
performed on free-floating 60-p.m transverse Vibratome sec-
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tions that had been treated with 50% ethanol for 30 min to

enhance Ab penetration. Abs were diluted in PBS with 0.3%
Triton X-100 (except on sections used for EM).

Primary Afferent Labeling. Transganglionic labeling of sciatic
afferents with cholera toxin B subunit (CTb) was performed in
three adult male Sprague-Dawley rats (300-350 g; Harlan UK,
Bicester, U.K.). These rats were anesthetized with halothane and
received injections of 4 p.1 of 1% CTb (Sigma) into the left sciatic
nerve. After 3 days, they were deeply anesthetized with pento¬
barbitone and perfused with fixative containing 4% freshly
depolymerized formaldehyde. Sections from the third to fifth
lumbar (L3-L5) segments were incubated for 72 h in goat
anti-CTb (List Biological Laboratories, Campbell, CA; 1:5,000),
monoclonal mouse anti-GAD65 (GAD6, Developmental Stud¬
ies Hybridoma Bank, University of Iowa; 1:100), and rabbit
anti-vesicular glutamate transporter 1 (VGLUT1) (Synaptic
Systems, Gottingen, Germany; 1:5,000). We have previously
shown that VGLUT1 is present in all myelinated primary
afferent terminals in lamina IX (11). They were then reacted
with species-specific secondary Abs (Jackson ImmunoResearch;
raised in donkey; 1:100) conjugated to FITC, rhodamine (Rho-
damine Red-X), or cyanine 5.18 and mounted in glycerol-based
medium (Vectashield, Vector Laboratories). Sections from the
L4 segment of each rat were scanned with a confocal microscope
(Bio-Rad MRC1024 or Radiance 2100) through an X60 oil-
immersion lens for quantitative analysis. Sixty primary afferent
boutons in lamina IX (identified by the presence of both CTb and
VGLUT1) were randomly selected from each rat, and the
number of GAD65-immunoreactive profiles in contactwith each
one was determined. The selection of boutons was made before
GAD65 immunoreactivity was viewed. In a separate analysis,
253, 359, and 397 boutons in lamina IX that showed strong
GAD65 immunoreactivity were selected from the three animals
and the proportion that were in contact with a VGLUT1-
immunoreactive axon was determined. For this part of the
analysis, we examined contacts with axons that contained
VGLUT1, because not all primary afferents were labeled with
CTb. To avoid bias toward GAD65-immunoreactive boutons
that were in clusters, an arbitrary threshold value for pixel
luminance was set for GAD65 immunofluorescence in each
confocal image stack, and all boutons that contained at least one
pixel brighter than this were included in the analysis.
Intra-axonal labeling of la afferents was carried out in three

Abbreviations: CTb, cholera toxin B subunit; GAD, glutamic acid decarboxylase; R-BDA,
rhodamine-biotinylated dextran amine; VGLUT1, vesicular glutamate transporter 1.
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adult male Sprague-Dawley rats (320-380 g), which were anes¬
thetized with halothane and subsequentlymaintained by doses of
sodium pentobarbitone (Rhone-Merieux Laboratory, Harlow,
Essex, U.K.; 10 mg/kg i.v.), given as required. The depth of
anesthesia was assessed bymonitoring pedal withdrawal reflexes,
the corneal reflex, and blood pressure. During recording, ani¬
mals were paralyzed with Pancuronium bromide (Pavulon; Faul-
ding Pharmaceuticals, Leamington Spa, U.K.; 0.3 mg/kg i.v.
every 40 min) and artificially ventilated. Anesthetic was then
administered at a frequency commensurate with that required
before paralysis, and adequacy of anesthesia was checked by
monitoring blood pressure and the absence of changes in re¬
sponse to noxious stimuli. Core temperature was maintained at
=38°C, mean blood pressure at >80 mm Hg, and pC02 at
4-4.5%. The left sciatic nerve was exposed and placed on bipolar
stimulating electrodes, and a laminectomy was performed to
expose the spinal cord. Single primary afferent fibers in the
dorsal columns that were driven orthodromically from the sciatic
nerve were impaled with Neurobiotin-filled glass microelec-
trodes as described in ref. 12. Ia afferentswere identified by their
regular firing rate, which was altered by manipulation of ipsi-
lateral hindlimb muscles, and by their conduction velocity. After
successful impalement, Neurobiotin was injected by ionophore-
sis (5-10 nA continuous positive current for 4-30 min). Animals
were maintained under anesthesia for 1 h and then perfused with
4% formaldehyde. Conduction distances between stimulating
electrodes on the sciatic nerve and the recording sites were
measured and used to calculate conduction velocities (12).
Sections from the region of the injection site were incubated for
48 h in mouse anti-GAD65 (1:100) and streptavidin conjugated
to Rhodamine Red (Jackson ImmunoResearch, 1:1,000) and
then in donkey anti-mouse IgG conjugated to fluorescein (Jack¬
son ImmunoResearch; 1:100). They were scanned with the
confocal microscope to examine the relationship between
GAD65-immunoreactive boutons and labeled Ia terminals in
lamina IX.

GAD65, GAD6, and VGLUT1 in Mouse and Rat Spinal Cord. To compare
expression of GAD isoforms in putative P boutons in rat and
mouse, sections of formaldehyde-fixed lumbar spinal cord from
three adult male C57BL/6 mice and three adult male Sprague-
Dawley rats were incubated in the following primary Ab cocktails:
(i) mouse anti-GAD65 (1:100), rabbit anti-GAD67 (K2 Ab, Chemi-
con; 1:5,000), and guinea-pig anti-VGLUTl (Chemicon; 1:20,000);
and (;;) rabbit anti-GAD65 (Sigma-Aldrich, catalog no. G4913;
1:5,000), mouse anti-GAD67 (Chemicon; 1:5,000 or 10,000), and
guinea-pig anti-VGLUTl (1:20,000). These Abs were revealed with
species-specific donkey secondary Abs conjugated to Alexa Fluor
488 (Molecular Probes), Rhodamine Red, or cyanine 5.18. To test
the specificity of the GAD65 Abs, sections from three adult male
GAD65 knock-out mice (NOD.GAD65-/—) (13) were reacted
with both of these Ab combinations.

EM. Two adult male Wistar rats (240-270 g) were deeply
anesthetized with pentobarbitone and perfused with fixative
containing 1% glutaraldehyde and 1% formaldehyde. Sections
of midlumbar spinal cord were treated with 1% sodium boro-
hydride for 30 min and incubated for 72 h in rabbit anti-GAD65
(1:50,000 or 1:100,000), followed by 24 h each in biotinylated
donkey anti-rabbit IgG (Jackson ImmunoResearch; 1:500) and
extravidin-peroxidase (Sigma-Aldrich; 1:1,000). Peroxidase ac¬
tivitywas revealed with 3,3'-diaminobenzidine in the presence of
H2C>2, and sections were osmicated, dehydrated, block-stained
with uranyl acetate, and flat-embedded in Durcupan. One
section from each rat was selected, photographed through a light
microscope to allow identification of clusters of boutons in
lamina IX with strong GAD65 immunoreactivity, and then
mounted onto a stub of cured resin. Series of ultrathin sections

were cut from each block and stained with lead citrate. Immu-
noreactive boutons in the clusters identified with light micros¬
copy were followed through serial ultrathin sections with a
Philips CM100 electron microscope to determine whether they
formed axo-axonic synapses.

GAD6S in GFP-Expressing Mice. Spinal cords from mice expressing
GFP under the control of the GAD65 promoter (GAD65-GFP
mice) (14) were used to investigate the cells of origin of the P
boutons. Sections from formaldehyde-fixed adult animals were
incubated in rabbit anti-GAD65 (1:5,000), guinea-pig anti-
VGLUTl (1:10,000), and sheep anti-GFP (Biogenesis,
Bournemouth, U.K.; 1:1,000), which were revealed with species-
specific secondary Abs labeled with Alexa Fluor 546/555, 647,
and 488, respectively. They were mounted in Vectashield and
scanned with a Zeiss LSM 510 confocal microscope to examine
the relationship between GAD65-, VGLUT1-, and GFP-
immunoreactive axonal varicosities.
Three adult mice of this strain were terminally anesthetized

with pentobarbitone (30 mg/kg). The vertebral column was
quickly cut out and immersed in ice-cold oxygenated artificial
cerebrospinal fluid. The lumbosacral spinal cord was dissected
and placed in a chamber superfused with oxygenated artificial
cerebrospinal fluid at room temperature. Glass micropipettes
(tip diameter 10-20 /xm) were filled with 1% rhodamine-bio-
tinylated dextran amine (R-BDA; Mr 3,000; Molecular Probes),
which was injected into lamina IX at the level of L4 segment on
one side by iontophoresis with positive current (10 /xA for 10
min). After the tracer injection, the spinal cord was kept in the
superfusion chamber for 4-6 h and then transferred to fixative
containing 4% formaldehyde. Sections through the L3-L5 seg¬
ments were processed to reveal GFP, and the distribution of
GFP-expressing neurons that were also R-BDA-labeled was
plotted onto an outline of the spinal cord.

Results

Primary Afferent Labeling. As described in ref. 6, many boutons
with strong GAD65 immunoreactivity were present in lamina
IX of the rat spinal cord, and these frequently formed clusters.
Much lower levels of GAD65 were seen in many other boutons
throughout the ventral horn; however, these could easily be
distinguished from the strongly immunoreactive boutons,
which for convenience are referred to as GAD65-intense.
After injection of CTb into the sciatic nerve, the clusters of
GAD65-intense boutons were invariably centered around
VGLUTl-immunoreactive axon terminals, many of which
contained CTb (Fig. 1). Most of the GAD65-intense boutons
in lamina IX that were not in clusters were also adjacent to
VGLUTl-immunoreactive axon terminals. GAD65-intense
boutons were also associated with CTb-labeled terminals in
lamina VII. Primary afferent terminals in lamina IX (identi¬
fied by the presence of VGLUT1 and CTb) were associated
with 0-11 GAD65-intense boutons, with the mean number per
terminal ranging from 2.8 to 3.2 in the three rats (mean 3.1).
Between 92% and 95% (mean 93%) of the primary afferent
terminals were in contact with at least one GAD65-intense
bouton. Quantitative analysis revealed that 88-89% (mean
89%, n = 3) of GAD65-intense boutons in lamina IX were in
contact with a VGLUTl-immunoreactive terminal. Although
the quantitative data were obtained from the lateral motoneu-
ronal cell groups in L4, clusters of GAD65-intense boutons
were observed in all motor nuclei in the L3-L5 segments.
A single intraaxonally labeled Ia afferent was recovered in

each of three experiments. Conduction velocities ranged from 34
to 77 ms"1, and the morphology of their central arbors resembled
that described for Ia afferents in the rat (10). Between 19 and 108
labeled axon terminals in lamina IX were analyzed, and most of
these (74% of 19, 90% of 42, and 96% of 108) were associated
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Fig. 1. Immunostaining for CTb, VGLUT1 (VG1), and GAD65 in lamina IX of a rat in which CTb had been injected into the ipsilateral sciatic nerve. CTb labeling
is present in a motoneuron (Mn) cell body and several proprioceptive afferent terminals. The latter also contain VGLUT1 and appear purple in the merged image.
Clusters of boutonswith strong GAD65 immunoreactivity are associated with the afferent terminals, which they often surround. The images are projections from
nine optical sections at 0.5-pm z-separation. (Bar: 5 pm.)

with GAD65-immunoreactive boutons (Fig. 2). The mean num¬
bers of GAD65-intense boutons that contacted labeled terminals

belonging to each of the three la afferents were 3.1 (±2.9 SD,
range 0-9), 3.9 (±2.5, 0-10), and 3.6 (±2.0, 0-11), respectively.
GAD65-intense boutons were also associated with Neurobiotin-
labeled la terminals in lamina VII.

GAD65, GAD67, and VGLUT1 in Mouse and Rat Spinal Cord. We
reported (6) that the GAD65-intense boutons in lamina IX of the
rat spinal cord contained low levels of GAD67 immunoreactiv¬
ity. However, the rabbit Ab against GAD67 used in that study is
known to cross-react weakly with GAD65 (15). In sections of rat
spinal cord reacted with mAb against GAD67, the great majority
of GAD65-intense boutons that surrounded VGLUT1-
immunoreactive axon terminals had no detectable GAD67 im¬

munoreactivity (Fig. 3 a-c) whereas a few showed very weak
labeling. Although it is possible that our failure to detect GAD67
immunoreactivity in most P boutons in the rat is due to lack of
sensitivity of the GAD67 mAb, a more likely explanation is that
in our previous study the labeling seen in these boutons with
rabbit GAD67 Ab represented cross-reactivity with GAD65.
Sections of mouse spinal cord that had been reacted with

either combination of GAD Abs showed numerous boutons that
were strongly GAD65-immunoreactive in lamina IX. These
boutons had a similar distribution to those in the rat spinal cord
and were also generally associated with VGLUTl-immunoreac-
tive terminals. Unlike the situation in the rat, these boutons
invariably showed a low to moderate level of immunoreactivity
with the mAb against GAD67 (Fig. 3 d-f). As in the rat, the
GAD65-intense boutons could easily be distinguished from
other GABAergic boutons in the ventral horn that contained
much lower levels of GAD65 immunoreactivity. Staining with
both GAD65 Abs was completely absent from the spinal cords
of GAD65—/— mice.

EM. Thirty-eight boutons from lamina IX that showed strong
GAD65 immunoreactivity were identified with EM (26 and 12
from the two rats). When followed through serial sections, these
boutons were found to be arranged in clusters that surrounded
large nonimmunoreactive terminals that resembled those
belonging to la afferents (9, 10). All of these GAD65-
immunoreactive boutons were presynaptic to the unlabeled
central terminals at axo-axonic synapses (Fig. 4). These were
identified by the clustering of vesicles adjacent to small presyn¬
aptic densities. These features are characteristic of axo-axonic
synapses formed by P boutons, which lack a pronounced synaptic
specialization (16).

GAD65 in GFP-Expressing Mice. GFP-labeled cell bodies were

mostly confined to the dorsal horn in the GAD65-GFP mice.
They were particularly numerous in laminae I—III, present at
lower density in laminae IV-VI, and only occasionally observed
in laminae VII-VIII. Labeled processes were present throughout
the gray matter of both dorsal and ventral horns. GFP labeling
also was seen in axons in the deepest part of the dorsal columns;
however, these axons lacked GAD65 and GAD67 immunoreac¬
tivity and probably reflect ectopic expression of GFP in corti¬
cospinal fibers. The distribution of GAD65-immunoreactive
boutons in the ventral horn of GAD65-GFP mice was identical
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Fig. 2. Association of GAD65 terminals with a Neurobiotin-injected la
afferent in the rat. The main image is a projection of confocal scans through
part of a collateral with eight varicosities in lamina IX (Neurobiotin appears
red). The remaining pairs of images show the association of GAD65 immuno¬
staining (green) with each varicosity. Note that all of the la varicosities are
contacted by at least one GAD65-immunoreactive bouton. The main image is
a projection of 37 optical sections at 0.5-^m z-spacing, whereas those in the
Insets are projected from 5,13, 6, 5, 5, and 9 optical sections, respectively. (Bar:
10 p.m.)
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Fig. 3. Expression of GAD isoforms in P boutons in rat and mouse. Sections
were stained with rabbit anti-GAD65 (green), mouse mAb against GAD67
(red), and guinea-pig anti-VGLUT1 (VG1, blue), (a-c) GAD6S-positive boutons
surrounding a VGLUT1 -labeled terminal in the rat. These boutons are not
GAD67 immunoreactive. (d-f) In the mouse, boutons with strong GAD65
immunoreactivity are also associated with VGLUT1-containing terminals, but
these boutons show moderate levels of GAD67. (Bar: 2 /xm.)

to that observed in nontransgenic animals (Fig. 5b). GAD65-
intense boutons in these mice were adjacent to, and often formed
clusters around, VGLUTl-containing terminals in lamina IX
(Fig. 5 b-d). Most of the GAD65-intense boutons that contacted
VGLUTl-immunoreactive axon terminals also expressed GFP,
although some did not (Fig. 5 a and d). In the majority of cases,
all of the GAD65-intense boutons in contact with a single
VGLUTl-containing terminal either expressed GFP or were
GFP-negative (Fig. 5). Some of the GFP-labeled varicosities in
lamina IX did not correspond to the GAD65-intense boutons.
After injections of R-BDA (17, 18) that covered an area with

a diameter of 150-200 /urn in the lateral motor column of the
GAD-GFP mice, large numbers of retrogradely labeled neurons
were recovered in the spinal gray matter (Fig. 6a). With a few
exceptions, the R-BDA-labeled neurons were confined to lamina
V-VII along a three-segment length of the spinal cord ipsilateral
to the injection site, with a similar distribution to that reported
after injection of BDA into lamina IX in the rat in vivo (18).
Despite the extensive retrograde labeling, cells that contained
both R-BDA and GFP were present in limited numbers and were
restricted to the medial aspect of laminaeV-VI on the ipsilateral
side (Fig. 6 b and c). These double-labeled neurons were only
seen within an 800- to 900- ;u.m length of spinal cord centered on
the rostrocaudal level of the injection site.

Discussion

GAD65 in P Boutons. Axo-axonic synapses in the motor nuclei of the
spinal cord were identified by Conradi (19), who defined the
presynaptic axons as P boutons. He also demonstrated that the
postsynaptic elements were of primary afferent origin because they
degenerated after dorsal rhizotomy (20). It was subsequently shown
that P boutons are presynaptic to terminals of la afferents (7-10)
and that they are immunoreactive with Abs against GAD (2) and
GABA (10, 16, 21, 22). These findings are consistent with the
suggestion that GABAergic axo-axonic synapses are the anatomical
basis for the presynaptic inhibition of la afferents and the accom¬
panying primary afferent depolarization (23).
We previously identified clusters of axon terminals that were

intensely stained with GAD65 Ab in lamina IX of the rat spinal
cord and suggested that these might be the P boutons (6). The
results of the present study confirm this suggestion by showing
that GAD65-intense boutons are associated with (and often
surround) primary afferent terminals and that they form axo¬
axonic synapses. There are two lines of evidence to suggest that
all P boutons belong to the GAD65-intense population. Because
P boutons are strongly GABA-immunoreactive (10, 16, 22), they
must contain at least one GAD isoform. Although we saw many

Fig. 4. GAD65-intense boutons form axo-axonic synapses, (a) A photomi¬
crograph showing a cluster of boutons with strong GAD65 immunoreactivity.
(f>) A low-magnification electron micrograph reveals seven of these boutons
(corresponding to those numbered in a) surrounding a large unlabeled axon
terminal, which presumably belongs to a la afferent. When followed through
serial sections, all of the labeled boutons were seen to form axo-axonic
synapses with the central axon. Three of these are shown at higher magnifi¬
cation in c-e. [Bars: 2 pm (a), 1 pm Ob), and 0.2 )im (c-e).]

axons with significant levels of GAD67 in lamina IX, these were
very seldom adjacent to VGLUTl-labeled boutons, which in¬
clude all proprioceptive afferents (11). In addition, we found that
the mean number of GAD65-intense boutons contacting each la
afferent terminal was 3.6 (data pooled from three experiments),
whereas quantitative electron microscopic studies in cat (9) and
rat (10) have reported that the mean number of P boutons
presynaptic to each la terminal in lamina IX is 2.6-2.7. The
slightly higher figure that we obtained could be accounted for by
GABAergic boutons that were in contact with the la terminal
but did not form an axo-axonic synapse. However, a more likely
explanation is that it arises from the difficulty of identifying P
boutons at either end of the la terminals in the section series in
the EM studies. Axo-axonic synapses formed by these boutons
would have been nearly parallel to the plane of section, and thus
impossible to distinguish with EM. In contrast, P boutons in the
equivalent locations could be readily identified with the confocal
microscope. Our results also suggest that the great majority of
GAD65-intense axon terminals in lamina IX are P boutons
because 89% of them were in contact with a VGLUTl-

containing varicosity. GAD65-intense axons are greatly outnum¬
bered by boutons that are GAD67-immunoreactive in lamina IX
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Fig. 5. Confocal images from lamina IX of a GAD65-GFP mouse. Numerous boutons with strong GAD65 immunoreactivity can be seen (b), and most are
associated with VGLUT1 -containing terminals (cand d). Some, but not all, of these GAD65 boutons are labeled with GFP (a and d). Arrows point to four clusters
of GAD65/GFP boutons. Note that some GAD65-intense boutons in contactwith VGLUT1 terminals are not GFP labeled, and a cluster of these is indicated with
arrowheads. The images were projected from eight optical sections at 1-/xm z-spacing. (Bar: 10 /xm.)

(6). Most of the latter express the glycine transporter GLYT2
and therefore presumably use both GABA and glycine as
transmitters, whereas the GAD65-intense boutons lack GLYT2
(6). Consistent with this observation, it has been reported that
P boutons in lamina IX are GABA-immunoreactive, but not
glycine-immunoreactive, whereas many other GABAergic bou¬
tons in this lamina are enriched with glycine (10, 22). The
presence of clusters of GAD65-intense boutons in all motor
nuclei in the L3-L5 segments implies that la afferent input from
all hindlimb muscles is under presynaptic control by P boutons.
One possible explanation for the difference in distribution of

GAD isoforms between P boutons and other GABAergic axons in
the ventral horn is that individual neurons can give rise to boutons

C

Fig. 6. Identification of GFP-labeled cells that project to lamina IX. (a)
Transverse section of spinal cord scanned to reveal R-BDA (red) and GFP
(green). The injection site is located within lamina IX. Note that the R-BDA has
been scanned with low laser power to demonstrate the distribution of tracer
at the injection site, and therefore only neurons with intense R-BDA labeling
are visible in this image, (b) A high-magnification image from a different
section showing cells labeled with R-BDA and containing GFP (two of which
are marked with arrows) in the deep medial part of the dorsal horn. The
dashed line represents the edge of the dorsal column, (c) A drawing showing
the distribution of all double-labeled cells in seven randomly selected Vi-
bratome sections from the L4 segment. [Bars: 100 /xm (a) and 20 /xm (b).]

that have widely varying concentrations of the two GADs, with the
ratio being determined by the postsynaptic target. However, a more
likely explanation is that the GAD65-intense axons are derived
from a discrete population of GABAergic neurons that have
undetectable levels of GAD67 in their axons. Because the GAD65-
intense boutons are predominantly associated with primary affer¬
ent terminals in the ventral horn, it is likely that they originate from
a population of neurons that are involved principally in mediating
presynaptic inhibition in this region. The dorsal horn contains many
axons with high levels of GAD65, and it is not known whether any
of these are axon collaterals from these neurons.

Cells of Origin of the P Boutons. A similar arrangement of GAD65-
intense boutons associated with VGLUTl-containing terminals
was seen in the mouse, indicating that GAD65 immunoreactivity
can also be used to distinguish P boutons in this species. The
expression of GFP in P boutons in the GAD65-GFP mice allowed
us to investigate their cells of origin by retrogradely labeling
GFP-expressing neurons with R-BDA from lamina IX. The lack of
double-labeled cells dorsal to lamina V is unlikely to be due to
limited transport of the tracer, because neuronswith strong R-BDA
labeling were found up to 3 mm rostral and caudal to the injection
site, whereas the distance from the injection site to medial lamina
IV is *=800 pirn. Because not all GFP-containing axons in lamina IX
correspond to the P boutons and because there may have been some
uptake of R-BDA by fibers of passage (see ref. 18 for discussion),
some neurons other than those giving rise to the P boutons also will
have been double-labeled. In addition, the cell bodies of those P
boutons that were not GFP-labeled will not have been detected.
However, the majority of neurons that give rise to the P boutons
within the region of the injection site are presumably included
among the double-labeled cells. Our results therefore suggest that
P boutons are derived from neurons in the medial parts of laminae
V and VI on the ipsilateral side at a similar rostrocaudal level to the
la terminals that they innervate. This interpretation is consistent
with a report that electrical microstimulation of this area results in
primary afferent depolarization in la afferents (24). Primary affer¬
ent depolarization in these afferents can be evoked by stimulation
of la and lb fibers (23), and it has been proposed on the basis of
latencymeasurements that this effect involves a trisynaptic pathway
(24). Because both la and lb afferents terminate in the medial part
of laminae V and VI (25), our finding that cells of origin of the P

9042 | www.pnas.org/cgi/doi/10.1073/pnas.0503646102 Hughes et al.



boutons are located in this region raises the possibility that there
may be a disynaptic circuit, with P bouton cells being activated
directly by group I proprioceptive afferents.
Although most P boutons contained GFP in the GAD-GFP

mice, some did not, and this finding is likely to reflect an
unpredictable variability in the expression of GFP within the
GABAergic neuronal population. Interestingly, the P boutons
associated with individual primary afferents were usually con¬
sistently positive or negative for GFP, which suggests that the P
boutons in a cluster around an afferent terminal are derived
from a single neuron.
It has been reported that in addition to forming axo-axonic

synapses with la terminals, P boutons can also form axo-dendritic
synapses in triadie arrangements and are therefore not solely
involved in generating presynaptic inhibition (9). Although we did
not study this relationship systematically, we also saw examples of
triads involving P boutons. There is evidence that primary afferent
depolarization-generating neurons can also produce postsynaptic
inhibition of motoneurons, which is picrotoxin (but not strychnine)
sensitive (23). This observation is compatible with a triadic arrange¬
ment involving P boutons because these are GABAergic but not
glycinergic. Despite their role in producing postsynaptic inhibition
of motoneurons at synaptic triads, the P boutons clearly form a
different functional population from the majority of GABAergic
boutons in the ventral horn, which form axo-somatic and axo-
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Differential Projections ofExcitatory and Inhibitory Dorsal
Horn Interneurons Relaying Information from Group II
Muscle Afferents in the Cat Spinal Cord
B. Anne Bannatyne,1 Stephen A. Edgley,2 Ingela Hammar,3 Elzbieta Jankowska,3 and David}. Maxwell1
'Spinal Cord Group, Institute ofBiomedical and Life Sciences, University ofGlasgow, Glasgow G12 8QQ, United Kingdom, department ofAnatomy,
University of Cambridge, Cambridge CB2 3DY, United Kingdom, and department of Physiology, University ofGdteborg, 405 30, Goteborg, Sweden

Dorsal horn intcrncurons with input from group II muscle spindle afferents arc components of networks involved in motor control.
Thirteen dorsal horn interneurons with monosynaptic group II input were characterized electrophysiologically and labeled intracellu-
larly with Ncurobiotin. Their axonal projections were traced, and neurotransmitter content was established by using immunocytochcm-
istry. Two subpopulations were identified: five interneurons had axons that contained vesicular glutamate transporter 2 and hence were
glutamatergic and excitatory. Terminals of the remaining eight interneurons were immunoreactive for the glycine transporter 2 or were
apposed to gephyrin but did not contain the GABA-synthesizing enzyme glutamic acid decarboxylase and were therefore glycinergic and
inhibitor)'. Excitatory cells were located mainly in the central region of lamina IV and had relatively small somata and restricted dendritic
trees. In contrast, inhibitor)' interneurons were located more vcntrally, in lamina V and had relatively larger somata and more extensive
dendritic trees. Axonal projections of the two subpopulations differed considerably. Excitatory interneurons predominantly projected
ipsilatcrally, whereas most inhibitory interneurons projected both ipsilaterally and contralaterally. Three inhibitory axons formed
contacts with large cholinergic cells in motor nuclei, thus revealing a novel direct coupling between inhibitory dorsal horn interneurons
and motoneurons. The organization of the excitatory interneurons is consistentwith current knowledge of reflex pathways to motoneu
ions, but the existence and connections of the inhibitory subpupulation could not be predicted from previous data. Our results indicate
that these latter interneurons exercise widespread inhibitory control over a variety of cell types located on both sides of the spinal cord.

Key words: reflex pathway; spinal interneuronal networks;motor control; electrophysiology; intracellular labeling; irnmunocytochemistry

Introduction
Our understanding of the sensorimotor integration necessary for
control of posture and movement in mammals is rudimentary.
One ofthe best understood mammalian circuits involved in such

integration is concerned with reflexes evoked by activation of
group II muscle affcrcnts that have powerful and widespread
actions on motoneurons (Matthews, 1972; Lundberg et al.,
1987b). Recent studies have demonstrated that snmp group 11
actions on motoneurons are evoked disynaptically or trisynapti-
cally and hence maybe mediated by a pathway including only one
or two interneurons (Edgley and Jankowska, 1987a; Lundberg et
al., 1987a; Arya et al., 1991; Bajwa et al., 1992). The disynaptic
actions of group II affcrcnts have been shown to be evoked via
interneurons located ipsilaterally in the intermediate zone and
contralaterally in laminaVIII (Cavallari et al., 1987; Jankowska et
al., 2005). Dorsal horn interneurons monosynaptically activated
by group II afferents (Jankowska et al., 2002; Edgley et al., 2003)
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were hypothesized to provide input to both groups of cells, pro
ducing trisynaptic actions following the disynaptic ones. The
proposed relationships between dorsal horn and premotor inter-
neuronswith group II input are illustrated in Figure 1 The dorsal
horn interneurons were considered to secure activation of pre¬
motor interneurons and enable them to operate in a more flexible
way by increasing the number of sites atwhich the network could
be independentlymodulated. However, these proposed relation¬
ships were based on indirect electrophysiological evidence
(Jankowska et al., 2002,; Edgley et al., 2003) and preliminary ob¬
servations on axonal projections of dorsal horn interneurons
(Bras et al., 1989; Maxwell et al., 1997). Furthermore, the pro¬

posed circuit was based on excitatory interactions and did not
take into account the possibility that some group II activated
interneurons may have inhibitory actions. Evidence for the exis¬
tence of a oubpopulation of inhibitor)' cells is limited but mono
synaptic EPSPs ofgroup II origin in dorsal horn interncuronc arc
often followed at short latency by IPSPs (Edgley and Jankowska,
1987a, their Fig. 6; Dougherty et al., 2005, their Fig. 7). However,
these IPSPs could be mediated by either dorsal horn or interme¬
diate zone interneurons. If inhibitory dorsal horn interneurons
do exist, it is important to understand their role in the network.

The principal aim of the present study was to test the hypo¬
thetical relationships shown in Figure 1 by analyzing the axonal
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Figure 1. Hypothetical relationships between excitatory dorsal horn interneurons and pre-
motor interneurons with group II input. Connections between dorsal horn interneurons and
premotor interneurons in the intermediate zone and lamina VIII, which form synaptic contacts
with ipsilateral and contralateral motoneurons, respectively (modified from Edgley et al., 2003,
their fig. 1; based on electrophysiological analysis of PSPs evoked from group II afferents in
these interneurons and in motoneurons).

projections of dorsal horn interneurons with group II input. A
second aim was to determine whether the population includes
inhibitory interneurons and, if so, to determine whether they
have similar features and properties to the excitatory interneu¬
rons. Until recently, it was difficult to differentiate between these
two fundamental types of interneuron in electrophysiological
studies. We combined technologies to enable us to identify the
transmitter content (and hence postsynaptic action) of electrn-
physiologically characterized cells (Bannatyne et al., 2003) and
have applied this technology in the present study.

Parts of thiswork have been published previously (Bannatyne
et al., 2004).

Materials and Methods
Experiments were performed on eight young adult cats (weighing 2.3-
3.3 kg) obtained from an accredited supplier to University ot Goteborg.
Ail procedures were approved by the University ot Goteborg Medical
Ethics Committee and comply with National Institutes of Health and
European Union guidelines. Anesthesia was induced with sodium pen¬
tobarbital (40 mg/kg, i.p.) and maintained with a-chloralose (—3
mg • kg 1 • h i.v.; Khone-Poulenc Sante, Antony, France). The level
of anesthesia was monitored by continuous recording of blood pressure
and heart rate and by observing pupil dilatation. Blood pressure was
monitored via a carotid cannula and maintained at —100-130 mmHg.
Neuromuscular transmission was blocked with pancuronium bromide
(0.2 mg ■ kg -1 • h i.v., Pavulon; Organon, Vastra Frolunda, Sweden),
and animals were artificially ventilated. End-tidal C02 was maintained
between 4 and 5%. Core body temperature was maintained at —38°C.
Laminectomies were performed at the lumbar (L2-L7) and thoracic

(112—113) levels, and stimuli (up to 1 mA) were applied at the latter level
to identify and exclude antidromically activated ascending tract cells.
Peripheral nerves (quadriceps, sartorius, and deep peroneal) were dis¬
sected and mounted on stimulating electrodes. A search was made in the
L3-L5 segments for group II activated interneurons at depths at which
dorsal horn field potentials were evoked (Fig. 1) (Edgley and Jankowska,
1987b). These were identified on the basis of monosynaptic activation
after stimulation ofmuscle nerves at sufficient intensities to recruit group
II muscle afferent fibers (five times threshold for recruitment of the most
easily activated axons) and lack of antidromic activation by stimulation
of tin. lateral fasciculi rosli'dlly. After identification, cells were nitidcellu"
larly labeled with a mixture of tetramethylrhodamine dextran (2%) and
Ncuiubiulin (2%, Veclui Laboratories, Peterborough, UK) by passing
depolarizing current (up to 5 nA for 10 min).

Table 1. Numbers and distribution of boutons analysed for
neurotransmitter content

Number of terminals analysed
Cell VGLU12/GAD VGLUT1/GlyI2/gephyrin Location

1 28 18 IV-V
2 13 23 V, VII
3 26 10 V
4 23 22 V-VII
5 28 12 IV-V
6 19 44 V-VII
7 14 16 VII
8 30 17 IV-V
9 25 45 V-VII
10 31 38 VI-IX
11 16 25 VI-VII
12 11 12 lll-IV, VIII
13 11 53 Vl-Vil

At the conclusion of the experiments, the animals were given an over¬
dose of anesthetic and perfused with either paraformaldehyde (4%) or a
combination of paraformaldehyde (1%) and glutaraldchydc (0.2%) in
experiments intended to providematerial for electron microscopy (EM).
The spinal cord was removed, and transverse sections (50 /cm thick) were
cutwith a vibratome and collected in strict serial order. The sections were
scanned using cpifluorescence, and series of sections containing fluores¬
cent cells were incubated with avidin-rhodamine for 3 h (1:1000; Jackson
ImmunoResearch, Luton, UK) to reveal Neurobiotin labeling. Cells were
scanned at a lowmagnification with a confocal microscope (MRC 1021;
Bio-Rad, Hemmel Hempstead, UK) to allow preliminary reconstruc¬
tions to be made.

Selected sections containing terminals from each cellwere reactedwith
one of two combinations of antibodies: guinea pig anti vesicular gluta
mate transporter 1 (VGLUT1; 1:5000; Chemicon, Harrow, UK) and
sheep anti-glycine transporter 2 (GlyT2; 1:1000; Chemicon); or guinea
pig anti-vesicular glutamate transporter 2 (VGLUT2; 1:5000; Chemicon)
and rabbit anti-glutamic acid decarboxylase (GAD; recognizes both 65
and 67 isoforms, 1:2000; Sigma, Poole, UK). In experiments intended to
provide material for EM analysis, the sections were treated with sodium
borohydride before immunoreactions, and mouse anti-gephyrin (1:100;
Connex, Martinsried, Cermany) was substituted for ClyT2 because the
ClyT2 antibody is not compatible with glutaraldehyde fixation. All of the
interneurons in the sample were tested for each of the antibodies. The
distribution of primary antibodies was revealed by incubation with sec
ondary antibodies raised against the species in which the primary anti¬
bodies were generated and coupled to Alexa Fluor 488 (1:500; Invitrogcn,
Carlsbad, CA) or cyanine-5.18 (1:100; Jackson ImmunnResearrh) The
specificity of the primary antibodies used in this study has been investi
gated and discussed previously (Bannatync et al., 2003; Mackic et al.,
2003; Todd et al., 2003). Finally, each series of sections was reacted with
ABC reagent (5-20 plus 5-20 p.1, Vector Elite; Vector Laboratories) for
3 h in the presence of Triton X-100 and diaminobenzidine (DAB) to
provide a permanent record of the cells from which detailed rcconstruc
tions were made using a drawing tube. Sections selected at this stage for
EM analysis were incubated with ABC reagent for 3 d before reactions
were performed using DAB as a chromogen. They were treated with
osmium tetroxide, dehydrated, and embedded in resin between acetate
foils. Sections were examined with a light microscope, and labeled axons
were photographed and drawn. The sections were then attached to resin
blocks. Series of ultrathin sections were prepared and viewed with a
Phillips CM100 BioTwin electron microscope (FEI, Eindhoven, The
Netherlands).

Results
More than 30 dorsal horn internenrons that were monosynapti-
cally excited by group II afferents were intracellularly labeled.
However, cello that were wealdy labeled or had overlapping arc
onal arbors were excluded from the sample. Thirteen interneu-
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Figure 2. Morphology and immunocytochemical characteristics of a glutamatergic interneuron. A, Reconstruction of an inter-
neuron (Table 2, cell 1), soma, and dendrites are shown in red, and the axonal arborization is shown in black. The box demarcates
the area in which terminals shown below were located. B, A series of confocal microscope images illustrating the neurotransmitter
content of boutons originating from this interneuron. The panel on the left shows a projected image made from several optical
sections. Additional images of boutons (arrowheads) from single optical sections are shown in series of three to the right (1,2). The
axonsareshown in red, immunoreactivity for VGLUT2 in blue, and immunoreactivity for GAD in green. The right panel ofeach series
is a merged image confirming that the terminations are immunoreactive for VGLUT2. C, The panel on the left shows a projected
image of a series of boutons. The two series of confocal images on the right illustrate single optical sections with the axon shown
in red, immunoreactivity for VGLUT1 in blue, and gephyrin in green. There is no obvious relationship between immunolabeling for
either antibodies and labeled interneuron terminals (1,2). Scale bars: A, 400 /cm; B, C (left panels), 5 /cm; B, C (1,2), 2 /cm

profile (Fig. 2B2). Similarly, although
there was a range of intensities of immu¬
noreactivity for GAD in regions sur¬
rounding labeled interneuronal termi¬
nals, there was no evidence of even weak
GAD immunoreactivity associated with
them.

Five cells possessed axon terminals
that were VGLUT2 immunoreactive (Ta¬
ble 2, cells 1-5). Figure 2B illustrates a se¬
ries of Neurobiotin-labeled terminals

(Table 2, cell 1) thatwere immunoreactive
for VGLUT2 but had no immunoreactiv¬

ity for gephyrin, GAD, or VGLUT1 asso¬
ciated with them (Fig. 2B,C). Axon termi¬
nals of the other eight cells were
immunoreactive for GlyT2 or were ap¬
posed to gephyrin and were therefore gly-
cinergic (Table 2, cells 6-13). Figure 3B
illustrates axonal swellings from a labeled
interneuron (Table 2, cell 7) that dis¬
played the characteristic ring-like immu¬
noreactivity for GlyT2 (Spike et al., 1997),
whereas Figure 4B shows gephyrin label¬
ing associated with terminals from an¬
other cell (Table 2, cell 9) that was pre¬
pared for combined light and electron
microscopy. Neither of these cells nor any
of the others identified as glycinergic had
axons that were immunoreactive for
VGLUT1, VGLUT2, or GAD (Figs. 3B,C,
4B,C).

The location of cell bodies of labeled
interneurons in the L3-L5 segments of the
lumbosacral enlargement is shown in Fig¬
ure 5. Somata of all of the glutamatergic
interneurons were located in lamina IV of
Rexed (red symbols), whereas all but one
of the glycinergic interneurons (green
symbols) were found in lamina V. The
atypical glycinergic neuron was located in
the most lateral part of lamina IV. Loca¬
tions of the other interneurons that were
labeled but not reconstructed are shown
in black.

No differences were found in the input
or responses of glutamatergic and glycin¬
ergic interneurons to stimulation of
group II afferents. This is illustrated for
four interneurons from each of these sub-

rons were sufficiently well labeled to allow detailed analysis of
axonal projections. Their cell bodies were located in the central to
lateral parts of the dorsal gray matter in laminas IV-VI.

Transmitter content of terminals, location, and input
Immunocytochemical analysis of selected sections from well la¬
beled neurons permitted identification of the neurotransmitter
present in their terminals. The numbers and locations ofboutons
analyzed are shown in Table 1. Whereas the immunolabeling for
gephyrin and GlyT2 was consistent between all boutons, the in¬
tensity of immunoreactivity for VGLUT2 was more variable and
ranged from weak and patchy to dense filling of the complete

populations in Figure 6. In both subpopu-
lations, monosynaptic EPSPs (third dotted lines in the first and
third columns) from group II afferentswere evoked at latencies of
1.5-1.8 ms after the arrival of group I afferent volleys (indicated
by the first dotted lines) and latencies of 0.7-0.9 ms from the
onset of group II volleys (second dotted lines). In some interneu¬
rons from both subpopulations, the monosynaptic components
(third dotted lines) were followed by later components (fourth
dotted lines), giving rise to double or multiple (Fig. 6D,L) rather
than single (Fig. 6BJ) spikes in extracellular records. These had
latencies that were consistent with disynaptic or trisynaptic EP¬
SPs. In both subpopulations, EPSPs were evoked at a similar
threshold, more than two times the threshold for group I affer-
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Table 2. Summary of morphological data
Soma Extent of dendritic tree (/llm) Axonal projection Locations of terminals Contacts with
diameter ChAT-labeled

Cell Segment Soma position (jLIM) Shape of dendritic tree M-L/D-V R-C IL XL IL XL R-C extent profiles

Glutamatergic
1 Mid IV 25 Laterally and dorsally di¬ Vi to V3 extent; III—IV 480 dLF r + c IV-V IV-V 1020

rected
2 L4 Mid IV 20X30 Dorsoventrally directed 'A M-L extent; l-ll border-V 480 dLFr + c 0 IV-VII 600
3 L4 Mid IV 20 Dorsally directed 'A M-L extent; l-ll border-IV 800 dLF c 0 lll-VII 900
4 U Lat IV 20 Dorsolaterally directed, Narrow cone of Lat gm; II—IV 600 dLF r + c 0 lll-VII 780

M-L restricted
5 Ls Mid IV—V border 20X25 Mainly dorsally directed Medial V4; ill-dorsal IV 480 DCc IV-VI 900

Glycinergic
6 L3 Lat IV-V border 35 Restricted dorsally Entire M-L extent, into dLF; 840 LFr + c VFr + c IV-IX VII-VIII 1200 Yes

7 L4 Lat IV-V border 20X10 Mainly dorsally directed
III—IV

Over 2A M-L extent, into dLF; * LF r VFc IV-IX VII-IX 480 Not tested

IV—Lat VII
8 Ls Lat IV 20X10 Mainly dorsally directed Restricted M-L to narrow band; 900 dLF r 0 IV-VII 1200 Not tested

l-ll border-IV
9 Is Lat IV-V border 20X30 Restricted dorsally Lateral V4 M-L, into dLF; IV-VI 540 LFr + c VFr + c IV-IX IV-VIII 2100 Not tested
10 L; Lat IV-V border 40 Radial Lateral Vi, into dLF; II—III border-V 600 LFr + c VFc IV-IX VII-IX 1020 Yes
11 L5 MidV 40 Restricted dorsally Entire M-L extent, into LF; IV-VI 780 LFc VFr + c IV-IX VII-IX 1080 Yes
12 l5 LatV 25 Restricted dorsoventrally Entire M-L extent, into dLF; IV-VI 650 0 VFr + c ll-VIII VII 720 Not tested
13 Ls LatV 25X40 Restricted dorsoventrally Lateral %, into dLF; IV-VI 540 LFr + c VFc V-VII VIII 600 Not found

M-L, Mediolateral; D-V, dorsoventral; R-C, rostrocaudal; II and XL, ipsilateral and contralateral; Mid, central; Lat, lateral; DC, dorsal columns; 0, no projection; LF, lateral fasciculus; VF, lateral fasciculus; dLF, dorsal part of lateral fasciculus; r,
rostral; c, caudal; *, rostrocaudal extent not determined

cnts (Fig. 6E H, M P), and the fast declining phase of the EPSP
was sometimes followed by an IPSP (Fig. 6E,I).

Morphology and projections: glutamatergic interneurons
Glutamatergic interneurons had small somata (20-25 jum in di¬
ameter) with dorsally directed dendritic trees distributed within
laminas III—IV and occasionally extending dorsally to the border
between laminas I and II and ventrally as far as lamina VI. The
dendritic trees were restricted in the mediolateral plane and oc¬
cupied no more than half the width of the gray matter. The total
rostrocaudal spread ranged from 480 to 800 /xm. The most later¬
ally situated cell (cell 4) had a mediolateral spread that was lim¬
ited to a narrow cone directed dorsolaterally. Morphological data
are summarized in Table 2, and a reconstruction ofone glutama¬
tergic interncuron (cell 1) is shown in Figure 2A. Projections
formed by glutamatergic interneurons are summarized in Figure
7 and Table 2.

Stem axons of four of the glutamatergic interneurons pro¬
jected via the dorsal part of the lateral funiculus (cells 1 1). Three
cells (cells 1, 2, and 4) projected both rostrally and caudally, but
cell 3 projected caudally only. The stem axon of the other neuron
(cell 5) bifurcated ventrally to its soma and gave rise to an axonal
branch that entered the dorsal columns and ran in the direction
of the dorsal commissure before fading and becoming untrace¬
able. The other axonal branch and axon collaterals could not be
followed beyond lamina VI. Cell 1 (Fig. 2) also sent a fine collat¬
eral via the dorsal commissure to ramify contralateral^ in lami¬
nas IV and V. In all five interneurons, the principal axon gave rise
to collaterals that formed groups of terminals in areas surround¬
ing and ventral to the soma as it passed through the gray matter.
The target areas included laminas IV-VI and, for two cells (2 and
4), the dorsal part of lamina VII. There was no evidence of pro¬
jections to any region more ventral than dorsal lamina VII.

Morphology and projections: glycinergic interneurons
Somata ofseven of the glycinergic cells in the sample ranged from
20 and 40 gm in diameter and had dendritic trees that extended

throughout more than half the mediolatcral extent of the gray
matter, also encroaching on the adjacent lateral white matter.
Examples of two of these cells are shown in Figures 3A and 4 A,
and morphological data are summarized in Table 2. Cell 8 differed
not only in the morphology of its dendritic tree, which was directed
dorsally toward the lamina II—III border and restricted mediolater-
ally, but also in the projection of its axon (described below).

Axonal projections from the glycinergic interneurons are
summarized in Figure 8 and Table 2. Five cells (7, 9, 10, 11, and
13) had axons that ran ventromedially from the cell bodies. These
bifurcated in medial lamina VII and sent one axon collateral to
the ipsilateral lateral funiculus and another to the contralateral
ventral funiculus, in which they branched again to send collater¬
als in both rostral and caudal directions. Cell 12 followed the
same pattern, but the ipoilatcral axon branch could not be fol
lowed farther than medial lamina VII adjacent to the branch
point. For some cells (8 and 9), the daughter collaterals were of a
similar diameter; for others, the contralateral branch was finer.
The axon originating from cell 6 also projected via both the ipsi
lateral lateral funiculus and the contralateral ventral funiculus,
but the branch point giving rise to the two collaterals was located
close to the cell body in lamina V rather than in medial lamina
VII. Cell 8 showed no evidence of a contralateral projection but
sent its main axon into the dorsal part of the ipsilateral lateral
funiculus.

In general, collaterals arose from the major branches of axons
of the glycinergic neurons during their passage through the gray
matter and after they had entered the white matter. Terminal
arborizations were observed over a total rostrocaudal extent of
1200-2000 /itm andwerewidely distributed to all areas of the gray
matter with the exception of the contralateral dorsal horn, al¬
though two cells (9 and 12) had collaterals that decussated via the
dorsal commissure to ramify in the medial regions of the con¬
tralateral laminas VI or VII. Ipsilateral areas consistently targeted
by these cells included the deep dorsal horn (laminas IV, V, and VI),
lamina VII, the region around the central canal, and lamina VIII.
Contralateral!^ terminals were found in laminas VII and VIII.
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Figure 3. Morphology and immunocytochemical characteristics of a glycinergic interneuron. A, Reconstruction of an interneu-
ron (Table 2, cell 9), soma, and dendrites shown in red and axonal arborization in black. Theaxon terminals illustrated in Bare taken
from the area outlined by the box. B, A series of confocal microscope images illustrating neurotransmitter content of boutons
originating from this interneuron: the left panel illustrates a projected image of a series of boutons. Additional images of boutons
(arrowheads) from single optical sections are shown in panels 1 and 2 to the right. The axon is shown in red, immunoreactivity for
GlyT2 in green,and VGLUT1 in blue. The right panel ofeach series isa merged image confirming thatthe ring-like immunoreactivity
characteristic ofGlyT2 staining is associated with labeled interneuronal terminals. C, Projected image of groups of terminals in the
large panel on the left, with single optical sections through individual boutons in panels 1 and 2. Axon terminals are shown in red
(arrowheads), immunoreactivity for GAD in green, and VGLUT2 in blue. There is no obvious relationship between interneuronal
terminalsand immunoreactivityfor either oftheotherantibodies. Scale bars: A, 500 Ju.m;B,C(leftpanels),5/xm;B,C(1,2),2/xm

Terminal projection areas of several cells also included lamina
IX, thus indicating that these cells may have direct inhibitory
actions on motoneurons. This was an unexpected finding be¬
cause there has been no previous evidence for premotor inter¬
neurons in the dorsal horn (see Discussion). Particular attention
was therefore paid to terminals of glycinergic interneurons in or
adjacent to motor nuclei. Six glycinergic interneurons (6,7,9,10,
11, and 13) had terminal arborizations in parts of ipsilateral lam¬
ina IX and/or in adjacent areas of laminas VII and VIII in which
overlap with motoneuronal dendrites might be expected. Three
cells (7, 10, and 11) also terminated in the contralateral motor

nuclei. In the case ofthe best labeled inter¬
neuron (cell 11), terminal arborizations
were found in the medial and lateral mo¬
toneuron groups bilaterally, indicating
that the projections were not focally di¬
rected. ChAT immunocytochemistry was
used to identifymotoneurons, and termi¬
nals from three interneurons (cells 6, 9,
and 10) were found to form close apposi¬
tions withmotoneuron cell bodies or den¬
drites. Examples of these appositions are
shown in Figure 9, in which axon terminals
are closely apposed to ChAT-immunoreac-
tive motoneuron somata and also show

gephyrin immunoreactivity oriented in a
manner consistentwith the presence ofsyn¬
aptic contacts. For one of these neurons (cell
9), synapse-like specializations (Fig. 10)
with no pronounced postsynaptic density
were observed in 19 terminals followed

through serial sections with the electron
microscope.

Discussion
The results show that dorsal horn inter¬
neurons with monosynaptic input from
group II muscle spindle afferents fall into
two functional subpopulations with dif¬
ferent somatic locations, projection pat¬
terns, and neurochemical phenotypes.
One group consists ofexcitatory glutama-
tergic interneurons that are located pri¬
marily in lamina IV and have small so¬
mata, relatively restricted dendritic trees,
and terminal projection areas distributed
mainly ipsilaterally and principallywithin
laminas IV-VI. The other subpopulation
comprises inhibitory glycinergic inter¬
neurons that are located primarily in lam¬
ina V, have larger somata and relatively
extensive dendritic trees, project bilater¬
ally, and have terminal projection areas
within laminas IV—IX. No evidence for a

third, GABAergic subpopulation was
found. The results also show that, within
the general features of each subpopula¬
tion, there is some degree of individual
variability, e.g., in the more dorsal or ven¬
tral location of individual neurons or in
the trajectory of the stem axons. The most
marked individual differences were the

sparse contralateral projections of one of
the five excitatory interneurons and the

apparent lack of contralateral projections of one of the eight in¬
hibitory interneurons. Nevertheless, the common general fea¬
tureswere remarkably consistent despite the relatively small sam¬
ple, and the most striking difference in morphology between the
excitatory and inhibitory subpopulations was the projection of
inhibitory interneurons to the ventral horn. Because the locations
of the cells in this study are similar to those reported previously
for group II interneurons (Edgley and Jankowska, 1987a; Bras et
al., 1989) and all cells responded in a similar way to peripheral
input, it is probable that the current sample is representative of
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the entire population ofmidlumbar inter¬
neurons with group II input.

The use of gephyrin to identify inter¬
neurons as glycinergic might be ques¬
tioned, because it has also been located at

GABAergic synapses (for review, see Sassoe-
Pognetto and Fritschy, 2000). However, Al¬
varez et al. (1997) demonstrated that, in the
ventral spinal gray matter, gephyrin immu¬
nofluorescence accurately paralleled the ac¬
tive zones of glycinergic synapses. Further¬
more, because there was no evidence for the
presence of GAD in labeled interneuronal
terminals, it can be concluded that the pres¬
ence ofgephyrin immunoreactivity is indic¬
ative of glycinergic phenotype.

Comparison with other
neuronal populations
Only one previous study has been pub¬
lished in which dorsal horn interneurons
with group II input were characterized
electrophysiological^ and labeled intra-
cellularly (Bras et al., 1989). Morphologi¬
cal features of this sample of interneurons
are comparable with ours with respect to
location, sizes of somata, extent of den¬
dritic trees, and trajectories of stem axons.
However, in the previous study, the
marker used was horseradish peroxidase,
which provides relatively limited infor¬
mation about axonal arbors. We used
Neurobiotin, and this has enabled us to

greatly extend knowledge of the axonal
projections and terminations of group II
activated dorsal horn interneurons.

Other studies designed to investigate
the locations and projections of dorsal
horn interneurons have used tract-tracing
techniques (Petko and Antal, 2000; Petko
et al., 2004). In the first of these studies,
tracer injections were directed primarily
to laminas I—III, but some of them en¬

croached on lamina IV. Injections in the
middle and medial parts of the dorsal
horn revealed predominantly ipsilateral
projections that were mainly restricted to
the dorsal horn and therefore had similar
locations and projection patterns to our
sample of excitatory interneurons. Bilat¬
eral projections, and projections to more
ventral parts of the gray matter, were
found principally after injections to the lateral parts of the dorsal
horn. The majority of crossed terminals were immunoreactive
for both GAD 65/67 andGlyT2 and were present in the contralat¬
eral dorsal horn rather than in intermediate or ventral locations.

Although these bilaterally projecting cells have some similarities
to the inhibitory population labeled in this study, it is likely that
they belong to a separate population that originates principally
from laminas III—IV. It ismore difficult to make satisfactory com¬
parisons between our sample of interneurons and projections of
spinal neurons with crossed axonal projections that were labeled
by less localized application of tracer substances [e.g., to the
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Figure 4. Morphology and immunocytochemical characteristics of a glycinergic interneuron. 4, Reconstruction of an interneu-
ron (Table 2, cell 10), soma, and dendrites shown in red and axonal arborization in black. The axon terminals illustrated in 8 are

takenfromthearea outlined by the box. 6, Aseriesofimages illustrating neurotransmitter content of boutons originating from this
interneuron. The left panel illustrates a projected image of a series of boutons. Additional images of boutons (arrowheads) from
single optical sections in panels 1 and 2 on the right show the axon in red, immunoreactivity for gephyrin in green, and VGLUT1 in
blue. Merged images confirm the association between gephyrin and the interneuronal terminals, f, Projected images of groups of
terminals in large panel to left, with single optical sections through individual boutons in panels 1 and 2. Axon terminals are shown
in red (arrowheads), immunoreactivity for GAD in green, andVGLUT2 in blue. There is no obvious relationship between interneu¬
ronal terminals and immunoreactivity for these antibodies. Scale bars: 500 /ixm; fi, C (left panels), 5 p.m; 8, C (1,2), 4 p.m.

whole transverse face of one side of the neonatal spinal cord in
vitro (Eide et al., 1999; Stokke et al., 2002) or to the ventral and
lateral part of the ventral horn (Birinyi et al., 2003)]. Neverthe¬
less, these studies also revealed the presence of retrogradely la¬
beled commissural neurons in the dorsal horn, which might in¬
clude the inhibitory dorsal horn interneurons analyzed in this
study. In keeping with the results of Petko and Antal (2000) and
Petko et al. (2004), these were found predominantly in the lateral
or middle regions of the dorsal horn (Eide et al., 1999; Stokke et
al., 2002; Birinyi et al., 2003).
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Figure 5. Differential location of glutamatergic and glycinergic dorsal horn interneurons with monosynaptic input from group
II muscle afferents. 4-C, Diagrams showing locations of cell bodies of labeled interneurons in the L3-L5 segments of the lumbo¬
sacral enlargement, plotted on standard outlinesofthe spinal cord as described by Rexed (1954). VGLUT2-immunopositive cells are
shown in green, and those immunopositive forGlyT2 or gephyrin are in red. The locationsof interneurons thatwere labeled but not
reconstructed are indicated in black.
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Figure 6. Examples of PSPs evoked in glutamatergic and glycinergic interneurons. The top traces in each record were obtained
from four glutamatergic interneurons (4 and B, C and D, E and F, G and //; i.e., cells 3,2,1, and 4 in Table 2) and four glycinergic
interneurons (/and./, Kand /, M and N, Oand />; i.e., cells 9,11,12, and 8 in Table 2), with negativity downward. B, D,J, and L are
extracellular records; all other records are intracellular. The bottom traces in each record are from the cord dorsum, with the
negativity upward. The stimuli were applied to the quadriceps (Q) and sartorius (Sart) nerves at intensities nearmaximal for group
II afferents (5 times threshold) or maximal for group I afferents (2 or 2.5 times threshold). Dotted lines indicate the following: (1)
afferent volleys from group I afferents, (2) estimated onset of group II volleys, (3) onset ofmonosynaptic EPSPs, and (4) onset of
the most likely disynaptic EPSPs. Calibration pulsesatthe beginning of all microelectrode records are 0.5 mV time calibration 2 ms.
For additional explanations, see Results.

Functional considerations

Projections of excitatory dorsal horn interneurons to laminas
V—VI and to the dorsal part of lamina VII were anticipated be¬
cause they would be required for mediation of disynaptic excita¬
tory input from group II affcrcnts to intermediate zone prcmotor
interneurons acting on ipsilateral motoneurons (Jankowska et
al., 2002). The location of the latter interneurons is indicatedwith

circles in the bottom right panel ofFigure
7; intracellular labeling has shown they
have significant dendritic arborization in
the regions of termination of the glutama¬
tergic dorsal horn neurons (Bras et al.,
1989) (Fig. 7). These projections thus sup¬
port the hypothetical neuronal network
outlined in Figure 1. The probability of
contacts between excitatory dorsal horn
interneurons and commissural interneu¬
ronsmediating crossed actions ofgroup II
afferents might be lower because these in¬
terneurons are located more ventrally.

Qy However, if contacts are made primarily' on the most dorsally located fraction of
commissural interneurons and/or on dis¬
tal rather than proximal parts of their
dendrites, the results also support the pos¬
sibility of such an arrangement.

Although projections of excitatory
group II dorsal horn interneurons were
predicted on the basis of connections es¬
tablished in electrophysiological experi¬
ments, the existence and extent of projec¬
tions of the inhibitory subpopulation
could not have been predicted from previ¬
ous data. Most inhibitory interneurons
(six of eight cells) had similar projection
patterns, inwhich themain axon projected
to the ipsilateral lateral funiculus and a
large axon collateral also projected to the
contralateral ventral funiculus. In contrast

to the unilateral projections of excitatory
interneurons found in this study and the
commissural interneurons we investigated
(Bannatyne et al., 2003), these axons
formed widespread bilateral arborizations
in the dorsal horn and throughout the ven¬
tral horn. Such projections are well suited
for the coordination of neuronal activity
by inhibitory control of both sides of the
spinal cord. It was not possible to deter¬
mine the total rostrocaudal extent of pro¬
jections, because the longest distance over
which axonal processes could be traced
was 2100 /xm. However, it is likely that they
projected much farther both rostrally and
caudally and hence may coordinate neuro¬
nal activity in more than one segment.

Ofparticular interest is the observation
of bilateral projections of inhibitory inter¬
neurons to motor nuclei, in which they
form direct contacts with motoneurons.

This arrangement indicates that disynaptic
inhibition of motoneurons from group II
afferents may be evoked not only via inter¬

mediate zone interneurons (Cavallari et al., 1987) but also by
dorsal horn interneurons. The bilateral connections made by
these interneurons might underlie the crossed inhibitory reflexes
evoked by group II afferents (Aggelopoulos et al., 1996). Because
the majority of dorsal horn intcrneurons with group II input are
coexcited by cutaneous afferents (Edgley and Jankowska, 1987a),
they may also contribute to the dicynaptic inhibition of mo
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Figure 7. Projections of glutamatergic interneurons. Cell bodies of interneurons are indicated by circles, stem axons are indi¬
cated as thick lines, and the areas in which terminals were visualized are shaded in gray. Numbers to the left indicate the number
of the neuron in Table 2. Rostral and caudal projections are indicated by upward and downward arrows, respectively. Bottom right,
Location of somata of intracellularly labeled intermediate zone interneurons (circles; modified from Bras et al., 1989) and com¬
missural interneurons with monosynaptic input from group II afferents (open triangles; our unpublished data) or from reticulospi¬
nal tract neurons (filled triangles; our unpublished data) that are potential target cells of the dorsal horn interneurons. The light
gray shading approximates the maximal dendritic spread of intermediate zone interneurons (modified from Bras et al., 1989), and
the dark gray shading approximates that of lamina VIII commissural cells (modified from Bannatyne et al., 2003).

toneurons evoked from cutaneous afferents (Degtyarenko et al.,
1998; Edgley and Aggelopoulos, 2006; Quevedo et al., 2005) in
addition to the inhibition evoked from group II afferents. Inhib¬
itory dorsal horn interneurons with group II input that project to
laminaVIII might also fulfill another important function: to con¬
trol activity of commissural interneurons that mediate centrally
initiated movements. Our recent study revealed that group II
afferents frequently evoke inhibition of a population ofcommis¬
sural interneurons that are excited by reticulospinal neurons
(Jankowska et al., 2005). The inhibitory dorsal horn interneurons
with group II input thus could ensure an adequate level of acti¬
vation of motoneurons in a variety of centrally initiated move¬
ments that are mediated by reticulospinal neurons and commis¬
sural interneurons, including movements initiated by the
ipsilateral pyramidal tract (Edgley et al., 2004). The large terminal
projection areas of inhibitory interneurons indicate that target
cells of these interneurons may include a great variety of other
interneurons and ascending tract cells. They may thus make an
important contribution to the integrative functions of both
group II and other flexor reflex afferents (Eccles and Lundberg,
1959; Lundberg et al., 1987b). However, the question ofwhether
inhibitory dorsal horn interneurons or inhibitory intermediate

zone interneurons with group II input
(Cavallari et al., 1987), or both types of
cell, are responsible for the widespread in¬
hibitory actions of group II afferents on
motoneurons, ascending tract neurons,
and other interneurons remains to be
resolved.

In conclusion, in this study, we pro¬
vided evidence that group II activated in¬
terneurons in the dorsal horn belong to
two distinct subpopulations: one excita¬
tory and the other inhibitory. Most cells
within these two populations form char¬
acteristic axonal projections and form two
distinct components of group II reflex
pathways.
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Figure 9. Evidence for contacts from a glycinergic interneuron onto motoneurons. 4, An image composed of merged single
optical sections illustrating appositions (arrowheads) formed by an interneuron axon (red) with three large cell bodies (*) in lamina
IX (6) that were immunopositive for ChAT (blue). Immunoreactivity for gephyrin is shown in green. The terminal in the area
enclosed by the box in 4 isshown at higher magnification in C. Gephyrin immunoreactivity wasaligned at the junction between the
axonal swelling and the motoneuron. Scale bar, 10 ;u.m.

Figure 10. Electron microscopy of a glycinergic terminal. 4, Drawing of part of an axon
collateral (of cell 10 in Table 2) from ipsilateral lamina IX made from a light microscope section
prepared for combined light and electron microscopy. Boutons were clustered around a large
motoneuron (Mn) in the contralateral ventral horn. The bouton indicated by the arrowhead is
shown in the electron micrograph in B.B, Electron microscopic examination confirmed thatthis
bouton (arrow) made a synapse-like contact with the motoneuron (Mn). The inset shows the
presence of symmetrical synaptic specializations (between arrows) that became apparent on
following the bouton through serial sections. Scale bars: 4,10 /xm; B, 1 /u.m.
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Abstract
The dorsal horn of the rat spinal cord contains a population of large neurons with cell bodies in laminae III or IV, that express the
neurokinin 1 receptor (NK1r) and have long dorsal dendrites that branch extensively within the superficial laminae. In this study, we
have identified a separate population of neurons that have similar dendritic morphology, but lack the NK1 r. These cells also differ
from the NK1 r-expressing neurons in that they have significantly fewer contacts from substance P-containing axons and are not
retrogradely labelled following injection of tracer into the caudal ventrolateral medulla. We also provide evidence that these cells do
not belong to the postsynaptic dorsal column pathway or the spinothalamic tract. It is therefore likely that these cells do not have
supraspinal projections. They may provide a route through which information transmitted by C fibres that lack neuropeptides is
conveyed to deeper laminae. The present findings demonstrate the need for caution when attempting to classify neurons solely on
the basis of somatodendritic morphology.

Introduction

Rcxcd (1952) divided the dorsal hom into six parallel laminae, and
this scheme has been applied to other species, including rodents and
humans (Schoenen, 1982; Molander et al., 1984). Primary afferent
input to the dorsal hom is highly organized: most nociceptive afferents
terminate in laminae 1 and 11, while low-threshold cutaneous afferents
occupy a region extending from the inner part of lamina 11 (Ili) to
lamina V (Todd & Kocrbcr, 2005). Rcxcd (1952) observed that lamina
111 contained numerous small neurons and scattered larger cells, while
neurons in lamina IV were more variable in size. Early Golgi studies
identified large neurons in the region corresponding to lamina IV that
had dorsal dendrites extending into the superficial laminae (Ramon y

Cajal, 1909; Szcntagothai, 1964; Schcibcl & Schcibcl, 1966; Schoc
ncn, 1982). Subsequent studies have described a population of
relatively large lamina 111 neurons that were often pyramidal in shape,
and these also had dendrites that branched extensively in laminae 1 and
II (Rethelyi & Szentagothai, 1969; Brown, 1981).
Many nociceptive afferents contain substance P (Ilokfelt ct al.,

1975; I awsnn et a!, 1997), which acts on the neurokinin 1 receptor
(NKlr). Immunocytochemical studies have revealed a population of
large neurons in laminae III and IV of the rat spinal cord that express
the NKlr and have prominent dorsal dendrites that enter the superficial
laminae (Bleazard et al., 1994; Brown et al., 1995; Littlewood et al.,
1995; Mantyh et al., 1995). It has been reported that there are

approximately 20 cells of this type on each side in the L4 spinal
segment in the rat. These cells are known to be projection neurons, as
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virtually all of them can be retrogradcly labelled following injection of
tracer into the caudal ventrolateral medulla (CVLM), while most
project to the lateral parabrachial area, and some to the periaqueductal
grey matter and thalamus (Marshall et al., 1996; Todd et al., 2000).

We have recently found that the cell bodies and dendritic trees of the
large lamina III/1V NK1 r-expressing neurons were immunoreactive
with an antibody against neurofilament 200 (NF200; Todd & Polgar,
unpublished observations). However, we also observed a population of
NF200-immunoreactive neurons in this region that had similar
morphology, with dendrites that entered the superficial dorsal hom
but lacked NKlr immunoreactivity. In order to establish whether these
cello form a population that is clearly diotinct from the NK1 r expressing
neurons, we have examined the density of contacts that they rocoivc
from substance P-containing axons, and have investigated whether they
can be retrogradely labelled from the CVLM or thalamus. Wc also
injected tracer into the gracile nucleus to determine whether these cells
belonged to the postsynaptic doroal column (PSDC) pathway, as some
PSDC neurons are located in lamina 111 in the rat (Giesler et a!, 1984)

Materials and methods

Animals

Experiments were approved by the Ethical Review Process Applica¬
tions Panel of the University of Glasgow, and were performed in
accordance with the UK Animals (Scientific Procedures) Act 1986.
Twelve adult male Wistar rats (240-390 g; Harlan, Loughborough,

UK) were used in this study. Three of these were deeply anaesthetized
with pentobarbitone and perfused through the left ventricle with a
fixative consisting of 4% freshly depolymerized formaldehyde. Six
animals were anaesthetized with a mixture of ketamine and xylazine
(73.3 and 7.3 mg/kg intraperitoneal, respectively, supplemented as
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necessary) and placed in a stereotaxic frame. Three of these rats
received injections of 200 nL 1% cholera toxin B subunit (CTb,
Sigma, Poole, UK) into the CVLM on the left side (Lima et al., 1991;
Todd et al., 2000), while three had injections of 200 or 300 nL 1%
CTb that were targeted on the left gracile nucleus. The remaining three
rats were anaesthetized with halothane and received stereotaxic

injections of Fluorogold (Fluorochrome, Englewood, CO, USA) into
the left thalamus. In each of these cases, five injections of 100 nL of
4% Fluorogold were administered: three of these were aimed at the
ventral posterior nuclei at different rostro-caudal locations; one into
the medial thalamus at 5.8 mm in front of the ear-bar; and one at the
triangular part of the posterior nuclear group (Gauriau & Bernard,
2004). After a 3 or 4-day survival period, the animals that had had
CTb or Fluorogold injections were re-anaesthetized with pentobarbi¬
tone and perfused with fixative as described above.

Tissue processing and immunocytochemistry
Lumbar spinal cord segments from all animals were removed and
stored in the same fixative for 8-18 h, before being cut into parasagittal
60-pm-thick sections with a Vibratome. In all cases, sections were
immersed in 50% ethanol for 30 min prior to immunoreaction to
enhance antibody penetration (Llewellyn-Smith & Minson, 1992).

Sections from the three rats that had not received retrograde tracer
injections were incubated for 72 h in a cocktail of primary antibodies
that consisted of mouse monoclonal antibody directed against NF200
(Sigma, clone N52; 1 : 1000), rabbit antiserum against NKlr (Sigma;
1:10 000) and rat monoclonal antibody against substance P (Oxford
Biotechnology, Oxford, UK, clone NCI/34 HL; 1 : 100). They were
then incubated overnight in species-specific secondary antibodies
raised in donkey and conjugated to Rhodamine Red, Cy5 (both from
Jackson Immunoresearch, West Grove, PA, USA; 1 : 100) or Alexa
488 (Invitrogen, Paisley, UK; 1 : 500), before being mounted in anti-
fade medium (Vectashield, Vector Laboratories, Peterborough, UK).

Parasagittal sections through both sides of the L4 segment from the
rats that had received CTb injections into the CVLM, and through the
left (ipsilateral) side of this segment from the rats that received
injections into the gracile nucleus were processed for immunocyto¬
chemistry as described above, but with a primary antibody cocktail
consisting of monoclonal antibody against NF200 and rabbit anti-
NKlr (as above), together with goat anti-CTb (List Biological
Laboratories, Campbell, CA, USA; 1 : 5000). The brainstems of the
animals that had received CTb injections were cryoprotected in 30%
sucrose in phosphate buffer, and in each case the region that included
the injection sites was cut into 100-pm-thick coronal sections with a

freezing microtome. Sections were reacted with goat anti-CTb
(1 : 50 000) by using an immunoperoxidase method (Todd et al.,
2000). All injection sites were examined, and in each case the spread
of tracer from the injection site was plotted onto drawings of the
brainstem (Paxinos & Watson, 1997).

Parasagittal sections through the right (contralateral) side of the L2
segment of the rats that had received injections of Fluorogold into the

thalamus were processed for immunocytochemistry as described
above, but with the following primary antibodies: guinea-pig anti-
Fluorogold (Protos Biotech, New York, USA; 1 : 500); monoclonal
anti-NF200; and rabbit anti-NKlr. The brains of these rats were

cryoprotected and sectioned as described above, and the spread of
Fluorogold from the injection sites was plotted onto drawings of the
brain (Paxinos & Watson, 1997).

The monoclonal antibody N52 recognizes both phosphorylated and
non-phosphorylated forms of neurofilaments with a molecular weight
of 200 kDa. The rat substance P antibody (mAb NCI/34 HL)
recognizes a sequence common to substance P and neurokinins A and
B (Cuello et al., 1979), but appears to be relatively selective for
substance P and neurokinin A when used for immunocytochemistry in
these conditions (McLeod et al., 2000; Polgar et al., 2006). The NKlr
antibody was raised against a peptide corresponding to amino acids
393^107 of the rat receptor, which was conjugated to keyhole limpet
haemocyanin. Staining of immunoblots of rat brain membrane
fractions is specifically inhibited by preabsorption of the antibody
with this peptide (manufacturer's specification).

Confocal microscopy and analysis
Cells in lamina 111 or IV that were immunoreactive for NF200 but not

the NKlr and had prominent dorsal dendrites that entered the
superficial dorsal hom were examined in sections from the three
unoperated rats that had been reacted with antibodies against NF200,
NKlr and substance P. The sections were first viewed with epifluo-
rescence through a 20 x lens to allow identification of the cells, and
these were then scanned through a 60 x oil-immersion lens with a
Radiance 2100 confocal microscope (Bio-Rad, Hemel Hempstead,
UK). Sequential scanning was used to minimize fluorescent bleed-
through. Twenty-seven cells of this type were identified (between
seven and 13 per rat), and z-series (0.5 pm z-separation) were
obtained through the dendritic tree of each of these neurons. In each
case the presence of dendrites that entered lamina II was confirmed
and the depth of the soma below the white matter was measured.

To determine the density of contacts from substance P-containing
axons onto the dendrites of large lamina 1II/1V NF200-positive cells
that lacked the NKlr, we selected 15 of the 27 cells (five each from
three rats) for analysis. This selection was carried out before substance
P immunoreactivity was examined. Confocal image stacks (obtained
as described above) were analysed with Neurolucida for Confocal
software (MicroBrightField, Colchester, VT, USA). For each cell, the
NF200-immunoreactive dendrites were followed through the z-series,
and the location of all identified contacts on these dendrites from
substance P-immunoreactive varicosities was plotted. The length of
dendrites and the density of contacts per 100 pm was then determined.
To allow for comparison with the results of Nairn et al. (1997),
those parts of the dendrites that lay within the plexus of substance
P-immunoreactive axons (superficial dendrites) were analysed
separately from parts of dendrites that lay ventral to this plexus
(deep dendrites). Results for superficial and deep dendrites were

Fig. 1. Immunostaining for neurofilament 200 (NF200) and the neurokinin 1 receptor (NKlr) in a parasagittal section through laminae I—III of the dorsal hom.
Projections of confocal z-series show immunoreactivity for (A) NF200 and (B) NKlr, while a merged image is shown in (C). (A) NF200-immunoreactive struc¬
tures, which include axons, dendrites and cell bodies, are present throughout the dorsal hom. Several strongly immunoreactive dendrites can be seen passing in a
dorsoventral or oblique direction through lamina II. Analysis of the z-series revealed that these dendrites belong to three neurons, and the positions of their cell
bodies are indicated with numbers (13), These cell bodies are not clearly soon in the projected images, but are shown in single optioal scotions or limited projections
in the insets. (B and C) One of the three cells (2) is NK1 receptor immunorcactivc, and the immunostaining outlines the cell body and dendrites of this neuron (two of
the dendrites are shown with arrowheads). The other two cells (1, 3) lack the NK1 receptor, and one dendrite belonging to each of these cells is indicated with arrows.
Approximate positions of laminae are shown in (C). The main images are projections of 19 optical sections at 1 pm z-spacing. The insets were obtained from one,
two or three optical sections, respectively. Scale bar: 50 pm.
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compared with the corresponding values obtained for NK.lr- Sections from the L4 segment of the rats that had received injections
immunoreactive lamina III/IV neurons (Nairn et al., 1997) by of CTb into the CVLM or the gracile nucleus were examined to
using unpaired /-tests. determine whether any of the NF200-positive/NKlr-negative cells
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Fig. 2. Drawings ofsixNF200 immunoreactive cells that lacked NK1 receptor immunoreactivity (top and middle rows). For comparison, the bottom row shows three
NKl receptor-immunoreactive neurons. The drawing at the top left shows cell 1 in Fig. 1. In each case, the upper dashed line represents the dorsal limit ofthe grey matter,
and the lower dashed line shows the ventral limit of the plexus of substance P-immunoreactive axons, which occupies laminae I and Ho. Scale bar: 100 pm.

with dendrites that entered the superficial dorsal horn were

retrogradely labelled with CTb. In each case, these cells were
identified (based on the immunostaining pattern with NF200 and
NKlr antibodies) before the CTb immunoreactivity was examined.
For the rats that had received CVLM injections, sections from both
ipsilateral and contralateral sides were analysed in this way
(between three and nine sections per side per animal), and the
depths of the cell bodies of all identified NF200-positive/NKl r-
negative cells that had dorsal dendrites entering lamina II were
measured. In order to test the effectiveness of the injections into the
CVLM, we also determined the proportion of the large
NKlr-immunoreactive lamina III/1V neurons on the contralateral
side that were CTb-labelled in these experiments. In those rats that
received gracile injections, only the left side of the L4 seg¬
ment (ipsilateral to the targeted gracile nucleus) was analysed
(five-eight sections per animal). In these experiments the depths of

the cell bodies of a sample of CTb-labelled neurons were
determined by examining all cells of this type in one section from
the central part of the dorsal horn in each animal. Sections through
the contralateral side of the L2 segments from the rats that had
received injections into the thalamus were examined to determine
whether any of the NF200-positive/NKlr-negative neurons with
dendrites that entered the superficial dorsal hom were labelled with
Fluorogold.

Results

Appearance of immunostaining with NF200, NK1r
and substance P antibodies

NF200 immunoreactivity was present throughout both the white and
grey matter of the spinal cord. Within the latter, staining was present in

Fig. 3. Contacts between substance P (SP)-immunoreactive varicosities and neurofilament 200 (NF200)-positive dendrites in laminae II and III. Two fields are
shown, and these illustrate dendrites belonging to a neurokinin 1 receptor (NK.lr)-positive/NF200-positive cell (A-D) and dendrites of a NKlr-negative/NF200-
positivc cell (E-II). In each case, NF200-immunorcactivity is shown in red (A, E), NIC 1 r-immunorcactivity in green (D, F) and substance P-immunorcactivity in blue
(C, G). (D) and (H) are merged images. (A-D) The dendrites of this NKlr-positive cell are surrounded by substance P-immunoreactive varicosities, which form
numerous contacts in both laminae II and III (some of these are indicated with arrowheads). (E-H) In contrast, the dendrites of the NKlr-negative cell receive few
contacts in the region ventral to the substance P plexus, although some contacts (two of which are indicated with arrows) are present on dendrites within the plexus.
Approximate positions of laminae are shown in (D) and (H). The images are made from projections of 11 (A-D) or 15 (E-H) optical sections at 1 pm z-separation.
Scale bar: 50 pm.
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1 2 3 4 5 6

Fig. 4. Diagrams to show the spread of CTb (shaded areas) following injections targeted on the CVLM (Experiments 1-3) or the gracile nucleus (Experiments
4-6). Each vertical column shows a series of drawings at different rostrocaudal levels of the brainstem from a single experiment. Numbers at the top left of each
drawing in columns 1 and 4 give the approximate position of the section posterior to the ear-bar. Drawings are based on those of Paxinos & Watson (1997). 12,
hypoglossal nucleus; Cu, cuneate nucleus; ECu, external cuneate nucleus; Gr, gracile nucleus; LRt, lateral reticular nucleus; py, pyramid; Sol, nucleus tractus
solitarius; Sp5, spinal trigeminal nucleus.

Table 1. The proportions of NF200-immunoreactive lamina III/IV neurons
that were CTb-labelled in the three CVLM injection experiments

Experiment NKlr-negative, NKlr-negative, NKlr-positive,
number* contralateral ipsilateral contralateral

1 0/22 0/19 16/20
2 0/11 0/17 20/20
3 0/22 1/21 15/25

*Experiment numbers refer to those in Fig. 4. NKlr, neurokinin 1 receptor.

Fig. 5. Examples of injection sites in the medulla. The upper image shows a
section through an injection into the CVLM (in Experiment 1) and the lower
image is from an injection into the gracile nucleus (Experiment 6). In each case,
the left side of the brainstem is on the left. Scale bar: 1 mm.

all laminae, but was much less intense in lamina II. Most NF200
positive profiles could readily be identified as axons or dendrites,
based on their calibre and branching pattern. Dendrites showed a
characteristic tapering appearance and branched frequently, with
daughter branches being thinner than the parent branch. NF200
immunoreactivity was not seen in dendritic spines. NF200 immuno-
staining was also observed in cell bodies, but was weaker in these,
presumably due to the more dispersed arrangement of neurofilaments.
Although lamina II generally showed a low level of staining, it was
frequently crossed by dendrites with strong NF200 immunoreactivity,
which often branched extensively within it (Fig. 1A). These dendrites
could usually be followed proximally to a cell body that was located

ventral to lamina II. Because there was a much higher level of staining
in deeper laminae, in many cases these cell bodies could only be
identified with an oil-immersion lens. NF200-immunoreactive cell
bodies were very rare in lamina II.

The pattern ofNKlr immunostaining in laminae I-IV was the same
as that seen in previous studies (Bleazard et al., 1994; Nakaya et al.,
1994; Brown et al., 1995; Littlewood et al., 1995). Lamina I contained
numerous immunoreactive cell bodies and dendrites, while lamina II
contained fewer labelled structures, but was crossed by the dorsal
dendrites of large NKlr-immunoreactive neurons that had cell bodies
in lamina III or IV (Figs IB and 3B).

Substance P immunoreactivity was present in axonal varicosities
and intervaricose portions, and these were very numerous in the
superficial dorsal hom, forming a dense plexus that occupied lamina I
and the dorsal (outer) half of lamina II (IIo; Fig. 3C and G).

When NF200 and NKlr immunoreactivities were examined

together, it was apparent that all of the large lamina III/IV NKlr-
immunoreactive neurons with long dorsal dendrites had NF200
immunoreactivity in their dendrites and cell bodies. Staining
for NF200 was very strong in the dendritic trees of these neurons,
and appeared to fill all of the dendrites that could be identified (Fig. 1,
cell 2). However, it was also clear that many of the NF200-
immunoreactive dendrites that passed dorsally through lamina II were
not NKlr-immunoreactive (Fig. 1). Unless these dendrites left the
section, they could invariably be seen to originate from cell bodies that
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Fig. 6. Immunostaining for (A) neurofilament 200 (NF200; red), (B) neurokinin 1 receptor (NKlr; green) and (C) cholera toxin B subunit (CTb; blue), together
with a merged image (D) from the right (contralateral) side of the L4 segment following injection of CTb into the CVLM. The section is from the experiment
illustrated in column 1 of Fig. 4. The upper half of the field corresponds to lamina II and the lower half to lamina III. (A) The NF200-positive dorsal dendrites of two
different cells can be seen passing dorsally (one indicated with arrowheads and the other with arrows). One of these dendrites (arrows) is NKlr-immunoreactive (B)
and contains CTb (C). The dendrites of this neuron can be seen to originate from a cell body in lamina III that is readily visible because of its NKlr- and CTb-
immunolabelling (B-D). The other dorsal dendrite (arrowheads) is not NKlr-immunoreactive (B) and does not contain CTb (C). The cell body of this neuron is
obscured in the main image, but can be seen in the inset in (A), which shows a projected image obtained from a more limited z-series. The location of the soma is
shown by the asterisk, and the dashed line indicates the region shown in the inset. The soma of this neuron is also negative for NKlr and CTb (B-D). Approximate
positions of laminae are shown in (D). Main images: projection of 19 optical sections at 1 pm z-separation; inset: projection of five optical sections at 1 pm
z-separation. Scale bar: 50 pm.

were located deeper in the dorsal horn (Fig. 1, insets for cells 1 and 3).
As with the NKlr-immunoreactive neurons, NF200 immunostaining
in these NKlr-negative cells was very strong in proximal dendrites,
could be followed into fine distal branches and appeared to occupy
their full thickness. The depth of the cell body was measured for 27
NF200-positive/NKlr-negative cells that were examined in the three

unoperated rats and for 112 such cells in the three rats that received
CVLM injections. The mean depth below the white matter was
185 pm (range 100-307, SD 44). Although it is difficult to distinguish
the lamina 1II/IV border in parasagittal sections, these depths
correspond to lamina III and the dorsal part of lamina IV. The
morphology of six representative cells of this type is shown in the
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Fig. 7. Diagrams to show the spread of Fluorogold (shaded areas) following injections into the thalamus (Experiments 7-9). Each vertical column shows a series of
drawings at different rostrocaudal levels of the brain from a single experiment. The numbers at the top left of each drawing give the approximate position of the
section anterior to the ear-bar. The drawings are based on those of Paxinos & Watson (1997). AM, anteromedial thalamic nucleus; APT, anterior pretectal nucleus;
CL, centrolateral thalamic nucleus; CM, central median thalamic nucleus; MD, mediodorsal thalamic nucleus; MG, medial geniculate nucleus; PF, parafascicular
thalamic nucleus; Po, posterior thalamic nuclear group; PoT, posterior thalamic nuclear group, triangular part; VA, ventral anterior thalamic nucleus; VL,
ventrolateral thalamic nucleus; VPL, ventral posterolateral thalamic nucleus; VPM, ventral posteromedial thalamic nucleus.

upper and middle rows of Fig. 2, while three NKlr-immunoreactive
lamina III neurons are illustrated in the lower row of Fig. 2. As can be
seen by comparing these drawings (as well as those of NKlr-
immunoreactive cells in figs 2 and 3 of Nairn et al., 1997), the NF200-
positive/NKlr-negative cells had a very similar appearance to
the lamina 1II/IV NKlr-immunoreactive neurons that have been
described previously (Bleazard et al., 1994; Nakaya et al., 1994;
Brown et al., 1995; Littlewood et al., 1995; Nairn et al., 1997). One or
more dorsal dendrites passed up through laminae III and lamina II,
before giving rise to numerous branches that occupied lamina Ho, and
could sometimes be followed into lamina I (Fig. 2). Other primary
dendrites could be seen leaving the cell body in ventral, rostral or
caudal directions, but these were more difficult to follow due to the
high density ofNF200-immunoreactive profiles in laminae III and IV.

Contacts between substance P axons

and NF200-positive/NK1 r-negative cells
All of the cells that were analysed (15 cells, five per rat) received
contacts from substance P-immunoreactive axonal varicosities, and

these contacts were more numerous on those regions of the dendritic
tree that lay within the substance P plexus (i.e. in laminae IIo or I) than
on dendrites below the plexus (Fig. 3E-H). The mean density of
contacts per 100 pm of dendrite was 10.42 ± 5.9 (SD) for superficial
dendrites and 2.88 ± 2.38 for deep dendrites. We have previously
analysed the density of contacts between substance P-immunoreactive
varicosities and the dendrites of NKlr-immunoreactive lamina 11I/IV

neurons, and found that these were 18.91 ± 4.04 per 100 gm for the
superficial dendrites (within the substance P plexus), and 10.10 ± 4.04
for deep dendrites, with virtually all contacts being present
on dendritic shafts of these neurons (Nairn et al., 1997). The
values obtained in the present study are significantly lower than
those obtained for both superficial and deep dendrites of the
NKlr-immunoreactive lamina III/IV cells (Nairn et al., 1997;
unpaired /-test, P < 0.001 for both superficial and deep dendrites).
A characteristic feature of the input to the lamina III/IV NKlr-

immunoreactive neurons is that parts of the dendritic trees of these
cells are surrounded by substance P-immunoreactive axons, the
varicosities of which form numerous contacts on them (Nairn et al.,
1997). This is seen on both proximal and distal dendrites, but is more
striking in lamina Hi and III, as the density of substance P-containing

Fig. 8. Examples of an injection site in the thalamus and lack of retrograde labelling of a neurokinin 1 receptor (NKlr)-negative/neurofilament 200 (NF200)-
positive lamina III cell. (A) A coronal section through the thalamus at approximately 4.5 mm anterior to the ear-bar. (B) A fluorescence micrograph of the left-
hand side of the section seen in (A) to show the spread of Fluorogold (FG). This section is taken from Experiment 8. (C-F) Immunostaining for NF200 (red), NKlr
(green) and FG (blue), together with a merged image from the right (contralateral) side of the L2 segment after injection of the tracer into the thalamus (Experiment
7). The main images show a region that contains a large NKlr-negative/NF200-positive cell, which is not labelled with FG. Proximal dendrites of a retrogradely
labelled NKlr-positive neuron are also visible (arrows). The cell body of this neuron (asterisk) was located deeper in the Vibratome section, and scans through this
are shown in the insets. The dashed line in (F) shows the area represented in these insets. Approximate positions of laminae are indicated in (F). (C-F) The main
images are projections of seven optical sections at 1 pm z-separation, while those in the inset are projections of five optical sections at 1 pm z-separation. Scale bars:
1 mm (A and B); 50 pm (C-F).
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axons is relatively low in this region (Fig. 3A-D). This arrangement
was never observed on the dendrites of the NF200-positive/NKlr-
negative lamina III/1V cells (Fig. 3E-H).

dendrites that entered the superficial dorsal horn were identified in
sections from these rats (15-22 per experiment), and none of these
cells was retrogradely labelled with Fluorogold (Fig. 8C-E).

Retrograde labelling studies
Drawings of the spread of tracer within the brainstem after injection of
CTb into the CVLM are shown in Fig. 4 (Experiments 1-3), and an

example of an injection site is illustrated in Fig. 5. In each case the
injection site occupied part of the region that lay medial to the spinal
trigeminal nucleus and dorsal to the lateral reticular nucleus, with
variable spread into these structures. In all three rats that had received
CVLM injections, numerous retrogradely labelled neurons (identified
by the presence of perikaryal CTb immunoreactivity) were present in
lamina I, while CTb-labelled cells were also scattered through the deep
dorsal hom (III—VI) and ventral horn. These cells were particularly
numerous on the side contralateral to the injection. In all three cases,
the majority of the large NF200-positive/NKlr-immunoreactive cells
in laminae III and IV on the contralateral side of the L4 segment were
CTb labelled (Table 1, Fig. 6). However, on the contralateral side none
of the 55 NF200-positive/NKlr-negative cells with somata in laminae
III or IV and dendrites that passed through lamina II was CTb labelled
(Fig. 6), while only one out of the 57 cells of this type examined on the
ipsilateral side was retrogradely labelled (Table 1).
Drawings of the spread of tracer for the three experiments in which

CTb injections were targeted on the left gracile nucleus are illustrated
in Fig. 4 (Experiments 4-6, and an example of an injection site is
shown in Fig. 5). In all cases, there was extensive spread of tracer
through the gracile nucleus at a level corresponding to 5.3 mm behind
the interaural plane, although the nucleus was not filled at this level in
one of the experiments (Experiment 4). There was a variable degree of
spread of tracer into other structures on the ipsilateral side, such as the
nucleus tractus solitarius and the hypoglossal nucleus, and across the
midline (involving the contralateral nucleus tractus solitarius in
Experiments 5 and 6). In each experiment, numerous retrogradely
labelled cells were present in laminae III—V of the left dorsal hom in
the L4 segment in all sections examined. A single section from each
experiment was used to determine the depths of the retrogradely
labelled cells, and in these sections the total numbers of cells counted
were 46, 39 and 51 for Experiments 4-6, respectively. The depths of
cells below the white matter ranged from 215 to 553 |im, with a mean
value of 342 (± 63, SD, data pooled from three animals). These values
are significantly different from those obtained for the NF200-
positive/NKlr-negative cells (P < 0.001, two-sample /-test). Fifty-
six NF200-positive/NKlr-negative lamina III/IV neurons with
dendrites that entered the superficial dorsal hom were identified in
sections from these rats (13-26 per experiment). None of these cells
was retrogradely labelled with CTb.
Injections of Fluorogold into the thalamus (Figs 7 and 8A and B)

completely filled the triangular part of the posterior group of nuclei
(PoT) in all three cases, and occupied all (Experiments 7 and 9) or
most (Experiment 8) of the main part of the posterior group (Po). The
injection site covered virtually all of the ventral posterolateral nucleus
at 5.9 mm anterior to the ear-bar in all three experiments, although it
did not extend into this nucleus further rostrally in one case

(Experiment 8). Injections included part of the mediodorsal nucleus
in two cases (Experiments 7 and 9). Fluorogold-positive neurons were
seen in lamina I and deeper laminae (III—VI) in the contralateral dorsal
hom. The number of retrogradely labelled NKlr-immunoreactive
neurons in laminae III—IV ranged from four to 10 in the three animals.
Fifty-five NF200-positive/NKlr-negative lamina III/IV neurons with

Discussion

The results of the present study clearly demonstrate that there are two
different populations of large dorsal hom neurons that have cell bodies
in lamina III or IV and long dorsal dendrites that pass into the
superficial laminae: (1) those that express the NKlr, which have been
identified in several previous studies (Bleazard et al., 1994; Nakaya
et al., 1994; Brown et al., 1995; Littlewood et al., 1995); and (2) a

population that has not been recognized before and consists ofneurons
that lack the NKlr. Neurons in this second population have certain
features in common with the NKlr-expressing cells: (1) they both
show high levels ofNF200 expression in their dendrites; (2) they have
dendritic trees that are morphologically indistinguishable; and (3) their
cell bodies are located at similar depths below the white matter (mean
depth of 185 pm for the NKlr-negative cells, compared with a mean

depth of 209 pm for the NKlr-expressing neurons; Polgar et al.,
2007). However, there are also major differences between the two
populations, not only in terms of NKlr expression, but also
concerning their position in the neuronal circuitry of the dorsal hom.
Firstly, the NKlr-negative cells received significantly fewer contacts
from substance P-containing axons, and never had the close associ¬
ations with individual substance P axons that are a characteristic
feature of the NKlr-immunoreactive cells (Nairn et al., 1997).
Secondly, none of these cells was retrogradely labelled following
injection of CTb into the contralateral CVLM, whereas the great
majority of the large NKlr-expressing lamina III/IV neurons can be
labelled from this region (Todd et al., 2000; present study).

Retrograde labelling studies
We looked for evidence that the lamina III/IV NF200-positive/NKlr-
negative cells were retrogradely labelled from the contralateral
CVLM, because we have previously shown that over 90% of the
large NKlr-immunoreactive neurons in these laminae could be
labelled from injections into this region (Todd et a!., 2000). In two
of the CVLM experiments in the present study we found that, as
expected, the great majority of these NKlr-immunoreactive cells were
CTb-positive (Table 1, Experiments 1 and 2). In the remaining
experiment, only 15 out of 25 (60%) of the NKlr-immunoreactive
cells were retrogradely labelled, and this may be because the injection
site was slightly more dorsal in this case. However, although this
injection may not have been optimal, the results from these three
experiments clearly indicate that the lamina III/IV NF200-positi-
ve/NKlr-negative neurons with long dorsal dendrites differ from the
NKlr-positive cells, in that they are not retrogradely labelled from the
contralateral CVLM.

During the course of a study in which we investigated projections to
the periaqueductal grey matter, the lateral parabrachial area and the
CVLM (Todd et al., 2000), we observed very few retrogradely labelled
NKlr-negative neurons in laminae III and IV on the contralateral side
after injection into any of these sites. However, we did find a significant
number of labelled cells in laminae III and IV that lacked the receptor
on the ipsilateral side after the CVLM injections (Fig. 4 of Todd et al.,
2000). We therefore examined sections from the ipsilateral side in each
of the CVLM experiments in the present study, but found that only one
of the NF200-positive/NKlr-negative lamina III/IV cells was
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retrogradely labelled in one experiment. Although retrogradely labelled
NKlr-negative neurons were seen on the ipsilateral side in these
experiments, they did not have dendrites that could be followed into the
superficial dorsal horn.

Because there is a significant projection from the deep dorsal horn
to the thalamus, we also tested whether the lamina I1I/1V NF200-
positive/NKlr-negative cells belonged to the spinothalamic tract, by
injecting Fluorogold into its major target areas (Gauriau & Bernard,
2004; Willis & Coggeshall, 2004). However, although retrogradely
labelled neurons were seen in laminae III—VI, none of them belonged
to this population.
Another potential projection target for this population of cells is the

gracile nucleus. In the rat lumbar spinal cord, PSDC cells (which
project to the ipsilateral gracile nucleus) are found in large numbers in
an area of the dorsal horn that corresponds to laminae III—V (Giesler
et al., 1984), and it has been shown that these cells do not express the
NKlr (Polgar et al., 1999; Palecek et al., 2003). In addition, studies of
intracellularly labelled PSDC cells in the cat have demonstrated that
some of those that have their cell bodies in lamina III have dendrites
that can extend dorsally as far as lamina I (Brown & Fyffe, 1981).
However, we found that although numerous retrogradely labelled
neurons were present in the ipsilateral dorsal hom after injections that
included the gracile nucleus, none of these belonged to the population
of NF200-positive/NKlr-negative cells with long dorsal dendrites. In
fact, although we found some labelled cells in lamina III, the majority
of them appeared to be located ventral to the main region in which this
population of neurons was found. This is consistent with the findings
ofGiesler et al. (1984), who showed that most PSDC cells are located
well below the ventral limit of the substantia gelatinosa. Because two
of the gracile injections resulted in partial filling of the nucleus tractus
solitarius on both sides, it is very unlikely that these cells project to
this nucleus.
Our results therefore indicate that cells of this type do not project to

the ipsilateral gracile nucleus, the contralateral thalamus or to the
CVLM or nucleus tractus solitarius on either side. Our previous
findings suggest that they are also unlikely to project to the
periaqueductal grey matter or lateral parabrachial area (Todd et al.,
2000). Because these sites represent the major projection targets of
dorsal hom neurons, it seems likely that these cells do not have
supraspinal projections. Because they are relatively large neurons, it is
likely that they have long axons that could be involved in propriosp-
inal connections.

Potential primary afferent inputs
Neurons with cell bodies in lamina III or IV and dorsal dendrites that
enter the superficial dorsal hom provide a route through which
information transmitted by nociceptive primary afferents, most of
which terminate in laminae I and II, can be conveyed to deeper
laminae, and elsewhere in the CNS. Szentagothai (1964) proposed that
cells of this type represented the output of the substantia gelatinosa,
which at that time was thought to be a closed system.
The lamina III/IV NKlr-immunoreactive neurons clearly perform

this function, as they receive a strong monosynaptic input from
substance P-containing primary afferents (Nairn et al., 1997). In fact,
this input is not restricted to laminae I and IIo, where most peptidergic
afferents terminate, but extends ventrally to reach their proximal
dendrites in laminae Hi and 111. In the present study, we found that all
of the NF200-positive/NKlr-negative neurons with long dorsal
dendrites received contacts from substance P-immunoreactive axons,

and it is likely that many of these axons were of primary afferent

origin. However, we have previously observed contacts between
substance P-containing primary afferents and intemeurons that express
the p opioid receptor MORI, which were apparently not associated
with synapses (Spike et al., 2002). Electron microscopy would
therefore be required to determine whether the substance P-containing
axons form synapses with the lamina III/IV NF200-positive/NKlr-
negative cells.
Another major group of unmyelinated primary afferents consists of

C fibres that appear to lack neuropeptides (Todd & Koerber, 2005).
These afferents possess cell surface a-D-galactose residues that bind
Bandeirea simplicifolia isolectin B4 (BSI-B4; Silverman & Kruger,
1990; Wang et al., 1994), and can be identified by their ability to bind
the lectin, together with the lack of calcitonin gene-related peptide
(CGRP) immunoreactivity (Ju et al., 1987; Sakamoto et al., 1999).
Non-peptidergic afferents are thought to function as nociceptors (Guo
et al., 1999; Michael & Priestley, 1999; Stucky & Lewin, 1999) and
they are known to give rise to the central axons of type I synaptic
glomeruli, which are found within lamina II (Ribeiro-da-Silva &
Coimbra, 1982, Rideiro-da-Siva et al., 1986; Gerke & Plenderleith,
2004). Interestingly, the NKlr-immunoreactive lamina III/IV neurons
with long dorsal dendrites do not appear to receive significant input
from non-peptidergic C fibres, as their dendrites were found to have
very few contacts from varicosities that bound BSI-B4 but lacked
CGRP (Sakamoto et al., 1999). Todd (1989) provided evidence that
the dorsal dendrites of lamina III/IV cells with a similar morphology
to those examined in the present study received numerous primary
afferent synapses in lamina II, and that at least some of these were
from the central axons of synaptic glomeruli, although it is not known
whether the sample of cells examined in that study included any that
lacked the NKlr. It is possible that the NF200-positive/NKlr-
negative lamina III/IV cells receive monosynaptic input from non-

peptidergic C fibres in lamina II, and this may explain the finding of
glomerular synapses on the dendrites of some of the cells studied by
Todd (1989). Because the NF200 antibody labels dendritic shafts, but
does not extend into spines, we are unable to determine whether these
neurons possess dendritic spines. A significant part of the primary
afferent input to lamina III/IV neurons is located on dendritic spines
(Todd, 1989), and these form the major postsynaptic component in
synaptic glomeruli (Ribeiro-da-Silva & Coimbra, 1982). It would
therefore not be possible to assess the extent of the input from non-

peptidergic C fibres to NF200-positive/NKlr-negative cells with
confocal microscopy.
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retrogradely labelled in one experiment. Although retrogradely labelled
NKlr-negative neurons were seen on the ipsilateral side in these
experiments, they did not have dendrites that could be followed into the
superficial dorsal hom.

Because there is a significant projection from the deep dorsal horn
to the thalamus, we also tested whether the lamina III/IV NF200-

positive/NKlr-negative cells belonged to the spinothalamic tract, by
injecting Fluorogold into its major target areas (Gauriau & Bernard,
2004; Willis & Coggeshall, 2004). However, although retrogradely
labelled neurons were seen in laminae 111-VI, none of them belonged
to this population.
Another potential projection target for this population of cells is the

gracile nucleus. In the rat lumbar spinal cord, PSDC cells (which
project to the ipsilateral gracile nucleus) are found in large numbers in
an area of the dorsal hom that corresponds to laminae III—V (Giesler
et al., 1984), and it has been shown that these cells do not express the
NKlr (Polgar et al., 1999; Palecek et al., 2003). In addition, studies of
intracellularly labelled PSDC cells in the cat have demonstrated that
some of those that have their cell bodies in lamina 111 have dendrites
that can extend dorsally as far as lamina I (Brown & Fyffe, 1981).
However, we found that although numerous retrogradely labelled
neurons were present in the ipsilateral dorsal hom after injections that
included the gracile nucleus, none of these belonged to the population
of NF200-positive/NKlr-negative cells with long dorsal dendrites. In
fact, although we found some labelled cells in lamina III, the majority
of them appeared to be located ventral to the main region in which this
population of neurons was found. This is consistent with the findings
of Giesler et al. (1984), who showed that most PSDC cells are located
well below the ventral limit of the substantia gelatinosa. Because two
of the gracile injections resulted in partial filling of the nucleus tractus
solitarius on both sides, it is very unlikely that these cells project to
this nucleus.
Our results therefore indicate that cells of this type do not project to

the ipsilateral gracile nucleus, the contralateral thalamus or to the
CVLM or nucleus tractus solitarius on either side. Our previous
findings suggest that they are also unlikely to project to the
periaqueductal grey matter or lateral parabrachial area (Todd et al.,
2000). Because these sites represent the major projection targets of
dorsal hom neurons, it seems likely that these cells do not have
supraspinal projections. Because they are relatively large neurons, it is
likely that they have long axons that could be involved in propriosp-
inal connections.

Potential primary afferent inputs
Neurons with cell bodies in lamina III or IV and dorsal dendrites that
enter the superficial dorsal hom provide a route through which
information transmitted by nociceptive primary afferents, most of
which terminate in laminae I and II, can be conveyed to deeper
laminae, and elsewhere in the CNS. Szentagothai (1964) proposed that
cells of this type represented the output of the substantia gelatinosa,
which at that time was thought to be a closed system.

The lamina III/IV NK1 r-immunoreactive neurons clearly perform
this function, as they receive a strong monosynaptic input from
substance P-containing primary afferents (Nairn et al., 1997). In fact,
this input is not restricted to laminae I and IIo, where most peptidergic
afferents terminate, but extends ventral ly to reach their proximal
dendrites in laminae Ili and 111. In the present study, we found that all
of the NF200-positive/NKlr-negative neurons with long dorsal
dendrites received contacts from substance P-immunoreactive axons,
and it is likely that many of these axons were of primary afferent

origin. However, we have previously observed contacts between
substance P-containing primary afferents and intemeurons that express
the p opioid receptor MORI, which were apparently not associated
with synapses (Spike et al., 2002). Electron microscopy would
therefore be required to determine whether the substance P-containing
axons form synapses with the lamina III/IV NF200-positive/NKlr-
negative cells.
Another major group of unmyelinated primary afferents consists of

C fibres that appear to lack neuropeptides (Todd & Koerber, 2005).
These afferents possess cell surface ot-D-galactose residues that bind
Bandeirea simplicifolia isolectin B4 (BS1-B4; Silverman & Kruger,
1990; Wang et al., 1994), and can be identified by their ability to bind
the lectin, together with the lack of calcitonin gene-related peptide
(CGRP) immunoreactivity (Ju et al., 1987; Sakamoto et al., 1999).
Non-peptidergic afferents are thought to function as nociceptors (Guo
et al., 1999; Michael & Priestley, 1999; Stucky & Lewin, 1999) and
they are known to give rise to the central axons of type 1 synaptic
glomeruli, which are found within lamina II (Ribeiro-da-Silva &
Coimbra, 1982, Rideiro-da-Siva et al., 1986; Gerke & Plenderleith,
2004). Interestingly, the NK1 r-immunoreactive lamina III/IV neurons
with long dorsal dendrites do not appear to receive significant input
from non-peptidergic C fibres, as their dendrites were found to have
very few contacts from varicosities that bound BSI-B4 but lacked
CGRP (Sakamoto et al., 1999). Todd (1989) provided evidence that
the dorsal dendrites of lamina III/IV cells with a similar morphology
to those examined in the present study received numerous primary
afferent synapses in lamina II, and that at least some of these were
from the central axons of synaptic glomeruli, although it is not known
whether the sample of cells examined in that study included any that
lacked the NKlr. It is possible that the NF200-positive/NKlr-
negative lamina III/IV cells receive monosynaptic input from non-

peptidergic C fibres in lamina 11, and this may explain the finding of
glomerular synapses on the dendrites of some of the cells studied by
Todd (1989). Because the NF200 antibody labels dendritic shafts, but
does not extend into spines, we are unable to determine whether these
neurons possess dendritic spines. A significant part of the primary
afferent input to lamina III/IV neurons is located on dendritic spines
(Todd, 1989), and these form the major postsynaptic component in
synaptic glomeruli (Ribeiro-da-Silva & Coimbra, 1982). It would
therefore not be possible to assess the extent of the input from non-

peptidergic C fibres to NF200-positive/NKlr-negative cells with
confocal microscopy.
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Morphology of inhibitory and excitatory interneurons in
superficial laminae of the rat dorsal horn
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If we are to stand any chance of understanding the circuitry of the superficial dorsal horn,
it is imperative that we can identify which classes of interneuron are excitatory and which are

inhibitory. Our aim was to test the hypothesis that there is a correlation between themorphology
of an interneuron and its postsynaptic action. We used in vitro slice preparations of the rat
spinal cord to characterize and label interneurons in laminae I—III with Neurobiotin. Labelled
cells (n = 19) were reconstructed in 3Dwith Neurolucida and classified according to the scheme
proposed byGrudt & Perl (2002).We determined ifcells were inhibitory or excitatoryby reacting
their axon terminals with antibodies to reveal glutamate decrboxylase (for GABAergic cells) or
the vesicular glutamate transporter 2 (for glutamatergic cells). All five islet cells retrieved were

inhibitory. Of the six vertical (stalked) cells analysed, four were excitatory and, surprisingly, two
were inhibitory. It was noted that these inhibitory cells had axonal projections confined to
lamina II whereas excitatory vertical cells projected to lamina I and II. Of the remaining
neurons, threewere radial cells (2 inhibitory, 1 excitatory), two were antennae cells (1 inhibitory,
1 excitatory), one was an inhibitory central cell and the remaining two were unclassifiable
excitatory cells. Our hypothesis appears to be correct only for islet cells. Other classes of cells
have mixed actions, and in the case of vertical cells, the axonal projection appears to be a more
important determinant of postsynaptic action.
(Received 19 July 2007; accepted after revision 20 August 2007; first published online 23 August 2007)
Corresponding authorD. Maxwell: Spinal Cord Group, Institute ofBiomedical and Life Sciences, University ofGlasgow,
Glasgow G12 8QQ, UK. Email: david.maxwell@bio.gla.ac.uk

Ever since the pioneeringwork ofRamon yCajal there have
been many attempts to classify local circuit neurons of the
dorsal horn on the basis oftheirmorphological properties.
However there is still no real consensus on the number of
classes or even agreement about the names of these cells
and it may be that a comprehensive classification based
only on morphology is not possible as there is such great
variation in the neuronal geometry of cells in this region.
Nevertheless certain morphological types are identifiable.
These include the stalked and islet cells described by
Gobel (1978) which have distinct characteristics and have
been described in a number of studies. Grudt Ik Perl

(2002) classifed cells on the basis of morphological and
electrophysiological properties in the superficial dorsal
horn of the hamster and concluded that the majority of
lamina II cells corresponded to five distinct classes: islet
cells, central cells (similar to those described by Cajal),
medial-lateral cells, radial cells (similar to the stellate
cells of Schoenen, 1982), and vertical cells (which include

the stalked cells of Gobel). Very recently, comparable
results have been reported for the rat (Yasaka et al. 2007).
However, these classes were primarily based on dendritic
architecture with less weight being given to projections
of the axonal arbor. Several of these classes included
neurons with heterogeneous biophysical properties thus
suggesting functional differences but it is still unclear
whether these particular cell types perform specific physio¬
logical roles, i.e. if they have inhibitory or excitatory
postsynaptic actions. Todd 8c McKenzie (1989) showed
that somata of islet cells which were labelled with the

Golgi method displayed immunoreactivity for GABA;
in contrast stalked cells and small islet cells did not

displaysuch immunoreactivity. Hantman etal. (2004) have
described a population ofcentral cells that are GABAergic,
and Schneider 8c Lopez (2002) have also described two
populations of lamina III cells that are GABAergic.
There has been much speculation about the role of

stalked cells. The general consensus, based on projections
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to lamina I and the lack ofGABA immunoreactivity, is that
stalked cells are excitatory. In a study using paired neuron
recording, Lu & Perl (2005) found six examples ofvertical
cells that were presynaptic to lamina I cells and produced
monosynaptic excitation. This reinforces the suggestion
that many stalked cells converge onto lamina I projection
neurons and constitute a major output for lamina II.
These vertical cells also showed homogeneous responses
to depolarizing pulses with a delay to the onset of firing.
This contrasts with the heterogeneous properties of the
neurons classified as vertical cells by Grudt & Perl (2002).
Hence vertical cells may be functionally heterogeneous.
It is imperative that we can identify which classes of

interneuron are excitatory and which are inhibitory if we
are to stand any chance of understanding the circuitry
of the superficial dorsal horn. The aim of the present
study was to test the hypothesis that there is a correlation
between the morphological class of a dorsal horn
interneuron and its postsynaptic action. In contrast to
most previous studies, we have focused upon the axonal
projections of these cells and have characterized the
neurotransmitters contained within their axon

terminals.

Methods

Until recently itwould have been technically difficult to test
directly the hypothesis that there is a correlation between
the morphological class of a dorsal horn interneuron and
its postsynaptic action. We have developed a method that
enables detailed examination ofmorphological properties
of dorsal horn cells labelled in vitro and the subsequent
immunocytochemical identification of specific amino
acid transmitter-associated proteins within their axonal
terminals.

Electrophysiology and intracellular labelling
All experiments were carried out under UK legislation
with appropriate Home Office licences, and subjected
to ethical review by the University of Liverpool,
Animal Experimentation Ethical Review Committee. All
experiments were undertaken on slices derived from
juvenile (14—28 days old) Wistar rats (n — 85) of either
sex by methods described in more detail previously
(Cheunsuang & Morris, 2000). Briefly, animals were
deeply anaesthetized with either ether (up to 20 days)
or halothane (20-28 days). Some older animals were also
cooled following anaesthesia by immersion of their trunk
and limbs in water containing crushed ice. They were
then killed by decapitation, and the vertebral column was
dissected and paced in a bath containing artificial CSF
of the following composition (mm): NaCl 120, KC1 2.1,
KHP04 1.0, MgSQ4 1.2, NaHCQ3 25, CaCl2 2.4, glucose

J Physiol 584.2

10, phenol red 5 mg 1~', gassedwith 95% 02-5% C02,and
cooled to 4°C. The lumbar spinal cord with, in some cases
the attached right L3-L5 dorsal roots, dorsal root ganglia,
femoral and sciatic nerves were then dissected. The cord
was sliced (350-500 /tm thick) using aVibroslice (Camden
Instruments) to obtain a parasaggital slice or several
transverse slices. The slice was perfused with ACSF of
the same composition as that used for dissection but
at 28°C. Intracellular recordings were made either with
sharp electrodes or with patch pipettes. Sharp electrodes
were filled with 3 m potassium methylsulphate containing
2%Neurobiotin (Vector Laboratories, Peterborough, UK),
and were targeted on lamina I-III. The patch electrodes
contained Neurobiotin (0.1%) in a solution with the
following composition (mm): potassium gluconate 100,
KC1 20, MgCl2 2, K2ATP 2, NaGTP 0.5, Hepes 20,
EGTA 0.5, pH 7.28 with KOH (measured osmolality
300 mosmol kg-1). Cells were targeted under direct visual
control using amicroscope fitted with infrared optics. The
neurons selected for the present detailed morphological
analysis were obtained from studies with a diverse
range ofphysiological and pharmacological objectives. All
recordings were made under current clamp conditions
without any continuous current injection to control the
membrane potential. Briefcharacterization ofresponses to
depolarizing and hyperpolarizing current pulse injection
was conducted. Where the slices were preparedwith intact
peripheral nerves the responses to electrical stimulation
of these nerves was also examined. Drugs were either bath
applied or applied locally by puffer pipette.

Sample of cells

Although large numbers of neurons were labelled, only
19 were selected for detailed analysis. Cells were rejected
for the following reasons: (1) lack of axonal labelling,
(2) poor preservation of cell body and dendrites, (3)
multiple labelling, and (4) poor immunoreactivity of
tissue.

Reconstruction of neurons

Neurobiotin labelled cells were revealed with
avidin-rhodamine and scanned with the 568 nm
line of a MRC 1024 confocal laser scanning microscope
(Bio-Rad, Hemmel-Hempsted, UK) in the original thick
slices. Stacks of images were collected by using a 20 x
lens with a zoom of 2 and an increment of 1 /tm. It was
necessary to collect several stacks of images in order
to produce a three-dimensional montage for each cell.
Initially, each stack of images was projected and saved
as a tiff format image with Confocal Assistant (v. 4.02,
Todd Clarke Brelje, University of Minnesota). A montage
of the cell was then constructed from the tiff images by
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using Adobe Photoshop (v. 7.0); this montage served
as a guide for the detailed reconstruction of the cell,
which was performed from the original stacks with
NeuroLucida for Confocal (MicroBrightField, Colchester,
VT, USA). Once the reconstruction was complete a cell
could be rotated and examined in a variety of planes of
section.

Immunocytochemistry

When the reconstruction was complete, slices were
prepared for re-sectioning. They were washed in
phosphate buffer (PB), placed flat in a Petri dish and
coveredwith 7% agar. The agar was then allowed to solidify
for 2 h at 4°C. An agar block containing the slice was
removed from the Petri dish and was fixed for 2 h with 4%
formalin in PB. The block was washed in PB and placed
on the chuck of a Vibratome (Intracell, Royston, UK).
Sections 50 /urn thick were then collected in serial order.
These were washed x 3 in PB, mounted with Vectashield
(Vector Laboratories) and stored at —20=C until required.
Sections containing labelled axonal processes were

selected for immunocytochemical processing. Sections
from each cell were incubated for 48 h in a combination of
rabbit anti-glutamate decarboxylase to identifyGABAergic
terminals (GAD; 1 ; 1000; Sigma-Aldrich, Poole, UK) and a
guinea pig antibody raised against the vesicular glutamate
transporter 2 to identify glutamatergic terminals
(VGLUT2; 1:5000; Chemicon International, Harlow,
UK). The presence of antibody-antigen complexes was
identified by using secondary antibodies which were
raised against immunoglobulins ofthe species fromwhich
the primary antibodies were obtained. Anti-guinea pig
antibodies coupled to cyanine 1.58 (1; 100; Jackson
ImmunoResearch, Westgrove, PA, USA) were used to
detect VGLUT2 and an anti-rabbit antibody coupled to
Alexa 488 (1:500; Alexafluor, Molecular Probes, OR,
USA) was used to detect GAD. Incubations lasted for 3 h.
Both primary and secondary antibodies were diluted in
phosphate-buffered saline (PBS) with Triton X-100. In
addition dendrites of some cells that were contained in
different sections from the axons were incubated with
rabbit anti-neurokinin-1 antiserum (diluted 1:10 000;
Sigma, Poole, Dorset, UK) and this was revealed with an
anti-rabbit antibody coupled to Alexa 488 as described
above. Once these incubations were complete, sections
were remounted and scanned with three-colour confocal

microscopy. Axonal swellings were examined in short
series of optical sections that were gathered with a
x60 oil immersion lens, with a zoom factor of x2
and at z intervals of 0.3 /tm. Individual terminals were
examined in merged series of sections to determine
if they displayed immunoreactivity for the amino acid
markers.
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Table 1. Properties of inhibitory cells

Cell Soma Dendritic Axonal
no. Classification location arbor arbor

1 islet Hi Hi Hi

2 islet Hi Hi

3 islet Hi Hi Hi
4 islet Hi Hi Hi

5 islet Hi Hi lli/llo

6 vertical l/llo II II

7 vertical l/llo II II

8 central II II II

9 radial Il/lll I l/lll I l/l II

10 radial Hi I l/l 11 I l/lll

11 antenna II l-IV I

The staining properties and specificity of primary
antibodies used in this study have been discussed
elsewhere (Mackie et al. 2003; Todd et al. 2003). In
control experiments, tissue was processed according to the
protocols described above except that individual primary
antibodies were omitted. Under these circumstances no

fluorescence was observed for the omitted antibody.

Classification of cells

In this study we considered all neurons that gave rise to
local axon collaterals to be interneurons. Nevertheless,
we cannot exclude the possibility that some cells in the
sample were also projection cells (see Discussion). It was
not possible to follow axons into adjacent white matter,
as all but one of the cells came from parasaggital slices.
Cells were classified on the basis of their cell body size
and location, the organization and length of the dendritic
arbor and axonal projections. Wherever possible we have
used the classification of Grudt & Perl (2002), which we
believe to be themost comprehensive classification to date.
However, whilst some morphological categories are easily
recognized others present much greater difficulty. Lamina
location of the cell body, dendritic and axonal processes
was assessed in the original slices byusing dark-fieldmicro¬
scopy and epifluorescence.
In order for a cell to be classified as inhibitory or

excitatory a minimum of three axonal swellings had to
display consistent immunoreactivity for one ofthemarkers
but not the other; i.e inhibitory cells had to show consistent
immunoreactivity for GAD but not for VGLUT2 and vice
versa for excitatory cells.

Results

Morphology of labelled cells

In total, 19 cells were used in the analysis (see Tables 1
and 2). Five cells (cells 1-5) had the characteristics of islet

© 2007 The Authors. Journal compilation © 2007 The Physiological Society



524 D. J. Maxwell and others J Physiol 584.2

Table 2. Properties of excitatory cells

Cell Soma Dendritic Axonal
no. Classification location arbor arbor

12 vertical llo II l/l I

13 vertical llo II l/l I

14 vertical llo II l/l I

15 vertical Ho II l/l I

16 radial II II II

17* antenna III l-lll lll/IV

18** 7 l/l I l/l I I l/l 11

19 7 Hi II l-IV

*NK-1-positive cell. **NK-1-negative cell.

cells (Fig. 1) in that they had cell bodies located principally
in lamina Hi, had rostro-caudally orientated dendritic
arbors that extended up to 250 /cm in either direction
and had very extensive rostro-caudally orientated axonal
arbors which extended in a similar but more extensive
dorso-ventral plane to dendritic arbors, were transposed
medio-laterally and, in two of the cells, also rostrally
(cell 3) or caudally (cell 4; see also Fig. 2A). A further six
cells (Fig. 1) corresponded to stalked cells or the vertical
cells ofGrudt & Perl (2002). The cell bodies of these cells
were located in a region more dorsal to the islet cells,
principally in lamina Ho. These cells possessed dendric
arbors that were predominantly orientated ventrally
to the cell body and ramified in a fan-like fashion
throughout lamina II in the rostro-caudal plane with
minimal extension medio-laterally (Fig. 2B). The axons
also extended principally in the rostro-caudal plane but
there was variation in the location of axonal arbors. Two
of the cells (cells 6 and 7) had axon projections that were
confined to lamina II, whereas the other four cells projected
both to lamina I and II. Three cells were classified as radial
cells but they did not conform perfectly to the description
and illustrations shown by Grudt & Perl (2002). These
cells characteristically had radially orientated dendrites
(Figs 1 and 2C) which ramified in lamina II and for two
of the cells (cells 9 and 10) into lamina III. The axons of
these cells tended to arborize within or just adjacent to
the dendritic envelope, but one of the cells (cell 9) had
branches that extended dorsally and ventrally. This was
the only cell in the sample that was labelled in a transverse
slice preparation (Fig. 5C). The remaining group of five
cells (Fig. 1) had diverse morphological features. One cell
corresponded to a central cell (cell 8). This was a relatively
small neuron located in the central region of lamina IIwith
a dendritic arbor that extendedmainly in the rostro-caudal
plane within 100 /xm of the cell body. The axonal arbor
also extended rostro-caudally within the same plane as
the dendritic arbor but extended beyond the dendritic
envelope. Two cells (cells 11 and 17) resembled the antenna
cells described by Rethelyi & Szentagothai (1969). They

had relatively large cell bodies (20-30 ^m) which were
located in lamina III or deep lamina II, dorsally directed
dendrites that projected as far as lamina I and ventrally
directed dendrites that fanned out through lamina III
and IV. One of these cells (cell 11) had an axon which
formed terminations in lamina I whereas the axon of the
other cell projected dorsally and formed terminations in
lamina III and IV. The remaining two cells did not fit into
any obvious classification. One of them (cell 18) had a
cell body in lamina I and had dendrites which ramified
rostro-caudally in lamina I and a large apical dendrite
which projected ventrally through lamina II where it
formed several branches. Its axon projected ventrally and
formed terminations in lamina II and III. The final cell
(cell 19) had a cell body located in lamina Hi. It had an
extensive dendritic arbor which ramified in lamina II and
III and an even more extensive axonal arbor which sent

branches to lamina I and lamina IV.

Inhibitory cells

Eleven cells in the sample had terminals which were
immunoreactive for GAD (Table 1). Examples of three
of these cells are shown in Fig. 3. The intensity of GAD
immunolabelling varied between axonal swellings of an
individual cell (also noted by Schneider 8c Lopez, 2002).
However often the labelling was very intense and the
pattern was consistent; none of the terminals examined
were VGLUT2-immunoreactive. All five islet cells
(cells 1-5) were immunoreactive for GAD (Fig. 3.1) as
were two of the radial cells (cells 9 and 10; Fig. 3.2), the
central cell (cell 8) and one of the antenna cells (cell 11).
A surprising finding was that two vertical cells (cells 6 and
7) also displayed convincing immunoreactivity for GAD
(Fig. 3.3).

Excitatory cells

Eight cells in the sample had VGLUT2-immunoreactive
axon terminals (Table 2). Examples are shown in Fig. 4.
Again, like GAD immunoreactivity, the intensity of
VGLUT2 staining varied within axonal swellings but the
patternwas consistent. Four ofthe six vertical cells (cells 12,
13, 14 and 15) were VGLUT2-immunoreactive (Fig. 4.1),
along with one radial (cell 16) and one antenna cell
(cell 17; Fig. 4.2). Axons of the two cells that did not fit
into any obvious classification (cells 18 and 19) were also
VGLUT2-immunoreactive. Dendrites of cell 17 showed

immunoreactivity for neurokinin-1 (NK-l)butcell 18was
NK-1 negative.

Electrophysiological characteristics

Both sharp electrode recording and whole cell patch
recording were used in the present studies. Sharp
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electrodes were targeted blind whereas patch electrodes
were targeted on selected neurons using amicroscopewith
infrared optics. It was found, surprisingly, that the patch
electrodes we employed make poor seals on larger cells
but formed stable seals on small lamina II neurons; over¬
all patch recordings were of much shorter duration than
recordings with sharp electrodes. Detaching the electrode
from a neuron labelled via a patch electrode also resulted
in damage to the soma or leakage of dye in some cells.
The present cells were selected on the basis of the extent of
their intracellular labelling and came from experiments
with varied objectives in terms of the pharmacological
or physiological parameters being measured. Eight of the
cells in the sample were obtained from patch experiments
and the remaining 11 were labelled using sharp
electrodes. All neurons with somata in lamina II, tested
with peripheral nerve stimulation, produced long latency
responses giving calculated conduction velocities in the
C-fibre range (0.57 ms-1 n = 12). The two radial cells
(cells 9 and 10) also produced shorter latency responses
(average calculated conduction velocity 1.8ms-1). Evoked
responses were typically relatively short in duration. We
have not observed 'wind up' characteristics (tested at
0.5 Hz or 0.2 Hz, 1.5 mA pulses of 2 ms duration) from
studies of these or other LII neurons.

Inhibitory cells

Islet cells had homogeneous characteristics producing
sustained tonic firing to depolarizing current injection
with little spike frequency adaptation and no delay to the
first action potential. Hyperpolarizing pulses produce no
delayed rectification andwere not followed by any rebound
firing (Fig. 5A). The average resting membrane potential
of these five cells was 64.6 mV and, at this potential, their
activity was characterized by frequent excitatory synaptic
potentials (EPSPs) of 2-3 mV amplitude. Capsaicin
applied locally to three of these cells produced increased
firing Fig. 5B). Other GAD-positive neurons had more
variable properties. Some (cells 6, 7 and 8) had properties
similar to islet cells to depolarizing pulses and showed no
marked spike frequency adaptation, whilst two (cells 9
and 10) produced marked adaptation to longer pulses
and one (cell 11) showed a delay to the onset of firing.
None had delayed rectification to hyperpolarsing pulses
but one (cell 9) showed rebound firing after the pulse
(Fig. 5C).

Excitatory cells

The four VGLUT2-positive vertical cells (12-15) had
variable responses to current injection. Neurons 12 and 14
showed delays to the first spike following depolarization
(Fig. 5D) whilst neurons 13 and 15 showed strong spike

frequency adaptation. Cells 12, 13 and 14 were evoked
by peripheral nerve stimulation at C-fibre intensities and
latencies. A response of cell 14 is illustrated in Fig. 5E. All
four were excited by local or bath application ofcapsaicin,
and the response of cell 15 is shown in Fig. 5F. The
remaining four VGLUT-2-positive neurons with variable
morphology also had heterogeneous electrophysiological
characteristics. Cell 16 showed both a delay to its first spike
and marked spike frequency adaptation to depolarizing
pulses, with no delayed rectification or rebound spike
to hyperpolarizing pulses. It produced a short excitation
to C-fibre intensity stimulation but was insensitive to
capsaicin or menthol and was not influenced by a
//-opioid agonist. The NK-1 receptor expressing antenna
cell (cell 17) produced sustained firing to depolarizing
pulses, with no delayed rectification to hyperpolarizing
pulses or rebound excitation. Fow-frequency peripheral
nerve stimulation produced a clear wind-up response
(Fig. 5G).

Discussion

Limitations of the study

The animals used in this study were aged between 14 and
28 days. Although neonatal rats under 12 days of age show
considerable developmental differences when compared
with adults, by 14 days many of the adult features are in
place (see Fitzgerald, 2005 for a review). The principal
exception to this is that some fibres continue to develop
their myelin sheaths at this age. We have found that
spinal cord slices from adults are much more difficult
to maintain in a non-pathological state and dendrites
of filled cells frequently show beading and evidence of
disruption. Although we cannot unequivocally exclude
the possibility that the immaturity of the animals used
may have influenced some of our findings, the details
of dendritic geometry reported here compare favourably
with those obtained from studies ofmore mature animals

(e.g. Gobel, 1975; Todd 8c Sullivan, 1990; Yasaka et al.
2007).

Cells with extensively truncated dendritic trees or axons
were excluded from the sample but it is inevitable some

long projecting axons and dendrite terminals may have
been lost as a consequence of the slice preparation. The
beading associated with cut processes was rarely seen
in our material and, with the exception of one cell, all
cells were obtained from parasaggital slices which would
maintain more cell integrity. Furthermore, as stated above,
the dendritic geometry of cells obtained in this study
compares favourably with those obtained from classical
Golgi studies (e.g. Rethelyi 8c Szentagothai, 1969; Gobel,
1975) and studies where superficial dorsal horn cells were
labelled in vivo (e.g. Gobel et al. 1980; Bennett et al.
1980).
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Classification of cells

The majority of cells conformed well to the categories
(Grudt & Perl, 2002) but there was some variation within
them. All of the islet cells had cell bodies in lamina Hi
and their dendrites and axons ramified predominantly
within this subdivision whereas a small proportion of
the islet cells reported by Grudt and Perl were found in
lamina IIo. Six of the cells corresponded to vertical cells
and had dendrites that were predominantly orientated
dorso-ventrally. These probably belong to, or include, the
population of cells classified by Gobel (1975, 1978) as
stalked cells. However, like Grudt and Perl's sample, the
'stalked' feature described by Gobel was not present on
all of them. In addition a further difference between our

sample of vertical cells and the stalked cells described by
Gobel was that not all of them had axonal projections to
lamina I, but they all had axonal ramifications in lamina
II. Three cells corresponded to radial cells with star-like
dendrite arbors. Most of the cell bodies of Grudt and
Perl's radial cells were located in the centre of lamina II
but one ofour cells (cell 9) appeared to be located close to
the border with lamina III. We only retrieved one central
cell; this is surprising as such cells are probably the most
common type to be found in lamina II. We retrieved no
examples of the medial-lateral cells in Grudt and Perl's
classification. The remaining cells did not correspond to
those described by Grudt and Perl. Two cells (11 and 17)
were similar to the antenna cells described by Rethelyi &
Szentagothai (1969). They also resemble the lamina III
NK-1 cells described by several authors (e.g. Bleazard et al.
1994) and one of these cells (cell 17) was shown to be
immunoreactive for NK-1. Two further cells could not be
classified.

Inhibitory cells

In the superficial dorsal horn, GABA is the major
inhibitory neurotransmitter but glycinergic neurons are
also found in this region. Glycine is always colocalized
with GABA but the converse is not true and some cells are

exclusively GABAergic (Todd 8c Sullivan, 1990). The GAD
antibody we used identifies both the 65 and 67 isoforms

and therefore axons containing both or either of these
isoforms should have been detected. Eleven cells in the

sample displayed immunoreactivity forGAD in their axon
terminals. All five islet cells fell into this category. Gobel
(1975, 1978) originally conjectured that islet cells were
inhibitory on the basis of their morphology. It is already
well established that cell bodies of islet cells contain GAD
or GABA (Barber et al. 1982; Todd 8c McKenzie, 1989);
our study confirms the inhibitory nature of these cells
by showing that GAD is also present in axonal swellings
which are presumed to be transmitter release sites. The
single central cell we labelledwas also inhibitory. Hantman
et al. (2004) identified a population of central cells in
the mouse that was also inhibitory. Conversely, Todd 8c
McKenzie (1989) described a population of'small islet
cells' which look similar to central cells but did not display
GABA immunoreactivity in their cell bodies. There could
be a variety of reasons why GABA was not detected in
these cells (see below) but until a large sample of central
cells becomes available, it will not be possible to conclude
that they are uniformly GABAergic or if they belong
to a mixed excitatory and inhibitory population. Two
radial cells and one antenna cell were also GABAergic.
This suggests that these populations of cells are mixed as
excitatory examples of both these classes of cell were also
found.
The most surprising finding was that two vertical

(stalked) cells were inhibitory. Hitherto it has been
presumed that that type ofcell has an exclusively excitatory
action. Gobel (1978; see also Gobel et al. 1980) originally
proposed that stalked cells were excitatory components
of polysynaptic pathways to projection cells in lamina I.
Todd & McKenzie (1989) reported an absence of GABA
staining in cell bodies ofGolgi-labelled stalked cells. GABA
is synthesized principally in the axon terminals ofcells and
it is often the case that the synthetic enzyme GAD can
only be detected in perikarya after colchicine treatment
(see Barber et al. 1982). Indeed Barber et al. (1982)
reported examples of GAD-immunoreactive stalked cells
following colchicine treatment. A possible explanation
for this discrepancy is that islet cells possess GABAergic
presynaptic dendrites (Carlton & Hayes, 1991) and hence
may have greater accumulations of GABA in their cell

Figure 1. Reconstructions of the cells labelled in this study cells
All cells are shown in the parasaggital plane with the exception of cell 9. Cell bodies and dendrites are shown in
red and axonal arbors are shown in blue. Islet cells: note that axonal arbors extend well beyond their dendritic
territories (large scale bar refers to cells 3, 4 and 5; small scale bar refers to cells 1 and 2). Vertical cells: note that
the axons of cells 6 and 7 ramify ventrally to the cell body within lamina II and do not extend into lamina I (large
scale bar refers to cells 6, 12, 13 and 14; small scale bar refers to cells 7 and 15). Radial cells: cells 10 and 16 are
shown in the parasaggital plane and cell 9 is shown in the horizontal plane. Miscellaneous cells: Cells 17 and 11
are antenna cells, cell 8 is a central cell and cells 18 and 19 do not correspond to any classification (large scale bar
refers to cells 8, 17 and 18; small scale bar refers to cells 11 and 19).
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Figure 2. Rotations of Neurolucida reconstructions for three cells
Cell bodies and dendrites are shown in red and axonal arbors are shown in blue. A, islet cell (cell 3); B, vertical cell
(cell 15); C, radial cell (cell 9). R, rostral; C, caudal; M, medial; L, lateral; D, dorsal; V, ventral.
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Figure 3. Examples of inhibitory cells with GAD
immunoreactive terminals
7, an islet cell (cell 5). A is a montage of the cell made
from several stacks of projected confocal images. 6 is
a reconstruction of the cell. The boxed area

demarcates the region of the axonal arbor illustrated
in Ci, which is a projected series of single confocal
microscope images. The numbered axonal swellings
are also shown in the single optical sections (Cii-v)
and are immunoreactive for GAD. GAD
irnmunoreactivity (green) is shown in Cii and Ciii and
merged images of the same opticai pianes on the
right. Immunoreactivity for VGLUT2 is shown in blue
and islet cell axon terminals are red in the merged
images (Civ and Cv). Scale bar for Ci-v, 10 ^m. 2, a
radial cell (cell 9). A is a montage of the cell made
from several stacks of projected confocal images, fi is
a reconstruction of the cell. The boxed area

demarcates the region of the axonal arbor illustrated
in Ci, which is a projected series of single confocal
microscope images. The axonal swellings indicated by
arrows are also shown in Cii, which is a merged
single optical section, and Ciii, which shows
immunoreactivity for GAD (green) in the same plane.
Immunoreactivity for VGLUT2 (blue) is shown in Civ.
Note that all axonal swellings are immunoractive for
GAD. Scale bar for Ci-iv, 10 fj.m. 3, a vertical cell (cell
6). A is a montage of the cell made from several
stacks of projected confocal images. B is a
reconstruction of the cell. The boxed area demarcates
the region of the axonal arbor illustrated in Ci, which
is a projected series of single confocal microscope
images. The axonal swellings indicated by arrows are
also shown in Cii, which is a single optical section
showing details of the axonal arbor, and Ciii, which
shows immunoreactivity for GAD (green) in the same
plane. Immunoreactivity for VGLUT2 (blue) is shown
in Civ and a merged image is shown in Cv. Note that
both axonal swellings are immunoractive for GAD.
Scale bar for Cii-v, 10 /^m.
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bodies than stalked cells, which do not possess this type of
structure. Presumably, GABA would have to diffuse from
the axon terminals to be detectable cell in bodies ofstalked
cells. Both inhibitory vertical cells had axons which did
not enter lamina I but were confined to lamina II. This

may be a particular feature of inhibitory vertical cells as
the excitatory ones gave rise to axons that ramified in
lamina I and II.

Excitatory cells

The introduction of specific antibodies raised against
vesicular glutamate transporters has now made it possible
to identify putative excitatory neurons with immuno-
fluorescent methods. In the spinal cord, VGLUT2 is found
predominantly in the terminals ofinterneurons (Todd etal.

2003) whereas VGLUT1 is associated mainlywith primary
afferent axons. Eight cells displayed convincing VGLUT2
immunoreactivity in their axon terminals. The principal
group (4 cells) were vertical cells but the remaining four
cells consisted of one radial cell, one antenna cell and two
cells that did not fall within any obvious classification.

Functional extrapolation

Inhibitory cells. The morphology and inhibitory trans¬
mitter expression of islet cells would make them well
suited to the role of lateral inhibition. They have axons
which project outside the territory of their dendrites and
hence could collect information from one somatotopic
region and inhibit neurons outside this region. Tonic
firing to depolarization would also be consistent with this
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Figure 4. Examples of excitatory cells with
VGLUT2 immunoreative terminals

7, a vertical cell (cell 13). A is a montage of the cell
made from several stacks of projected confocal
images. B is a reconstruction of the cell. The boxed
area demarcates the region of the axonal arbor
illustrated in Ci, which is a projected series of single
confocal microscope images. The axonal swellings
indicated by arrows (7-4) are also shown in Cm,
which is a single optical section showing details of
the axonal arbor, and Civ, which shows
immunoreactivity for VGLUT2 (green) in the same
plane. Immunoreactivity for GAD (blue) is shown in
Ciii and a merged image is shown in Cv. Note that all
axonal swellings are immunoractive for VGLUT2.
Scale bar for Ci-v, 10 /im. 2, an antenna cell (cell 13).
A is a montage of the cell made from several stacks
of projected confocal images. 6 is a reconstruction of
the cell. The boxed area (O demarcates the region of
the axonal arbor illustrated in Ci, which is a projected
series of single confocal microscope images. The
boxed area in Ci is shown at higher magnification in
Cii, which is a single optical section showing details
of the axonal arbor. The arrows indicate axonal

swellings which are also immunoreacctive for
VGLUT2 (Ciii). A merged image is shown in Civ. This
cell is also immunoreactive for the neurokinin-1
(NK-1) receptor. Part of the dendritic arbor (boxed
area in B) is shown in Di. Dii shows that these
dendrites are immunoreactivie for the receptor. Scale
bar for Ci-v, 50 /^m. Scale bar for Cii-iv, 10 p.m. Scale
bar for Di-ii, 20 /cm.
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type of inhibitory function. As many islet cells have been
shown to have nociceptive properties and could be excited
by capsaicin, they may be important for localizing the
boundaries of a noxious stimulus. They are intrinsic to
lamina II, do not express NK-1 receptors and do not
respond to direct application of selective NK-1 receptor
agonists. In addition, substance P-containing primary

afferents do not appear to innervate these neurons, and
therefore they are probably not primarily concerned with
the type of intense pain arising from injury considered
to be mediated via these fibres (Doyle & Hunt, 1999). The
demonstration that many ofafferents innervating LII arise
from the epidermis (Zylka et al. 2005) may indicate that
islet cells could function to sharpen the boundaries of a
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Figure 5. Sample electrophysiological characteristics
A-C, inhibitory cells. A, islet cell (cell 1) response to depolarizing and hyperpolarizing pulses (+0.2 nA, -0.2 nA to
-0.7 nA) and B, response of the same cell to locally applied capsaicin (2 /icm, 20 ms) started at the point indicated
by the arrow. C, cell 9 responses to depolarizing and hyperpolarizing current pulses +0.1 nA, -0.1 nA, -0.2 nA
and -0.3 nA. Excitatory cells D-G. Vertical cell (cell 14). D, responses to depolarizing and hyperoplarizing current
pulses current pulse steps +0.2 nA, -0.1 nA to -0.5 nA. E, response of same cell to peripheral nerve stimulation
(single shock, 0.5 ms, 1 mA) applied at the arrow. All these excitatory vertical cells were excited by local or bath
application of capsaicin and a response of cell 15 is shown in F (2 hm, 20 ms). G, response of the NK-1-positive
antenna neuron to repeated single shock stimuli (1 Hz, 5 shocks applied at arrows, 0.5 ms, 1 mA).
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range ofnoxious and non-noxious stimuli detected by the
epidermis. Bennett et al. (1980) showed that some islet
cells in lamina Hi respond to non-noxious mechanical
stimuli and, whilst they may form functionally homo¬
geneous components of circuits, this does not mean they
will process the same types of information. The two
inhibitory radial cells appeared to receive AS fibre input as
shown recentlybyYasaka etal. (2007) andmay therefore be
polymodal.
Excitatory cells. Typical vertical cells with the stalked like
morphology described by Gobel have axons which ramify
in lamina I. The dendrites of this type of neuron are
also often covered in spines which form components of
Type 1 glomeruli with nonpeptide C-fibres. Two neurons
(cells 12 and 13) had this characteristic and both were

VGLUT2-positive. Lu 8c Perl (2005) found that such cells
could excite lamina I neurons and hence could form
a major output pathway for lamina II. Some form a
disynaptic input to NK-1 receptor expressing neurons
and may be concerned with nociception. The capsaicin
sensitivity of many of these cells supports this as does
the substance P sensitivity of some of the lamina I
neurons that these cells activate (Lu 8c Perl, 2005). This
would provide a convergent pathway for nociceptive
input from IB4-lectin binding epidermal afferents and
CGRP/substance P containing epidermal and dermal
afferents.
The deeper lamina NK-1 receptor bearing neuron was

VGLUT2 positive and several other lines of evidence
suggest that lamina I neurons bearing this receptor are
also excitatory (Morris et al. 2004). The local axon arbors
of NK-1 receptor expressing neurons are quite limited.
It has been suggested that they are concerned with the
intensity and severity of tissue damage as opposed to fine
localization and certainly the spread of their dendritic
trees would suggest they have large receptive fields.
Speculatively, lamina II vertical cells could be considered
to have an important role in localizing discrete noxious
stimuli such as an insect bite whilst the large lamina I and
deeper laminae NK-1 receptor expressing neurons may
measure the extent of tissue injury.

Conclusion

Our original hypothesis appears to be only partially
correct. All cells classified as islet cells had
GAD-immunoreactive axon terminals. However an

unexpected finding was that two out of the six vertical
(stalked) cells examined were also GAD immunoreactive.
These two inhibitory cells were unusual in that they
did not have axon projections to lamina I. The axonal
projection thus appears to be an important distinguishing
feature between inhibitory and excitatory vertical
cells.
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Premotor interneurones contributing to actions of feline
pyramidal tract neurones on ipsilateral hindlimb
motoneurones

K. Stecina1, E. Jankowska1, A. Cabaj1, L.-G. Pettersson1, B. A. Bannatyne2 and D. J. Maxwell2
'Department ofPhysiology, Sahlgrenska Academy, Goteborg University, 405 30 Goteborg, Sweden
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The aim of the study was to analyse the potential contribution of excitatory and inhibitory
premotor interneurones in reflex pathways from muscle afferents to actions of pyramidal tract
(PT) neurones on ipsilateral hindlimb motoneurones. Disynaptic EPSPs and IPSPs evoked in
motoneurones in deeply anaesthetized cats by group la, lb and II muscle afferents were found
to be facilitated by stimulation of the ipsilateral, as well as of contralateral, PT. The ipsilateral
actions were evoked by either uncrossed or double-crossed pathways. The results show that
interneurones mediating reflex actions of muscle afferents may be activated strongly enough
by PT stimulation to contribute to movements initiated by ipsilateral PT neurones and that PT
actions relayed by them might be enhanced by muscle stretches and/or contractions. However,
in some motoneurones disynaptic IPSPs and EPSPs evoked from group lb or II afferents were

depressed by PT stimulation. In order to analyse the basis of this depression, the transmitter
content in terminals of 11 intracellularly labelled interneurones excited by PT stimulation
was defined immunohistochemically and their axonal projections were reconstructed. The
interneurones included 9 glycinergic and 2 glutamatergic neurones.All but one ofthese neurones
were mono- or disynaptically excited by group I and/or II afferents. Several projected to motor
nuclei and formed contacts with motoneurones. However, all had terminal projections to areas
outside themotor nuclei. Thereforeboth inhibitoryand excitatory interneurones couldmodulate
responses of other premotor interneurones in parallel with direct actions on motoneurones.
(Received 22 September 2007; accepted after revision 13 November 2007; first published online 15 November 2007)
Corresponding author E. Jankowska: Department of Physiology, Medicinaregatan 11, Box 432, 405 30 Goteborg,
Sweden. Email: elzbieta.jankowska@physiol.gu.se

Interneurones mediating reflex actions of group I and II
muscle afferents and high threshold muscle, joint and skin
afferents have been repeatedly shown to relay actions ofPT
neurones on contralateral feline (Lundberg 8c Voorhoeve,
1962; Lundberg et al. 1962; Harrison & Jankowska, 1985;
Davies 8c Edgley, 1994; Leblond et al. 2001) and primate
motoneurones (see, e.g. Jankowska et al. 1976; lies &
Pisini, 1992; Pauvert et al. 1998; Nicolas et al. 2001).
However, much less is known about relay neurones that
mediate PT actions on ipsilateral motoneurones that were
demonstrated recently (Edgley et al. 2004; Jankowska
8c Edgley 2006). They appear to be relayed in two
ways: firstly, by reticulospinal (RS) neurones, especially
those with axons in the ipsilateral medial longitudinal
fascicle (MLF), i.e. via uncrossed pathways indicated in
Fig. 1A (Cabaj et al. 2006; Jankowska et al. 2006) and,
secondly, by RS neurones descending contralaterally and
commissural interneurones located contralaterally, i.e. via
double-crossed pathways indicated in Fig. ID (Edgley

et al. 2004; Jankowska 8c Edgley, 2006; Jankowska et al.
2006). Commissural interneurones and reticulospinal
neurones may affect hindlimb motoneurones directly by
evoking monosynaptic EPSPs only (Grillner 8c Lund, 1968;
Wilson 8c Yoshida, 1969; Peterson et al. 1979) or by
evoking both EPSPs and IPSPs (Jankowska et al. 2003).
However, these direct actions might be supplemented
by actions relayed by premotor interneurones activated
by reticulospinal neurones (represented by black cells
in the diagrams in Fig. 1A and D; see, e.g. Takakusaki
et al. 1989, 2001, 2003) and/or by commissural inter¬
neurones (Jankowska et al. 2005c; Cabaj et al. 2006).
Uncrossed PT fibres have been shown to terminate
within spinal cord regions (the intermediate zone and the
ventral horn (Dum 8c Strick, 1991; Lacroix et al. 2004)
where several populations of premotor interneurones are
located and therefore the same, or other, premotor inter¬
neurones might be activated by ipsilaterally descending PT
neurones.

© 2008 The Authors. Journal compilation © 2008 The Physiological Society DOI: 10.1113/jphysiol.2007.145466
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In order to determine the contribution of premotor
interneurones mediating reflex actions of group I and II
muscle afferents to actions of PT neurones on ipsilateral
hindlimb motoneurones we undertook a two step analysis.
In the previous study we showed that stimulation of the
ipsilateral PT evoked monosynaptic and disynaptic EPSPs
in a high proportion of interneurones with group I and II
input (Jankowska & Stecina, 2007). However, by using this
approach, we were unable, with only a few exceptions, to
determine if these were premotor interneurones, or decide
which of them was excitatory or inhibitory. Furthermore,
in many interneurones only very small EPSPs were evoked
by PT stimulation. This study therefore left open the
question of whether actions of PT neurones on inter¬
neurones in feline spinal reflex pathways are only sub¬
threshold and serve to modulate the activity of these
interneurones, or could also discharge them, as would
be required if the interneurones were to operate as relay
neurones of centrally initiated movements.

The results of the present study represent the next
step in our analysis. The aims were to verify: (1)
that premotor interneurones in spinal reflex pathways
from muscle afferents do indeed relay actions of PT
neurones to ipsilateral motoneurones and (2) that they
include both excitatory and inhibitory interneurones. We
used spatial facilitation of disynaptic PSPs evoked by
group la, lb and/or II muscle afferents and from the PT as a
measure of activation of interneurones (Lundberg, 1975).
Enhancement of disynaptic IPSPs provided evidence
for activation of inhibitory premotor interneurones and
enhancement of EPSPs activation of excitatory inter¬
neurones.

As another means to investigatewhether both excitatory
and inhibitory actions of PT neurones on hindlimb
motoneurones are relayed by premotor interneurones we
compared terminal projection areas of excitatory and
inhibitory interneurones that were monosynaptically or
disynaptically activated by PT neurones. As reported
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Figure 1. Diagrams of the neuronal pathways examined and the location of the stimulation sites
A, diagram of uncrossed pathways between pyramidal tract (PT) neurones and hindlimb motoneurones via
reticulospinal (RS) neurones with axons descending within the ipsilateral medial longitudinal fascicle (MLF) and
via interneurones in the lumbosacral enlargement with segmental input from group la, lb and II muscle afferents
(black circles in the box). The latter represent both excitatory and inhibitory interneurones. B and C, reconstruction
of stimulation sites in the ipsilateral and the contralateral PT at the level of the superior olive (SO) and the trapezoid
body (TB) and in the ipsilateral MLF rostral to the inferior olive in experiments examining neuronal relays in
uncrossed pathways. They are displayed on representative brainstem sections in the plane of the inserted electrodes.
D, diagram of the double-crossed pathways between descending PT neurones and hindlimb motoneurones via RS
neurones with axons descending within the contralateral MLF and commissural interneurones (C) that target both
motoneurones and interneurones. E and F, stimulation sites in the ipsilateral and contralateral PT at the level of
the SO and TB and in the contralateral MLF at the level of the inferior olive (IO) in experiments examining neuronal
relays in double-crossed pathways. Light grey elements of the diagrams in A and D are those not operating caudal
to the hemisection.
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previously, it has recently become possible to define
transmitter content in axon terminals of intracellularly
labelled interneurones and to examine axonal projections
of those of different phenotypes (Bannatyne et al. 2003,
2006). This approach was of particular importance for
the interpretation of depression of reflex actions of peri¬
pheral afferents by PT neurones because of two possible
mechanisms of such depression. The depression could
namely be due to inhibition of interneurones that mediate
PSPs evoked by peripheral afferents, i.e. secondary to
activation of inhibitory interneurones that target inter¬
neurones in pathways from peripheral afferents. However,
it could also be secondary to occlusion between excitation
ofthe same interneurones evoked in a quick succession first
by PT stimuli and then by peripheral stimuli (see Cabaj
etal. 2006), i.e. to excitatory rather than inhibitory actions
of PT neurones on these interneurones.

Methods

Preparation

The experiments were performed on 16 deeply
anaesthetized cats weighing 2.6-5.0 kg. All experimental
procedures were approved byGoteborg Ethics Committee
and followed NIH and EU guidelines for animal care.
Anaesthesia was induced with sodium pentobarbital
(40-44 mg kg-1, i.p.) and maintained with a-chloralose
(Rhone-Poulenc Sante, France; doses of 5 mgkg-1, every
1-2 h, up to 55mgkg_1, i.v.). Additional doses of
a-chloralose were given when increases in continuously
monitored blood pressure or heart rate occurred, or if the
pupils dilated. Mean blood pressure was 100-130 mmHg
and the end-tidal concentration of C02 was about
4. During recordings, neuromuscular transmission was
blocked by pancuronium bromide (Pavulon, Organon,
Sweden; about 0.2mgkg-1h_1 i.v.) and the animals
were artificially ventilated. The K+ channel blocker
4-aminopyridine (4-AP; 0.2-04 mg kg-1 i.v.) was given in
order to increase the effectiveness ofsynaptic transmission
between PT and reticulospinal neurones and spinal
interneurones (Jankowska et al. 2005a). The core body
temperaturewas kept at about 37°C. The experimentswere
terminated by a lethal dose of pentobarbital.
Laminectomy exposed the fourth to seventh lumbar

(L4-L7) segments, the border between the 3rd and 4th
cervical (C2-C4) and low thoracic (Thl 1-Thl3) segments
of the spinal cord. In five cats, the spinal cord was
hemisected on the left side and in eight cats on the
right side at the Thl2 level; it was not hemisected in
three cats used for cell labelling. A number of peripheral
hindlimb nerves were transected and mounted either on
subcutaneous cuff electrodes (for ipsilateral quadriceps
(Q) and sartorius (Sart)), or pairs of silver hook electro¬
des in paraffin oil pool (at 36-37°C) for the remaining
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nerves (posterior biceps/semitendinosus (PBST), anterior
biceps/semimembranosus (ABSM), gastrocnemius/soleus
(GS), plantaris, flexor digitorum and hallucis longus (FDL)
and deep peroneal (DP)).
Tungsten electrodes (30-150 k£2) were inserted through

the cerebellum and placed in the left medial longitudinal
fascicle (MLF) and the left and right pyramids (PT). The
electrodes were inserted at an angle of 30 deg (tip directed
rostrally). The initial targets were at Horsley-Clarke
co-ordinates P7, H-0, L1.2 and R1.2 for the left and
right PT, respectively, and P10, H-5 and L0.6, for the
MLF. However, the final positions of the electrodes were
adjusted on the basis of records ofdescending volleys. The
electrodes were left at sites from which the volleys
were evoked at thresholds of < 20 /zA. These sites were
marked with electrolytic lesions and their location was
subsequently verified on 100 /zm thick frontal sections
of the brainstem, cut in the plane of insertion of the
electrodes. As shown in Fig. IB and C, the PT electrodes
at the level of the trapezoid body (TB) and superior olive
(SO) and the MLF electrodes were placed at the level
corresponding to the rostral border of the inferior olive
(IO). All PT placements were within the pyramids or at
the border with the trapezoid body and MLF electrode
placements were within confines of the MLF.

Stimulation and recording

Peripheral nerves were stimulated with constant voltage
stimuli (0.2 ms duration, intensity expressed in multiples
of threshold, T, for the most sensitive fibres in the nerve).
Constant current cathodal stimuli (0.2 ms, 50-150 /tzA)
were used to activate reticulospinal and corticospinal tract
fibres. Precautions taken in this study to activate PT fibres
only on one side and to avoid spread ofcurrent to the other
sidewere the same as previously described (Jankowska etal.
2006; Stecina & Jankowska, 2007). Glass micropipettes
filled with a 2 m solution ofpotassium citrate were used for
intracellular recording. The motoneurones were identified
by antidromic activation from muscle nerves with intact
ventral roots. Descending volleys were recorded from the
cord dorsum (at C3-C4 for PT volleys) or from the surface
of the lateral funiculus (at Thll-Thl2 for MLF volleys)
over intact dura mater, in both cases monopolarly. Based
on the latency of EPSPs evoked from the PTs in lumbar
interneurones (see Fig. 2 in Jankowska & Stecina, 2007),
the interval between test and conditioning stimuli was
usually varied from 3 to 8 ms to find optimal conditions
for facilitation of test PSPs.

Analysis

Both the original data and averages of 10-30 single
records were stored online. Effects of pyramidal and

Interneurones contributing to ipsilateral corticospinal actions
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MLF conditioning stimulation on PSPs evoked by muscle
afferents in hindlimb motoneurones were estimated by
comparing the areas of test and conditioned potentials
within selected time windows. The windows were within
0.8-2 ms from the onset ofPSPs evokedbygroup Iafferents
and 2-3 ms for PSPs evoked by group II afferents, usually
within their rising phase, as described by Cabaj et al.
(2006). The effects found in individual motoneurones
varied depending on the intensity of the test and
conditioning stimuli and on intervals between them. The
test PSPs were as a rule evoked by submaximal stimuli. The
intensityofthe conditioning stimuli did not exceed 150 [XA
even if it did not evoke maximal effects in order to avoid

spread of current to the contralateral PT. When weaker
conditioning stimuli were effective, those with minimal
actions on the motoneurones were used for analysis in
order to avoid complications of interactions between PSPs
evoked by PT and peripheral stimuli at a motoneuronal
level. Optimal intervals between the last conditioning
and the testing stimuli were within the range of 3-9 ms.
However, they were adjusted in order to minimize effects
of any EPSPs and IPSPs evoked in the motoneurones
tested. In general, changes of IPSPs were easier to
analyse because they were more easily identified as being
disynaptic and theywere encountered in a greater number
of motoneurones than EPSPs. Differences between the
effects of conditioning stimulation in different samples of
neurones were assessed for statistical significance using
Student's t test for paired and unpaired samples with
appropriate Bonferroni corrections due to multiple
comparisons. Differences in the mean latencies were
assessed by one-way ANOVA and when significant
differences were found (P < 0.05) Tukey's post hoc test was
applied.

Immunohistochemistry

In order to define transmitter content of premotor inter-
neurones mediating ipsilateral PT actions, some of the
intracellularly recorded interneurones analysed in the
previous studies (Jankowska et al. 2006; Jankowska
& Stecina, 2007) were injected with a mixture of
Rhodamine-dextran and Neurobiotin and analysed
as described by Bannatyne et al. (2003, 2006). Of
particular interest were inhibitory commissural inter¬
neurones and ipsilaterally projecting interneurones with
terminal projection areas both within motor nuclei
(showing that they were last order interneurones) and in
laminaeV-VIII where they could affect activity of other
premotor interneurones. Selected sections containing
terminals from neurones were reacted with one of two
combinations of antibodies: guinea pig anti-vesicular
glutamate transporter 1 (VGLUT1, 1:5000, Chemicon
International, Harrow, UK), sheep anti-glycine trans¬
porter 2 (GlyT2,1: 1000, Chemicon International) and/or

mouse anti-gephyrin (1:100, Connex, Martinsried,
Germany); or guinea pig anti-vesicular glutamate trans¬
porter 2 (VGLUT2,1: 5000, Chemicon International) and
rabbit anti-glutamic acid decarboxylase (GAD: recognizes
both 65 and 67 isoforms, 1:2000, Sigma-Aldrich, Poole,
UK). The sections were inspected with a confocal micro¬
scope (Biorad, Hemmel Hempstead, UK). For details see
Bannatyne etal. (2003, 2006).

Results

Facilitation of synaptic actions of inhibitory premotor
interneurones on motoneurones by stimulation
of the ipsilateral PT

Effects of conditioning stimulation of the ipsilateral PT
were tested on IPSPs evoked in 103 motoneurones in

eight preparations in which only the ipsilateral half of the
spinal cord was intact and in 74 motoneurones in five
preparations with only the contralateral half left intact.
Most of these IPSPs fulfilled criteria of disynaptically
evoked IPSPs, as indicated by segmental latencies of
1.3-1.8 ms for IPSPs evoked from group la and group lb
afferents and latencies of2.5-3.5 or 3-4.5 ms from group I
volleys in more proximal and more distal nerves for IPSPs
evoked by group II afferents, which would correspond
to latencies of about 1.8-2.8 ms from group II volleys in
these nerves (see Jankowska et al. 2005b). Facilitation was
demonstrated when IPSPs evoked following conditioning
PT stimulation were much larger than the sum of IPSPs
evoked by peripheral and PT stimuli alone. This is
illustrated in Fig. 2 in two ways: by overlaying the sums of
TPSPs evoked by peripheral and PT stimuli on conditioned
IPSPs (records in the 3rd row) and by the differences
between them (in the 4th row). The degree of facilitation
was estimated by comparing areas of the early parts of
conditioned and test IPSPs (see Methods) and is expressed
in percentages of the latter. Conditioning stimulation of
the ipsilateral PT was found to facilitate IPSPs evoked by
group la (Fig. 2A and D) and group lb (Fig. 2B and E)
as well as group II muscle afferents (Fig. 2C and F), via
uncrossed (Fig. 2A-C) as well as double-crossed (Fig. 2D
and E) pathways. Depending on the size of the test IPSP,
the parameters of the test and conditioning stimuli and
the intervals between them, the facilitation was up to over
200%, but as shown in the lowest rowofFig. 2, the increases
of the IPSPs were usually of only 0.2-0.5 mV.
For the whole sample of motoneurones the degree of

facilitation of IPSPs evoked from different afferents is
summarized in columns 4-7 in Table 1. The table shows
that facilitation evoked via uncrossed and double-crossed

pathways was generally similar and that no statistically
significant differences were found between effects evoked
via these pathways.Norwere differences found between PT
actions on PSPs evoked from group la, lb or II afferents.
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Facilitation of synaptic actions of excitatory premotor
interneurones on motoneurones by stimulation
of the ipsilateral PT

To assess facilitation of EPSPs evoked by group lb and
II afferents was more difficult since there were fewer
motoneurones with early EPSPs from these afferents (10
and 21, respectively) and the quantification of changes in
these EPSPs met with several problems. Test EPSPs from
group lb afferents, as indicated by a threshold below that of
group II afferents (usually <2T, see Jack (1978), weremost
often evoked at segmental latencies 1.4-1.8 ms and EPSPs
from group II afferents at latencies 2.5-3.5 ms from group I
volleys. However, early components of EPSPs evoked by
group II afferents may overlap with later components of
IPSPs or EPSPs evoked from group lb afferents, as in
records in Fig. 3B and C, making it difficult to define the
latency of group II EPSPs and to be confident that they
were evoked disynaptically. Furthermore, test EPSPs were
often mixed with IPSPs evoked by muscle afferents and

conditioned EPSPs often overlapped with EPSPs or IPSPs
evoked by PT stimuli, as in Fig. 3A-C. For these reasons,
even when facilitation of the EPSPs was marked, its degree
was usually unquantifiable and could be estimated only
qualitatively. With these limitations, EPSPs from group lb
and group II afferents appeared to be facilitated in 20-45
of the motoneurones tested. However, the proportion
of facilitated EPSPs is most likely to be underestimated
because EPSPs not previously evident might have been
induced in at least asmanymotoneuroneswhen decrease of
IPSPs by conditioning stimuli was noted; difference traces
in Fig. 4 might for instance represent both decreases of the
IPSPs and any emerging EPSPs.

EPSPs from group lb afferents were found to be
facilitated in three motoneurones via uncrossed pathways
and in seven motoneurones via double-crossed pathways,
two of which are illustrated in Fig. 3B and C. EPSPs
from group II afferents were found to be facilitated in 13
motoneurones via uncrossed pathways with an example
in Fig. 3A and in 4 motoneurones via double-crossed
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Figure 2. Examples of facilitation of IPSPs by conditioning stimulation of the ipsilateral pyramidal tract
(PT) via uncrossed and double-crossed pathways
Averaged (n = 10-30) intracellular records from 6 motoneurones (upper traces in each panel) and records from
the cord dorsum (lower traces), in preparations with intact ipsilateral (A-C) or contralateral (D-F) spinal halves,
respectively. Records in each row were evoked from the top to the bottom by: (1) test stimuli alone (specified
above the records, expressed in multiples of threshold, T, for the activation of lowest threshold muscle afferents):
(2) conditioning stimuli alone (at intensities indicated between the records); (3) test stimuli following conditioning
stimuli (test & cond.) superimposed on the sum of responses to test and conditioning applied alone (test + cond.):
(4) the difference between the superimposed traces, with the relation between the conditioned and test IPSP area
in percentage. Test responses were IPSPs evoked by la afferents in PBST motoneurones (A, D); by lb afferents in
ABSM and GS motoneurones (B, E), by lb and group II afferents in GS and Q motoneurones (C, F). The 1st dotted
lines indicate the arrival of the afferent volleys, the 2nd or both the 2nd and 3rd the onset of the IPSP and the last
the widths of the time windows within which the areas were measured. Both in this and in the following figures
negativity is down in the microelectrode records and up in the records from the cord dorsum. Rectangular pulses
at the beginning of the intracellular records are calibration pulses.
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Table 1. Comparison of effects of conditioning stimulation of the ipsilateral and contralateral PT and of the MLF on IPSPs evoked by
peripheral afferents

Increase Decrease

Proportion of Proportion of Motoneurone

Mean ± s.e.m.

(%)

Motoneurones

(%)
Mean ± s.e.m.

(%)

Motoneurones

(%)

sample
n

1 2 3 4 5 6 7 8

Via Group la IPSPs ipsi PT 146 ± 9 75 68 ±3* 10 20

uncrossed co PT *155 ± 4 62 89 ±3* 15 13

pathways MLF 153 ± 17 90 0 10

Group lb IPSPs ipsi PT *155 ± 15 28 *77 ± 5 31 29

co PT *145 ± 15 42 83 ± 11 8 12

MLF 193 ± 31 73 89 ±9 18 11

Group II IPSPs ipsi PT 144 ± 13 32 78 ±6 32 22

co PT 154 ± 17 70 80 ± 14 20 10

MLF 158 ± 19 62 96 ±3 7 13

Via Group la IPSPs ipsi PT 131 ± 4 89 — 0 20

double-crossed co PT *125 ± 6 61 — 0 14

pathways MLF 152 ± 7 100 — 0 18

Group lb IPSPs ipsi PT *125 ± 4 56 *93 ± 2* 15 27

co PT *115 ± 3 52 76 ± 8* 14 21

MLF 127 ± 6 74 97 ± 2 0 27

Group II IPSPs ipsi PT 133 ±4 86 90 ± 3 14 21

co PT 131 ± 6 77 94 ±3 0 22

MLF 140 ± 9 74 92 ±4 4 27

Column 1, connections between PT fibres and motoneurones left intact; 2, origin of PSPs; 3, origin of PT actions; 4 and 6, mean
changes evaluated from 'difference' traces (as illustrated in Figs 2-5) with standard errors of means (s.e.m.); 5 and 7, percentages of
motoneurones in which changes of PSPs exceeded 10%; 8, total number of motoneurones examined. Asterisks in columns 4 and 6
indicate statistically significant differences between the degree of facilitation evoked by the ipsilateral and the contralateral PT (to the
left of the mean ± s.e.m.) and between those evoked by the uncrossed and the double-crossed pathway (to the right of the mean ± s.e.m.).

A Q 4T (II) B Sart 5 T (lb. II) C FDHL 4 T (lb. II)

test

cond
ipst PT

test &
cond J\

test *
cond

% test II 233%

uncrossed —»

lb 156%
II 143%

double-crossed

lb 356%
II 115%

Figure 3. Examples of facilitation of EPSPs from
group lb and group II afferents evoked by
conditioning stimulation of the ipsilateral PT
Averaged (r = 10-30) intracellular records from three
posterior-biceps-semitendinosus (PBST) motoneurones
(upper traces in each panel) and records from the cord
dorsum (lower traces) from preparations with either
intact uncrossed (A) or intact double-crossed (6 and C)
pathways from the ipsilateral PT. The format of the
figure is as in Fig. 2, with differences between the test
and conditioned PSPs shown in the third and fourth
rows. The 1st dotted lines indicate incoming volleys
from group I afferents following the test stimuli; the 2nd
or both the 2nd and 3rd dotted lines the onset of EPSPs
from group lb and/or group II afferents and the last
dotted lines the width of time windows within which
the areas of the EPSPs were measured. A, facilitation of
EPSPs evoked from group II afferents (onset at 2.2 ms).
B and C, facilitation of EPSPs evoked by both group lb
afferents (onset at the level of the second dotted line)
and group II afferents (at the third dotted line).
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pathways, with two examples in Fig. 3B and C. Some
facilitatory effects may have been overlooked when inter-
neurones co-activated by PT fibres and group II afferents
were refractory after their activation by PT stimuli. This
might explain lack offacilitationofthe earliest components
ofgroup II EPSPs (just after the 3rd dotted line in Fig. 3C),
moderate facilitation ofsomewhat later ones and strongest
facilitation of the latest components (those after the 4th
dotted line). The possibility that only polysynaptic actions
of group II afferents were facilitated in this case would
nevertheless also be plausible.

Depression of synaptic actions of premotor
interneurones on motoneurones by ipsilateral
PT stimulation

In some motoneurones disynaptic IPSPs from group la,
lb and II afferents and EPSPs evoked from group lb
and II afferents were found to be depressed rather
than facilitated following stimulation of the ipsilateral
PT stimuli. Examples of decreases of IPSPs recorded in
four motoneurones are shown in Fig. 4. In all of these
motoneurones the sum of IPSPs evoked by the test and
conditioning stimuli applied separately was larger than
the IPSPs evoked by joint application of these stimuli.
However, this effect was more difficult to interpret than

563

the facilitation described in the previous sections because
it could have been caused by several factors. When no IPSPs
were evoked by conditioning stimuli, as in Fig. 4A, and the
test IPSPs were evoked without any overlapping EPSPs,
the depression would be likely to be caused by inhibition
at a premotoneuronal level. However, in motoneurones in
which PT stimuli evoked IPSPs by themselves, as in Fig. 4B
and C, the decrease in the size of the test IPSP might also
have been due to the occlusion between effects evoked by
the test and conditioning stimuli at the level of premotor
interneurones (Cabaj et al. 2006). The occlusion could
occur when the test IPSPs coincided with IPSPs evoked

by PT stimuli as well as when one of these PSPs followed
another within a couple of milliseconds corresponding
to the refractory period of the interneurones after their
activation. Decreases in the size of the test IPSPs might
also have been due to facilitation of EPSPs that either
followed (Fig. 4B) or preceded (Fig. 4D) them and/or over¬
lapped with them. Because of these reasons, the degree
of the actual depression of the disynaptic IPSPs was
difficult to evaluate in a reliable way and the overall
effects summarized in Table 1 (columns 6-7) are most
likely underestimates. On the basis of these overall effects
it appears, however, that the degree of depression in
inhibitory pathways from group la, lb and II afferents
evoked via uncrossed pathways was comparable, but

Interneurones contributing to ipsilateral corticospinal actions

A FDHL 1 4T B Q15T C Q4T D FDHL 2.5T

test

cond.
jpsi PT

test &
cond.

test +
eend

% test 86% 33%

uncrossed

73% 76%
-» — double crossed —

Figure 4. Examples of depression of IPSPs following conditioning stimulation of the ipsilateral PT
Averaged (n = 10-30) intracellular records (upper traces in each panel) from two GS motoneurones (A and B),
an ABSM motoneurone (C) and a DP motoneurone (D), and records from the cord dorsum (lower traces) from
preparations with either intact uncrossed (A-Q or intact double-crossed (D) pathways from the ipsilateral PT. The
same format as in Figs 2 and 3. Note that the sums of responses evoked by the test and the conditioning stimuli
(test + cond) applied separately are larger than the responses evoked by the joint application of these stimuli (test
& cond); differences between them are shown beneath. Averaged (n = 10 and 20) intracellular records from four
motoneurones (2 GS, ABSM and DP, upper traces) and records from the cord dorsum (lower traces) in preparations
with intact uncrossed (A-Q or double-crossed (D) pathways. The test IPSPs were evoked by group lb afferents
(.A and 6) and group II afferents (C and D). The first dotted lines indicate incoming volleys from group I afferents
following the test stimuli; the second lines show the onset of test IPSPs, the time windows between the second
and third lines being used to estimate the level of the depression.
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was observed in a higher proportion of motoneurones
for IPSPs evoked from lb and II afferents than from
la afferents. The depression evoked via double-crossed
pathways was similar for IPSPs evoked from group II
afferents but weaker and in a smaller proportion of
motoneurones for IPSPs from lb afferents. In addition,
no depression of la IPSPs was found.

Test EPSPs from group lb and group II afferents were
found to be depressed by conditioning stimulation applied
to the ipsilateral PT in one motoneurone via uncrossed and
in three motoneurones via double-crossed pathways, with
an example in Fig. 5A. The depression ofEPSPs occurred in
motoneurones in which EPSPs were evoked by PT stimuli
themselves and, as in the case of IPSPs, it may have been
secondary to the occlusion between effects of excitation
evoked by PT fibres and by peripheral afferents as well as
to inhibitory PT actions.

Comparison of facilitatory actions evoked
by ipsilateral and contralateral PT neurones
and reticulospinal neurones

In view of bilateral projections of PT neurones to the
reticular formation (Matsuyama & Drew, 1997; Rho etal.

test

cond

test ♦
cond
test &
cond.

% test

4 ms

87% 25%

Figure 5. Examples of depression of EPSPs following
conditioning stimulation of the ipsilateral and contralateral PT
attributable to inhibition and/or occlusion at a

premotoneuronal level
The same format as in Figs 2, 3 and 4, with differences between the
test and conditioned PSPs shown in the bottom row. Averaged
(n = 30) intracellular records from a PBST motoneurone (upper traces
in each panel) and records from the cord dorsum (lower traces) in a
preparation with intact double-crossed pathways from the ipsilateral
PT. The first dotted lines indicate incoming volleys from group I
afferents following the test stimuli; the second the onset of EPSPs
from group II afferents, the third ones showing the end of time
windows of the measurements.

1997) and co-excitation ofindividual reticulospinal neuro¬
nes by ipsilateral and contralateral PT neurones (He &Wu,
1985; Canedo & Lamas, 1993), qualitatively similar effects
were expected to be evoked from the ipsilateral and contra¬
lateral PT and from the MLF provided that those from the
PTs were relayed by RS neurones.
The overall degree of facilitation or depression of IPSPs

evoked from group la, lb and II afferents (summarized in
Table 1) did not show major differences between effects
of stimuli applied in the ipsilateral PT and in the MLF. It
should nevertheless be taken into account that facilitation
from the MLF was most likely submaximal because it was
evoked by only two or three stimuli and at longer than
optimal conditioning testing intervals (to avoid the test
IPSPs coinciding with large EPSPs or IPSPs evoked by
the MLF stimuli). When effects of conditioning stimuli
were compared in individual motoneurones, it was also a
general rule that whenever facilitation was evoked from
the ipsilateral PT, similar or stronger facilitation was
evoked from the MLF and the same was the case for the

depression.
The overall facilitatory and inhibitory effects from the

ipsilateral and contralateral PT were likewise similar (see
Table 1) but they were more differentiated in individual
motoneurones. The degree of facilitation of la IPSPs and
of EPSPs evoked from either group lb or II afferents
by stimulation of the ipsilateral and contralateral PT
was similar in the majority of motoneurones. However,
for IPSPs evoked from group lb and II afferents this
was the case in only about one third of motoneurones.
In the remaining motoneurones facilitation was evoked
from one PT while much weaker effects, no effects, or
varying degrees of the apparent depression (illustrated
in Fig. 5) were evoked from the other one. PT neurones
from the ipsilateral and contralateral hemispheres might
thus contribute to either similar or different patterns of
movements via interneurones in pathways from peripheral
afferents.
The variability of effects evoked from ipsi- and contra¬

lateralPTmight depend on a number offactors. For a more
systematic comparison we therefore selected IPSPs evoked
by a narrower set of afferents (la afferents in the Q nerve)
and a more restricted population of motoneurones (PB
and ST motoneurones). The results of this comparison
are summarized in Fig. 6. Plots in Fig. 6A show that
despite similar overall effects from the ipsilateral and
contralateral PTs (Table 1), the degree of facilitation
evoked from them varied in individual motoneurones.
In some of these, facilitation from the ipsilateral PT was
weaker while in the other ones it was stronger, but it was
generally stronger via uncrossed than via double-crossed
pathways.

Since the coupling between ipsilateral PT fibres and
la inhibitory interneurones is most probably indirect
(disynaptic, trisynaptic or polysynaptic; Jankowska 8c
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Stecina, 2007), as originally shown for coupling between
contralateral PT fibres and these interneurones in the cat

(Lundberg, 1970; Hultborn et al. 1976b), RS neurones
may operate as relay neurones of PT actions in parallel
with other brainstem or spinal PT relay neurones. It was
therefore of interest to find out whether facilitation of la
IPSPswould persist or disappear after transection ofaxons
of reticulospinal neuroneswithin theMLF. Accordingly,we
compared effects ofPT stimulation under conditionswhen
RS axons were intact and in two preparations in which the
MLF was lesioned until no descending volleys were evoked
by maximal stimuli applied rostral to the lesion (as shown
in Fig. 5 ofStecina & Jankowska, 2007). After such lesions,
conditioning stimulation of the ipsilateral PT continued
to evoke facilitation of la IPSPs in 9/14 motoneurones

tested and the degree of facilitation in these nine
neurones (171 ±20%) did not differ significantly from
the degree of facilitation in preparations with the intact
MLF. Also no significant differences were found between
effects from the ipsilateral and contralateral PT in
preparations with the MLF either transected or intact;
compare their means represented by the continuous and
dotted horizontal lines in Fig. 6A. Similar effects from
the two PTs are illustrated in Fig. 7. This suggests that
PT actions relayed by RS neurones with axons in the
MLF and by other neurones may be similarly potent (see
Discussion).
When short trains of stimuli applied within one PT

were followed or overlapped with stimuli applied in the
other PT, their effects were often stronger than effects of
separate stimuli, with an example in Fig. 7C. The results
of such a comparison in a sample of 18 motoneurones
are summarized in Fig. 6B and C. Ia IPSPs evoked by
joint stimulation of the two PTs were larger than IPSPs
evoked by the ipsilateral or contralateral PT alone, via
uncrossed pathways (161 ± 13%, 131 ±5%andll9±4%
ofcontrol, respectively) aswell as double-crossed pathways
(177 ±10%, 147 ±14% and 155 ±19% of control,
respectively). However, the differences were statistically
significant only for the latter, and effects of the joint
stimulation exceeded sums of the separate stimuli in only
two motoneurones while occlusion between these effects
occurred in the remaining motoneurones. Similar tests
on IPSPs from group lb and group II afferents revealed
facilitation in 5/6 and 6/8 motoneurones, respectively, and
occlusion in the remaining one and two motoneurones.
It appears, thus, that a high proportion of Ia inhibitory
interneurones may be activated by either the ipsilateral
or contralateral PT alone and that their activation does
not depend on mutual facilitation of effects from the
two PTs. As facilitation in pathways from group lb or II
afferents appeared more frequently to exceed occlusion,
mutual facilitation of actions from the PTs might be
more important for activation of interneurones in these
pathways.

Anatomical evidence for PT input to both excitatory
and inhibitory premotor interneurones that form
synaptic connections with motoneurones and other
interneurones

As discussed above, it was difficult to interpret the
depression of PSPs evoked by primary afferents by
conditioning stimulation of the PTs because this was
compatible with inhibition of interneurones mediating
these PSPs, or refractoriness following activation of
premotor interneurones by PT stimuli but also with
facilitation ofPSPs in the opposite direction. By identifying
transmitter content in axon terminals of intracellularly
labelled interneurones with input from the ipsilateral
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Figure 6. Comparison of effects of conditioning stimulation of
the ipsilateral and the contralateral PT on la IPSPs evoked in the
same motoneurones

A, facilitation of IPSPs evoked by group la afferents of the Q nerve
stimulated at 1.05-27" in individual PBST motoneurones in preparations
in which only uncrossed or only double-crossed pathways from the
ipsilateral PT were left intact. Increases in the areas of the IPSPs are
expressed as percentage of control and are ranked in increasing order
of effects from the ipsilateral PT (♦). The data for effects evoked via
uncrossed pathways are subdivided into those in preparations with
intact or transected MLF (to the left and right of the vertical dotted
line, respectively). Continuous and dotted horizontal lines indicate
means of facilitation evoked from the ipsilateral and contralateral PT,
respectively, in the three sets of the data. B and C, results of a paired
comparison of a subset of data in A from motoneurones in which both
separate and joint stimulation of the ipsilateral (i) and contralateral (co)
PTs in preparations with the MLF intact. B, n = 6; C, n = 11. Asterisks
indicate statistically significant differences between effects of joint and
separate stimulation of the two PTs (ANOVA, Tukey's post hoc test, as
well as paired f tests, P = 0.03, 0.005).
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PT, we obtained evidence that these interneurones
include inhibitory as well as excitatory interneurones and
that they may mediate postsynaptic inhibition of both
motoneurones and other premotor interneurones evoked
by PT stimulation.
The interneurone illustrated in Fig. 8 is representative of

inhibitory commissural interneurones relaying ispilateral
PT actions via double-crossed pathways (Table 2B, inter¬
neurone 9). Its terminal projection area was found to be
within contralateral laminae VI-IX. Collateral axons and
terminals were present in lamina IX, but direct contacts
onto motoneurones were not observed. Records in Fig. 8B
show that this was an interneurone with monosynaptic
input from group II afferents in the quadriceps nerve and
disynaptic input from reticulospinal neurones with axons
in the MLF (see Jankowska et al. 2005b). The top panel in
Fig. 8B shows that it was in addition excited by PT fibres,
and latencies of the main components of EPSPs from the
ipsilateral PT from the 2nd and 3rd stimuli (indicated by
the horizontal dotted lines) suggest that they might have
been evoked di- or trisynaptically.
The interneurone illustrated in Fig. 9 is representative of

ipsilaterally projecting inhibitory interneurones relaying
uncrossed PT actions (Table 2A, interneurone 1). It had
terminal projections within the ipsilateral motor nuclei
and in laminae VII and VIII. Like the interneurone in

Fig. 9, this neurone was characterized as glycinergic by the
presence of gephyrin immunoreactivity at the junctions
between the axon and motoneurones labelled with an

anti-ChAT antibody (arrowheads in Fig. 9D) and the
absence of GAD-immunoreactivity in axonal swellings
(not shown). Records in Fig. 9A show that this inter¬
neurone was more directly excited by both PT fibres
(disynaptically) and MLF fibres (monosynaptically). Its
peripheral input also differed from the input to the

commissural interneurone illustrated in Fig. 8, as the inter¬
neurone was excited by group I and II afferents. It could
thus be an inhibitory premotor interneurone in reflex
pathways from group lb and II afferents.

Table 2 summarizes properties of all 11 interneurones
with PT input in the lumbar 4th-6th segments which
were sufficiently well labelled to allow reconstruction
of projection areas of their initial axon collaterals and
in which the transmitter content could be defined. As
shown in column 3, glycinergic interneurones constituted
the majority (9/11) of those successfully labelled.
The remaining two interneurones were glutamatergic
(Table 2C).
Table 2 shows that the two glycinergic commissural

interneurones (nos 8 and 9) were located at the border
between the laminae VII and VIII or in lamina VIII
and had projection areas within the contralateral laminae
VI-IX. One had monosynaptic input from the MLF
and the other one from group II afferents. All of the
ipsilaterally projecting glycinergic interneurones (nos 1-7)
were located in lamina VII and all but one were mono¬

synaptically excited from group II afferents, some being
co-excited by group I afferents. Terminal projection areas
of their initial axon collaterals were found within laminae
VII-IX and in one case onlyVII-VIII. Three of these inter¬
neurones were found to form contactswith ChAT-positive
motoneurones and three others had terminals within
motor nuclei although we were unable to show definitively
that contacts were formed with motoneurones. However,
on the basis of previous evidence (Cavallari et al. 1987;
Edgley & Jankowska, 1987), it would be expected that
all interneurones co-excited by group I and II afferents
would project to motor nuclei within one of the
lumbar or sacral segments. The two glutamatergic inter¬
neurones were located within the border zone between
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Figure 7. Effects of stimulation of the
ipsilateral and contralateral PT on la IPSPs
A-C and D-E, records from two PBST
motoneurones in preparations with only
double-crossed or only uncrossed pathways
intact, the latter after transection of the MLF
(averages of 20 records). The records are like
those in Figs 2-5, except that only
superimposed records of PSPs evoked by test &
conditioning stimulation and of sums of PSPs
evoked by separately applied test and
conditioning stimuli are shown together (top
traces in each panel) with differences between
them (bottom traces) and cord dorsum
potentials (middle traces). Dotted lines indicate
group I afferent volleys, the onset of the IPSPs
and the width of the time window of the
measurements. Note that the facilitatory effects
evoked by the ipsilateral and the contralateral
PT were similar and that the effects of their
joint stimulation were stronger.
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laminae VII and VIII. One projected ipsilaterally and
the other bilaterally. No major differences were found in
projection areas of the inhibitory and excitatory inter¬
neurones nor in their input, but the small sample of
excitatory interneurones does not allow more definite
conclusions in this respect.

The dominating PT input to both excitatory and
inhibitory premotor interneurones was found to be
excitatory, which indicates that PT neurones may facilitate
both excitation and inhibition evoked by these inter¬
neurones, on eithermotoneurones or other interneurones.
However, some of the interneurones were also subject to
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Figure 8. An example of a glycinergic commissural interneurone with input from the ipsilateral
pyramidal tract
A, location of labelled cells. Circles represent ipsilaterally projection cells, triangles contralateral^ projection cells;
red glycinergic and green glutamatergic interneurones. B, intracellular records from this neurone obtained during
injection of the marker (top traces in each panel) and records from the cord dorsum (lower traces). From the top to
bottom: EPSPs following the 2nd and 3rd PT stimuli (at the indicated latencies from the stimuli), EPSPs following
the 2nd and 3rd MLF stimuli (at the indicated latencies from the stimuli, corresponding to 1.3 and 1.2 ms from
the first components of the descending volleys) and an EPSP from group II afferents in the Q nerve evoked at a
latency of 1.9 ms from group I volley, corresponding to about 1 ms from group II volley. C, axonal projection areas
of this interneurone with the location of the soma shown as a circle and stem axon as thick line. Areas in which
terminals were found are shaded. D, upper panel: a projected series of images showing a group of labelled axon
terminals in lamina VII; lower panels: single confocal images of the terminals indicated by arrows in the upper
panel, demonstrating the association between labelled terminals (red) and gephyrin (green), confirming this cell is
glycinergic. Scale bars: 10 ytm upper panel, 5 ixrr lower panel.
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Table 2. Characteristics of the labelled interneurones

Pathways Interneurone Soma Soma Axon ipsi Axon co Ipsi PT Ipsi PT MLF Group I Group II
from PT no. Transmitter segment lamina laminae laminae EPSP IPSP EPSP EPSP EPSP

(ms) (ms) (ms) (ms) (ms)
1 2 3 4 5 6 7 8 9 10 11 12

A

Uncrossed 1 gly L4 VII VII-IX* 4.2 3.0* 1.1* 2.4*

2 gly L5 VII VII-IX — 5.6 — 3.6* — 2.3*

3 gly L4 VII VII-IX* — 5.5 — 3.5* — 2.5*

4 gly L5 VII VII-IX — 5.5 5.1 4.6 — 4.5

5 gly L4 VII VII-VIII — — 5.2 3.5* — 2.5*

6 gly L5 VII VII-IX — 6.5 — 3.1* 0.9* 2.4*

R

7 gly L6 VII VII-IX* — 6.2 — 3.1* *COo 2.3*

D

Double- 8 gly L4 VIII VII-VIII VI li-IX* 4.9 3.3* —

crossed 9 gly L5 VII — VI-IX 6.4 — 4.1 1.9 2.1*

C

Uncrossed 10 glut L5 VII VI-IX* 4.4* 3.2* 1.0* 3.7

11 glut L4 VII VII-VIII VII-VIII 5.3 — 3.3* 1.2* —

Column 1, connections between PT fibres and motoneurones that were left intact; 2, interneurone number; 3, transmitter content
indicated by the presence of gephyrin immunoreactivity at the junction between the axon terminals of the interneurones and
their target cells, or by the presence of the glutamate transporter 2; 4, spinal segment of soma location; 5, Rexed's lamina of soma
location; 6 and 7, axonal ipsilateral and contralateral terminal projection areas in the indicated laminae; asterisks mark cells for which
monosynaptic contacts with motoneurones were identified; 8 and 9, latencies of EPSPs and/or IPSPs evoked by PT stimuli and of EPSPs
from the MLF; asterisks mark monosynaptic EPSPs; 10 and 11, latencies of EPSPs evoked from peripheral afferents; asterisks mark
most likely monosynaptic EPSPs. Note that latencies of EPSPs and IPSPs recorded in glycinergic and glutamatergic interneurones from
any of these sources arewithin the same ranges and that no major differences in their location or projections are suggested by these data.

inhibitory PT actions which might have been evoked via
other segmental interneurones.

Discussion

Both excitatory and inhibitory premotor
interneurones in reflex pathways from muscle
afferents relay ipsilateral actions of PT neurones

The results ofthis study provide three lines ofevidence that
premotor interneurones in reflex pathways from muscle
afferents may operate as relay neurones of ipsilateral
actions of PT neurones. They show also that this is the
case for both excitatory and inhibitory interneurones.
Firstly, IPSPs and EPSPs evoked in hindlimb

motoneurones from group la, lb and II afferents are
facilitated by conditioning stimulation of the ipsilateral
PT. Latencies of la IPSPs and of IPSPs and EPSPs
evoked from group lb afferents were within the ranges of
previously defined segmental latencies of PSPs mediated
by single interneurones (1.2-1.6 ms and only occasionally
up to 1.8 ms). Synaptic actions of group I afferents would
thus be facilitated at the level of premotor interneurones.
However, IPSPs and EPSPs from group II afferents were
evoked within a wider range of latencies (2.5-4.8 ms)
and might have been evoked di-, tri- or even poly-

synaptically. PT fibres might thus have facilitated synaptic
actions of these afferents at the level of both premotor
interneurones and of earlier order interneurones. As
shown by intracellular records from another sample of
spinal interneurones (not identified as premotor inter¬
neurones) the facilitation could indeed be evoked by either
monosynaptic, disynaptic or polysynaptic actions of PT
neurones (Jankowska 8c Stecina, 2007). The second line of
evidence is more indirect and is based on depressive rather
than facilitatory effects of PT stimulation. As shown in
the Results section, the depression of test IPSPs and EPSPs
in a number of motoneurones could be due to genuine
inhibition of premotor interneurones, i.e. secondary to
activation ofsome inhibitory interneurones by PT stimuli.
However, when the depression occurred in motoneurones
in which IPSPs were evoked by stimulation of both PTs
and peripheral afferents, occlusion between effects of these
stimuli could be an alternative explanation. Occlusion
would be particularly likely when these IPSPs overlapped
or followed each other within a period corresponding to
the refractory period after activation of the interneurones
by the preceding stimuli. Occlusion between IPSPs evoked
by ipsilateral PT stimuli and IPSPs evoked by the afferents
would in turn indicate that both were mediated by the
same interneurones, i.e. that some ipsilateral inhibitory
PT actions are relayed by interneurones mediating IPSPs
from group lb and II afferents. The same would be true
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for excitatory actions relayed by interneurones mediating
EPSPs from group lb and/or II afferents in viewofthe likely
collision between EPSPs from these afferents and from the
PTs.

Finally, the majority of interneurones with input from
group lb and II afferents and from the ipsilateral PT were
found to project to motor nuclei and contacts between
axon terminals of at least some of these interneurones and
motoneurones could be demonstrated. Such connections
were found for both excitatory and inhibitory inter¬
neurones.

The reported results thus extend the evidence that
interneurones in reflex pathways from muscle afferents
may relay PT actions previously found for contralateral
PT neurones to ipsilateral PT neurones (Lundberg &
Voorhoeve, 1961; Lundberg, 1975; Jankowska etal. 1976).

No major differences were found between overall PT
actions on disynaptic IPSPs evoked by group la, lb and
II afferents, or between actions on interneurones in
inhibitory and excitatory pathways to motoneurones, even
though PT actions on the excitatory premotor inter¬
neurones could not be quantified. However, in view of
the somewhat stronger and more frequent facilitation
of la IPSPs than of IPSPs evoked from other afferents,
la inhibitory interneurones might be utilized to a
greater extent to mediate ipsilateral PT actions than
other premotor interneurones. The higher proportion of
labelled inhibitory versus excitatory interneurones with
oligosynaptic input from the ipsilateral PT might also
suggest that shared inhibitory interneurones are more
numerous than excitatory ones and perhaps play a more
important role in the modulatory PT actions.
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Figure 9. An example of an ipsilaterally projecting glycinergic intermediate zone interneurone with
input from the ipsilateral pyramidal tract
A, intracellular records from this neurone (upper traces in each panel) and records from the cord dorsum. From
top to bottom are disynaptic EPSPs following the 2nd and 3rd PT stimuli (at the indicated latencies from the
stimuli), monosynaptic EPSPs following both the 1st and 2nd MLF stimuli (at the indicated latencies from the
stimuli, corresponding to 0.5 ms from the first components of the descending volleys) and an EPSP from group I
afferents in the PBST nerve evoked at a latency of 1.1 ms from group I volley. B, reconstruction of axon projection
areas in laminae VII—IX extending through L4 and L5 segments. C, a projected image showing a number of labelled
interneuronal terminals (red) associated with a cell body within the motor nucleus. Two terminals (arrowheads)
are shown at higher magnification in F-H. D and E, two single optical sections through the cell body (labelled
with an anti-ChAT antibody in blue) illustrating contacts (arrows) from labelled interneuronal terminals (red). F-H,
a single optical section illustrating two of the boutons (red, arrowheads) in contact with the motoneurone (blue)
with gephyrin located at the appositions (green). Scale bars: 10 frm for C-E and 5 /im for F-H.
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Similar effects via uncrossed and double crossed

pathways from the ipsilateral PT

The reported results show that ipsilateral PT actions
evoked via uncrossed and double-crossed pathways are
generally similar, whether facilitatory or depressant, and
that any quantitative differences are only minor. In
addition, even though facilitation of the tested IPSPs
appeared to have been stronger via uncrossed than
via double-crossed pathways, it was evoked via the
double-crossed pathways in a higher proportion of
motoneurones which might compensate for their weaker
actions. However, as effectsmediated via the uncrossed and
double-crossed pathways had to be investigated in different
preparations (after either contralateral or ipsilateral spinal
hemisection) it is an open question whether these actions
are similar in individual motoneurones or whether
facilitation would be evoked via uncrossed and depression
via double-crossed pathways or vice versa.
If similar PT actions were evoked also in individual

motoneurones, this would secure their effectiveness
because they would strengthen each other. However,
one could only speculate on how activity in the two
distinct networks of neurones in the uncrossed and
double-crossed pathways might be integrated. Of the
neurones indicated in the diagrams of Fig. 1A and D
only the PT neurones appear to be the common link,
because reticulospinal neurones descending ipsilaterally
or contralaterally, commissural interneurones and any
propriospinal neurones involved would be separate. One
possibility might therefore be that PT neurones provide
common input to all of these neurones. PT neurones
might also activate particular subsets of ipsilaterally and
contralaterally descending RS neurones with equivalent
actions, or some other neurones coordinating activity of
functionally related subsets of commissural neurones and
ipsilaterally located segmental interneurones (see below).
One might also consider that integration of PT actions
mediated by uncrossed and double-crossed pathways is
related to bilateral rather than unilateral actions of neuro¬
nes descending on one side ofthe spinal cord. For instance,
ipsilaterally descending reticulospinal and propriospinal
neurones could have crossed axon collaterals below the
level of the contralateral hemisection, or above the level
of the ipsilateral hemisection, and activate not only
ipsilateral segmental interneurones but also commissural
interneurones. Alternatively, collaterals of reticulospinal
neurones descending contralaterallymight cross below the
level of the ipsilateral hemisection and act on ipsilateral
premotor interneuronesboth directlyand via commissural
interneurones. Crossed ipsilateral PT neurones might
likewise re-cross below the level of the ipsilateral hemi¬
section (as found in young and newborn macaques; Galea
& Darian-Sinilh, 1997; Martin, 2005; Martin et al. 2006)
and target the same interneurones as the uncrossed PT

fibres. However, all of these possibilities are only hypo¬
thetical so far (see discussion in Edgley et al. 2004 and in
Jankowska et al. 2003).

The same premotor interneurones may contribute to
actions of the ipsilateral and the contralateral PT

One of the striking features of actions of ipsilateral and
contralateral PT neurones on directly recorded inter¬
neurones was that they greatly resembled each other
(Jankowska & Stecina, 2007; Stecina & Jankowska, 2007).
No marked differences were found in amplitudes of
PSPs evoked from the two PTs, or in the frequency of
their occurrence in intracellularly recorded interneurones
(Jankowska & Stecina, 2007). Nor have major differences
been found in the overall facilitatory effects ofstimulation
ofthe ipsilateral and contralateral PT on synaptic actions of
premotor interneurones in pathways from group la, lb or
II afferents in the present study. Furthermore, facilitation
of PSPs evoked in individual motoneurones by group I
and II afferents by conditioning stimulation of one PT
was often replicated by stimulation of the other PT and
submaximal actions from one PT were often facilitated
by actions from the other PT. All these observations are
therefore consistent with the mediation of the ipsilateral
and contralateral actions ofPT neurones by the same relay
neurones.

Effects of stimulation of the two PTs relayed by either
contralaterally or ipsilaterally descending RS neurones
could be predicted to be similar in viewofthe co-excitation
of RS neurones by the left and right PT neurones (He
& Wu, 1985; Canedo & Lamas, 1993). Since effects of
stimulation of the two PTs were found to be similar before
and after transection of the MLF (Jankowska & Stecina,
2007; Stecina & Jankowska, 2007 and the present study;
see Fig. 7A), PT actions on motoneurones mediated by RS
neurones should be evoked in parallel with actions evoked
via spinal interneurones and propriospinal neurones
monosynaptically excited by crossed PT fibres (Lundberg
et al. 1962; Alstermark et al. 1987; Davies & Edgley, 1994)
or by uncrossed PT fibres (Jankowska & Stecina, 2007).
This leads to two non-exclusive conclusions.
The first conclusion is that PT actions mediated by

reticulospinal neurones that descend outside the MLF
and/or by spinal neurones are as potent as PT actions
mediated by reticulospinal neurones with axons in the
MLF and that either may be sufficient for activation
of premotor interneurones. This might indicate a kind
of redundancy but also the possibility of activation of
premotor interneurones by PT neurones via subsets of
relay neurones operating under different behavioural
condition. For instance, actions mediated by RS relay
neurones might be particularly importantwhen voluntary
movements are associated with postural reactions and
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actions mediated by extra-MLF relay neurones in other
centrally initiated movements.
The second conclusion is that any neurones that mediate

PT actions afterMLF transection are as effectively activated
by uncrossed ipsilateral as by crossed contralateral PT
neurones. However, verification of these conclusions
would require experiments that lie outside the scope of
this study.

Depression of actions of premotor interneurones
by ipsilateral PT neurones

Both excitatory and inhibitory PT actions on inter¬
neurones have been reported previously, with IPSPs
frequently following EPSPs or preceding them. IPSPs were
seen in commissural interneurones co-excited by PT and
RS neurones (Figs 8 and 9 in Jankowska etal. 2006) and in
interneurones co-excited by group I and II afferents, and
by PT and RS neurones descending ipsilaterally (Figs 1
and 7 in Jankowska 8c Stecina, 2007). However, these
experiments could not establish whether interneurones
in which the IPSPs were evoked by PT stimulation were
premotor interneurones, or whether they were excitatory
or inhibitory. The depression of IPSPs and EPSPs evoked
in motoneurones found in this study could be linked to
premotor excitatory or inhibitory interneurones but
without resolving whether it reflected genuine inhibition
of the interneurones. One of the reasons might have been
that the decreases in the amplitude ofthe IPSPswere caused
by facilitation of EPSPs that overlapped them and that
the depression of the IPSPs was only apparent. Another
reason might have been that the conditioning PT stimuli
activated rather than inhibited interneurones mediating
the test stimuli. If these interneurones were to be re-excited
at only a few milliseconds short intervals, effects of the
test stimuli might fall within the refractory period after
the conditioning stimuli, rather than be counteracted by
inhibitory actions of the conditioning stimuli as discussed
above. We therefore used another approach to investigate
how PT neurones might counteract actions of muscle
afferents on motoneurones. To this end two questions
were addressed: (1) whether PT neurones provide input to
only excitatory or to both excitatory and inhibitory inter¬
neurones with input from these afferents and (2) whether
inhibitory interneurones activated by PT neurones might
be used to modulate activation ofpremotor interneurones.

We labelled a sample of interneurones with input from
the ipsilateral PT, defined their transmitter content and
compared input and projections of glutamatergic and
glycinergic interneurones as described in the last section of
the Results. Unexpectedly, more inhibitory than excitatory
interneurones were found in this sample but both types
projected to motor nuclei and the grey matter outside
these nuclei where motoneurone dendrites extend and
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premotor interneurones in pathways from group la
afferents in lamina VII are located (Hultborn et al. 1971;
Jankowska 8c Lindstrom, 1972),group Iaandlb afferents in
laminae V, VI and VII (Czarkowska etal. 1981; Jankowska
et al. 1981) and group II afferents in laminae VI, VII
and VIII (Edgley 8c Jankowska, 1987; Lundberg et al.
1987; Bras et al. 1989; Bannatyne et al. 2003). Hence
inhibitory interneurones may inhibit other interneurones
in addition to motoneurones. Of these, la inhibitory inter¬
neuronesmight be used to adjust the degree ofactivation of
other la interneurones (Hultborn etal. 1976a), inhibitory
interneurones in pathways from group lb and/or group II
afferents of other group lb or II excited interneurones
(Brink et al. 1983; Edgley 8c Jankowska, 1987) and
inhibitory commissural interneurones might modulate
actions ofcontralaterally located interneurones with input
from group lb and group II afferents (Arya et al. 1991;
Bajwaetal. 1992; Davies8cEdgley, 1994;Cabaj etal. 2006).

Functional consequences

One of the ultimate aims of studies of ipsilateral actions
of PT neurones has been to analyse mechanisms that
might assist in the recovery of motor functions after
injuries to contralateral corticospinal neurones. In clinical
studies, more andmore attention has been recently paid to
ipsilateral PT actions and to improvements in the control
of the paretic limb during bimanual movements (see, e.g.
Mudie 8c Matyas, 2000; Thuret et al. 2006). Experiments
on animals may only partly reproduce effects of injuries
in humans, both because of the species differences and
conditions of these experiments, especially if they are
carried out under deep anaesthesia in animals without
chronic lesions and in reduced preparations in which
only some neuronal systems are operating. However,
under conditions ofour experiments, we have found weak
but fairly regularly evoked actions of PT neurones on
ipsilateral hindlimb motoneurones (Edgley et al. 2004;
Jankowska etal. 2005a; Stecina 8c Jankowska, 2007) which
is in keeping with the weak actions of the ipsilateral PT
neurones reported in humans (for references see, e.g.
Turton et al. 1996; Hallett, 2001). In this study, we have
found that PT stimuli regularly facilitated PSPs evoked in
motoneurones from muscle afferents, albeit the facilitation
was relatively weak, which is in keeping with rare mono¬
synaptic but frequent di- and trisynaptic ipsilateral PT
actions on interneurones in the lumbosacral enlargement
(Jankowska 8c Stecina, 2007). However, it should be kept
in mind that the extent to which spinal and supraspinal
neuronal systems could contribute to PT actions was
reduced not only by anaesthesia but also by the hemi-
section of the spinal cord and by a considerable reduction
of the background input to spinal neurones by peripheral
nerve dissection and blockade of neuromuscular

Interneurones contributing to ipsilateral corticospinal actions
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transmission. Under these conditions, PT actions on pre-
motor interneurones would thus be likely to be greatly
underestimated. The relative contribution of these inter¬
neurones to PT actions should thus be more potent and
might be enhanced in different ways.

Based on the finding that ipsilateral PT actions are to
a great extent mediated by RS neurones and commissural
interneurones located contralaterally (Edgley et al. 2004),
one might for instance consider the possibilities of
strengthening these actions by raising the level of
activity of commissural interneurones by increasing
input to them from peripheral afferents and descending
neuronal systems (Jankowska et al. 2005b) and by using
knowledge of their pharmacology (Hammar et al. 2004;
Jankowska et al. 2005a). Involvement of last order inter¬
neurones of uncrossed spinal reflex pathways as relay
neurones of ipsilateral PT actions (Cabaj et al. 2006;
Jankowska & Stecina, 2007; Stecina & Jankowska, 2007
and the present study) would also open other possibilities.
For instance, excitability of premotor interneurones in
pathways from group la, lb and II afferents that mediate
PT actions might be raised by strengthening input to
these neurones from muscle spindles and tendon organs
by muscle stretches and contractions. On the basis of
our data we would expect that increasing input from
the healthy extremity to commissural interneurones by
muscle stretches should be as effective as increasing input
from the hemiplegic extremity to ipsilaterally located inter¬
neurones by either muscle stretches or contractions. These
might be evoked either in a reflex way, voluntarily, or
by electrical or mechanical stimulation. Excitability of
ipsilaterally located interneurones and of commissural
interneurones could also be increased in parallel by proper
postural reactions in keeping with strong linkage between
neuronal systems mediating phasic voluntary movements
and those involved in postural adjustments (see, e.g.
Massion, 1992). Furthermore, as a high proportion of
spinal interneurones appear to be co-excited by ipsilateral
and contralateral PT and RS neurones, they might be
more effectively activated during attempts to perform
bilateral movements. In clinical practice several of these
possibilities have been successfully utilized (for review
see Harkema, 2001; Carson, 2005) but better knowledge
of mechanisms behind them might help in making the
rehabilitation both faster and more effective by widening
the range ofprocedures to be used as optimal for individual
patients.

We have already argued that synaptic actions mediated
by interneurones in pathways between PT neurones and
motoneuroneswould not only strengthen but also prolong
PT actions (Jankowska & Stecina, 2007) and that an
increase in duration of PT actions might in turn be
important for induction of persistent inward current and
tonic discharges of motoneurones (Schwindt & Crill,
1980; Hounsgaard et al. 1988; Hultborn, 1999; Hultborn

et al. 2003). Another consequence of the involvement of
interneurones of spinal reflex arcs as relays of both
ipsilateral and contralateral PT actions would be that
reorganization of spinal neuronal networks after injuries
of the contralateral PT neurones would not depend
on formation of new synaptic connections between
the ipsilateral PT neurones and interneurones (see, e.g.
Martin, 2005) but also, or even primarily, on strengthening
of the pre-existing connections and on their more
effective activation by commands from the ipsilateral PT
neurones. Strengthening of the pre-existing connections
could in turn be assisted by increasing peripheral input to
the interneurones.
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Excitatory and inhibitory intermediate zone interneurons
in pathways from feline group I and II afferents:
differences in axonal projections and input
B. A. Bannatyne1, T. T. Liu1,1. Hammar2, K. Stecina2, E. Jankowska2 and D. J. Maxwell1
'Spinal Cord Group, Institute ofBiomedical and Life Sciences, University ofGlasgow, Glasgow G12 8QQ, UK
2Department ofPhysiology, Goteborg University, 405 30 Goteborg, Sweden

The aim of the present study was to compare properties of excitatory and inhibitory spinal
intermediate zone interneurons in pathways from group I and II muscle afferents in the cat.
Interneurons were labelled intracellularly and their transmitter phenotypes were defined by
using immunocytochemistry. In total 14 glutamatergic, 22 glycinergic and 2 GABAergic/
glycinergic interneurons were retrieved. All interneurons were located in laminae V-VII of
the L3-L7 segments. No consistent differences were found in the location, the soma sizes or
the extent of the dendritic trees of excitatory and inhibitory interneurons. However, major
differences were found in their axonal projections; excitatory interneurons projected either
ipsilaterally, bilaterally or contralateral^, while inhibitory interneurons projected exclusively
ipsilaterally. Terminal projections of glycinergic and glutamatergic cells were found within
motor nuclei as well as other regions of the grey matter which include the intermediate
region, laminae VII and VIII. Cells containing GABA/glycine had more restricted projections,
principally within the intermediate zone where they formed appositions with glutamatergic
axon terminals and unidentified cells and therefore are likely to be involved in presynaptic as
well as postsynaptic inhibition. The majority of excitatory and inhibitory interneurons were
found to be coexcited by group I and II afferents (monosynaptically) and by reticulospinal
neurons (mono- or disynaptically) and to integrate information from several muscles. Taken
together the morphological and electrophysiological data show that individual excitatory and
inhibitory intermediate zone interneurons may operate in a highly differentiated way and
thereby contribute to a variety ofmotor synergies.

(Received 4 July 2008; accepted after revision 25 November 2008; first published online 1 December 2008)
Corresponding author B. A. Bannatyne: Spinal Cord Group, Institute of Biomedical and Life Sciences, University of
Glasgow, Glasgow G12 8QQ, UK. Email: bablc@udcf.gla.ac.uk

It has long been established that interneurons in excitatory
and inhibitory reflex pathways from muscle afferents
are under the control of different supraspinal systems
(Holmqvist & Lundberg, 1959; Holmqvist & Lundberg,
1961; Lundberg, 1982; Aggelopoulos et al. 1996) and
recent studies show that activation of excitatory and
inhibitory interneurons is regulated differentially in
some behavioural contexts. For instance, inhibition of
motoneurons dominates under resting conditions but is
depressed during locomotion (Gossard etalA 994; McCrea
et al. 1995; Perreault et al. 1995, 1999; Quevedo et al.
2000) or following spinal cord injury, when excitation is
released (Arya et al. 1991; Aggelopoulos 8c Edgley, 1995;
Aggelopoulos et al. 1996). However, the extent to which
this differential regulation might depend on properties of
premotor interneurons mediating excitation or inhibition

C 2009 The Authors. Journal compilation C 2009 The Physiological Society

of motoneurons, or on neurons that provide input to
premotor interneurons, has not been established.
Excitatory and inhibitory interneurons that are

activated by primary afferents clearly play different roles
in motor behaviour and it is of fundamental importance
that we know what differences exist between them in
terms of input properties, morphology and, especially,
axonal projections and target cells. However, until recently,
possibilities to compare properties of excitatory and
inhibitory premotor interneurons have been limited. In
the cat, a number ofextracellularly recorded interneurons
inducing EPSPs or IPSPs in motoneurons were identified
by using spike-triggered averaging (Brink et al. 1981,
1983; Cavallari et al. 1987), but as these interneurons
could only be penetrated in exceptional circumstances
(see Fig. 1 in Cavallari et al. 1987), this precluded a
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Figure 1. An ipsilaterally projecting glutamatergic interneuron
A, a reconstruction of the soma, dendrites and initial course of the axon of interneuron C in Fig. 6. B and C, series
of confocal microscope images showing terminals of this interneuron and their relationships with immunoreactivity
for neurotransmitter markers. Ba and Ca show projected images of the axon (red) through a number of optical
sections; panels b-d show single optical sections illustrating axon terminals (red, arrowheads) and neurotransmitter
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Table 1. Association of terminals of GABAergic/glycinergic
interneurons with VGLUTI-immunoreactive axons

Cell Ref. No. of terminals No. associated with
in Fig. 8 analysed VGLUT1 terminals

A 110 60

B 105 10

systematic comparison of excitatory and inhibitory inter¬
neurons according to input, morphology and immuno-
histochemistry. Recently, spike-triggered averaging has
been used to analyse actions of premotor interneurons
on motoneurons in lamprey (see, e.g. Biro et al. 2008),
frog tadpole (see, e.g. Li et al. 2007), zebra fish (see,
e.g. Ritter et al. 2001) and neonatal rats and mice
in vitro (Butt et al. 2002; Butt & Kiehn, 2003; Kiehn
& Butt, 2003; Kiehn, 2006; Quinlan & Kiehn, 2007).
Records from these interneurons were obtained by using
whole-cell-tight-seal recording that also permitted the use
of intracellular markers and subsequent visualization of
recorded cells. Comparison of morphology of excitatory
and inhibitory subpopulations of these neurons involved
mapping cell locations and projections of stem axons.
The pharmacology of their actions on motoneurons
was analysed by using antagonists to putative neuro¬
transmitters and examining firing patterns during Active
locomotion or other forms of rhythmic activity. However
in vitro preparations provide limited opportunities to
analyse input to neurons and to differentiate between
input-output related functional subpopulations. In the
present study we used immunohistochemistry to identify
excitatory and inhibitory intermediate zone interneurons
in reflex pathways from group I and II muscle afferents
which were labelled intracellularly (Bannatyne et al. 2003,
2006; Stecina et al. 2008).

Methods

Preparation

The experiments were performed on a total of 13
young adult cats under deep anaesthesia. All procedures
were approved by the Goteborg University Ethics
Committee and complied with US National Institutes
of Health and European Union guidelines. General
anaesthesia was induced with sodium pentobarbital
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(40-44mgkg~', i.p.) and maintained with intermittent
doses of a-chloralose as required to maintain full
anaesthesia (Rhone-Poulenc Sante, France; doses of
5mgkg_1 administered every 1-2 h, up to 55mgkg_1,
i.v.) after cannulation of the trachea, one carotid artery
and both cephalic veins. Blood pressure and heart
rate were monitored continuously. Additional doses of
a-chloralose were given when increases in blood pressure
or heart rate were evoked by noxious stimulation, or
if the pupils dilated. During recordings, neuromuscular
transmission was blocked by pancuronium bromide
(Pavulon, Organon, Sweden; about 0.2mgkg_1 h_1 i.v.)
and the animals were artificially ventilated. Mean blood
pressure was kept at 100-130 mmHg and the end-tidal
concentration of C02 at about 4% by adjusting the
parameters of artificial ventilation and the rate of
continuous infusion of a bicarbonate buffer solution with
5% glucose (1-2 ml h_1 kg-1). Core body temperature
was kept at about 37.5°C by servo-controlled infrared
lamps. Experiments were terminated by a lethal dose of
pentobarbital followed by perfusion with a solution of
paraformaldehyde.
The third to seventh lumbar (L3-L7), and low thoracic

(Thll-Thl3) segments were exposed by laminectomy.
Neurons in the lumbar segments were approached
through small holes (about 1-2 mm2) made in the
dura mater. Two pairs of stimulating electrodes were
placed in contact with the left and right lateral funiculi
at low thoracic levels to allow detection of neurons
with axons ascending beyond this level by antidromic
activation using stimulus intensities of 1mA. Two
contralateral hindlimb nerves (the quadriceps, Q and
sartorius, Sart) and a number of ipsilateral nerves
were transected and mounted on stimulating electrodes.
The latter included Q, Sart, the posterior biceps and
semitendinosus (PBST), anterior biceps and semi¬
membranosus (ABSM), gastrocnemius and soleus (GS),
plantaris (PI) and deep peroneal (DP) nerves. The
nerves were stimulated by constant voltage 0.2 ms long
current pulses, with the intensity expressed in multiples
of threshold (T) for the most excitable fibres in a

given nerve. In most experiments a tungsten electrode
(impedance 40-250 k£2) was placed in the ipsilateral
medial longitudinal fascicle (MLF) after having exposed
the caudal part of the cerebellum. The electrode was
inserted at an angle of 30deg (with the tip directed
rostrally). The initial target was at Horsley-Clarke

markers: the sequence in Bb-d shows that the terminals are immunoreactive for VGLUT2 (blue) but not GAD
(green). Cb-d, no association was found with either VGLUT1 (shown in blue) or gephyrin (shown in green). Da-d,
a series of single optical sections showing contacts between the terminals of this axon (red, arrows) and the soma
(a and b) and dendrites (c and d) of motoneurons labelled with antibodies raised against ChAT (green) in the
lateral motor nucleus of the L6 segment. VGLUT2 immunoreactivity is shown in blue. Scale bars: A 100 /im; Ba-d
5 ftm Ca 5 /im; Cb-d 2 //m; Da, Dc 5 /rim; Db, Dd 2 /cm.
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co-ordinates P9, L0.6, H-5 but its final position was
adjusted on the basis of records of descending volleys from
the surface of the lateral funiculus at the Thl 1 level. The
site of the tip of the electrode was marked by an electro¬
lytic lesion (0.4 mA constant current passed for 10 s) and
subsequently verified on 100 /u,m thick frontal sections
of the brainstem, cut in the plane of insertion of the
electrodes using a freezing microtome.

Cells to be labelled were selected on the basis of

input from group II or both group I and II afferents
and axonal projections restricted to the lumbosacral
enlargement (cells antidromically activated form the last
thoracic segment were not included in the sample).
A search was made in the L3-L7 segments, within
regions 1-2 mm apart, where distinct field potentials
were evoked from both group I and II afferents
(Edgley & Jankowska, 1987a,b). The sample was
intentionally non-homogeneous and included inter-
neurons projecting ipsilaterally as well as contralaterally
(i.e. intermediate zone commissural interneurons). Short
distance projections (ipsilateral and/or contralateral)
were defined by reconstructing the trajectories of the
axons. Longer distance projections were established by
antidromic activation of some of the interneurons
from the area between the gastrocnemius-soleus and
posterior semitendinosus motor nuclei where stimuli
(0.2 ms, 5-100A) were applied via a thin tungsten
electrode (100-300 kS2).

Electrophysiological analysis of the labelled
interneurons and their classification

Micropipettes with tips broken to about 2 /cm,
filled with a mixture of tetramethylrhodamine-dextran
and Neurobiotin in saline (see next section) with
impedances of 12-20MS2 were used. Recording from
neurons commenced prior to penetration, provided that
extracellular spike potentials were sufficiently distinct. At
this stage it was verified that the neurons were (1) activated
by stimulation of the Q nerve and/or other muscle nerves
at 5 T and at latencies compatible with oligosynaptic
input, (2) that they were activated antidromically from
the contralateral G-S motor nuclei (when tested), and
(3) that they were not activated antidromically by stimuli
applied to the lateral funiculi at the low thoracic level. A
collision test with synaptically evoked spikes was used in
order to evaluate whether the neurons were activated anti¬

dromically. After penetration, effects of the same stimuli
were rapidly scanned to ensure that we had penetrated the
same neuron; thereafter the ejection of the marker was
started by passing a depolarizing current. More detailed
analysis of the peripheral and descending input to the
labelled neurons was made while the depolarizing current
was passed. To this end, PSPs evoked by stimulation of all

of the dissected nerves were first recorded while using 5 T
stimuli and graded stimuli were subsequently applied only
to the effective nerves. Ifthe condition ofa neuron allowed,
recording was repeated after labelling had been completed
but the best quality records were usually obtained just
after the penetration (when the injury discharges stopped)
and at the beginning of the injection. Unless stated
otherwise, all ofthe records illustratedwere obtained at the
beginning of depolarization. In cases where the electrode
penetrated an interneuron which had not been analysed
extracellularly, characterization of the neuron was made
intracellularly and the beginning of the ejection of the
marker was delayed. Both original records and averages of
10-20 records made on-line were stored using a sampling
and analysis system of E. Eide, T. Holmstrom and N.
Pihlgren, Goteborg University.
The aim of the study was to compare excitatory and

inhibitory intermediate zone interneurons. However, in
order to achieve this, it was necessary to differentiate these
cells from two other populations of interneurons that have
been previously described: (1) dorsal horn interneurons
located more dorsally and (2) lamina VIII interneurons
located more ventrally (Edgley & Jankowska, 1987 b;
Jankowska et al. 2005) both of which have input from
group II but not from group I afferent fibres. When somata
of labelled interneurons were located within laminae
VI—VII, IV-V or VIII, classification was straightforward.
However, additional criteria were required to establish
the identity of neurons located within the border zones
between laminae V and VI and between laminae VII and
VIII where different cell categories may be intermixed.
In such cases additional criteria based on established

properties of larger samples of interneurons at various
locations were used. 'Typical' dorsal horn or lamina VIII
interneurons were not found to be coexcited by group I
afferents and those which were coexcited were classified
as intermediate zone interneurons even if their somata
were located in the most ventral part of lamina V or the
most dorsal part of lamina VIII. Conversely, interneurons
located within the same border zones but not coexcited

by group I afferents or showing typical properties of
lamina VIII interneurons were classified as belonging to
that class. Such properties included selective input from
either MLF or group II afferents to lamina VIII inter¬
neurons (Jankowska et al. 2003, 2005). After applying
these principles, only one inhibitory interneuron located
within the lamina VII-VIII border zone was classified as

not belonging to the group of intermediate zone inter¬
neurons (see interneuron no. 14 in the companion paper:
Jankowska et al. 2009) and three excitatory interneurons
were classified as belonging to the group of intermediate
zone interneurons because they were coexcited by group I
and II afferents (interneurons B and D in Fig. 6 and G
in Fig. 7) or by group II afferents and from the MLF
(interneuron P in Fig. 7).

© 2009 The Authors. Journal compilation © 2009 The Physiological Society
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Labelling and morphological and
immunocytochemical analysis of the interneurons

Commissural interneurons were labelled intracellularly
with a mixture of equal parts of 5% tetramethyl-

rhodamine-dextran (Molecular Probes, Eugene,
OR, USA) and 5% Neurobiotin (Vector
Laboratories, Peterborough, UK) in saline (pH6.5). The
marker was applied by passing 5 nA positive constant
current for 5-8 min. At the end of the experiment the

Figure 2. An ipsilaterally projecting glycinergic interneuron
A, reconstruction of the soma, dendrites and initial course of the axon of interneuron M in Fig. 7. B-C, series of
confocal microscope images showing terminals of this interneuron and their relationship with immunoreactivity
for neurotransmitter markers. Panel a in each case shows a projected image of the axon (red) through a number
of optical sections; panels b-d show single optical sections illustrating axon terminals (red, arrowheads) and
neurotransmitter markers. The sequence in Bb-d shows that the terminals are apposed to gephyrin puncta (green)
but do not contain VGLUT1 (blue) and the images in Cb-d confirm that there is no association with either VGLUT2
(shown in blue) or GAD (shown in green). Scale bars: A 100 ^m; Ba, Ca 10 /xm; Bb-d 5 /im; Cb-d 2 ixm.
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Figure 3. Postsynaptic targets of inhibitory interneurons
Series of images showing contacts formed by terminals of inhibitory interneurons J, D and M in Fig. 7 with ventral
horn neurons. Note that all of the putative contacts are associated with gephyrin immunoreactivity, thus confirming
that they are synaptic in nature. A, a motoneuron which is labelled positively for ChAT (blue). B, a gephyrin rich cell
at the border between lamina VII and IX. C, a lamina VII cell with a high density of VGLUT1 terminals on proximal

© 2009 The Authors. Journal compilation © 2009 The Physiological Society
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animals were perfused through the descending aorta
with a solution containing 4% paraformaldehyde in
phosphate buffer. Sections containing labelled inter-
neurons were reacted firstly with avidin-rhodamine
(1 : 1000, Jackson Immunoresearch, Luton, UK) and
the transmitter content of terminals was identified by
incubating sections containing axonal processes in a
combination of antibodies for either vesicular glutamate
transporter 1 (VGLUT1, 1:5000; Chemicon, Harlow,
UK) and gephyrin (1:100, Synaptic Systems, Gottingen,
Germany), or a second combination containing
antibodies for glutamic acid decarboxylase (GAD;
recognizing both 65 and 67 isoforms, 1:2000; Sigma,
Poole, UK) and vesicular glutamate transporter 2
(VGLUT2, 1:5000; Chemicon) as previously described
(Bannatyne et al. 2006). Axonal contacts formed with
motoneurons were revealed by using antibodies for
choline acetyltransferase (ChAT 1: 100, Chemicon). The
sections were scanned with a confocal laser scanning
microscope (Biorad 1024, Zeiss, Hemel Hempstead, UK)
and reconstructions of somata and dendritic trees were

drawn using Neurolucida for Confocal (MBF Bioscience,
Williston, Vermont, USA). Axonal projections, including
terminal branches and/or terminals, were mapped for the
total sample of 38 labelled neurons (see Table 1).

Results

Identification of excitatory and inhibitory
interneurons

Transmitter content could be defined for terminals of
38 labelled interneurons analysed in this study. VGLUT2
was found in terminals of 14 interneurons and therefore
these cells were glutamatergic and excitatory. Twenty-two
interneurons had terminals that apposed gephyrin puncta
but were not immunoreactive for GAD and hence were

glycinergic. 'terminals from the remaining two inter¬
neurons were immunolabelled for GAD and apposed
gephyrin puncta and thus were likely to contain a mixture
ofGABA and glycine.

Glutamatergic interneurons
The sample of glutamatergic interneurons included five
ipsilaterally projecting, six bilaterally projecting and three
contralateral^projecting interneurons. Interneuronswith
contra- or bilateral projections are described inmore detail
in the accompanying publication (Jankowska et al. 2009).
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Figure 1 shows details of a typical ipsilaterally projecting
glutamatergic interneuron.

Glycinergic interneurons
All 22 glycinergic cells had ipsilateral projections (see
below). Axon terminals of these cells apposed gephyrin
puncta but were not immunoreactive for VGLUT1,
VGLUT2 or GAD. Properties of a typical glycinergic inter¬
neuron are shown in Fig. 2.

Target cells of glutamatergic and glycinergic
interneurons

The majority (4/5) of glutamatergic cells with ipsilateral
terminations within motor nuclei formed contacts with
cell bodies and dendrites of motoneurons which were

identified by using ChAT immunoreactivity (Fig. ID).
In addition, many terminals were located in regions
outside motor nuclei where they formed contacts with
unidentified neurons. However, none of the contralaterally
projecting interneurons could be shown to form contacts
with motoneurons, although one out of the three cells
labelled had terminations within motor nuclei. Finally,
only one of the six bilaterally projecting interneurons
made contacts with ipsilateral motoneurons. Findings
from electrophysiological studies to investigate target cells
of group I and II activated commissural interneurons are
discussed in the accompanying paper (Jankowska et al.
2009).
Glycinergic interneurons (9/22) also made contacts

with cell bodies and dendrites of motoneurons within

ipsilateralmotor nuclei and with cells in areas surrounding
them (Fig. 3A). Motoneurons could readily be identified
by the presence of ChAT immunoreactivity and, as
gephyrin is found at postsynaptic densities (e.g. see Todd
et al. 1995), this confirms that such contacts are synaptic.
On a limited number of occasions we were able to discern
characteristics of other target cells of the labelled inter¬
neurons in addition to motoneurons. Firstly, they formed
contacts with gephyrin-rich cells located at the border of
laminae VII and IX (Fig. 3B). They also contacted cells
with concentrations of VGLUT1 terminals on proximal
dendrites (Fig. 3C).

GABAergic/glycinergic interneurons

Two of the cells in the sample had axon terminals that
apposed gephyrin puncta but were also immunoreactive

Excitatory and inhibitory intermediate zone interneurons

areas of the dendritic tree. Left hand panels (a) show images projected from several sections; small panels (b~d,
e-g) show details of the axon (red), apposed gephyrin puncta (green) and either ChAT (A, blue) or VGLUT1
(C, blue). Insets 6a and Ca show projected images of the axon collaterals present in each section. Scale bars: Aa,
Ba, Ca 5 nm; panels b-d and e-g 2 /xm.
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Figure 5. Location of excitatory and inhibitory interneurons
Location of cell bodies of labelled interneurons. Circles, squares and stars represent cells with ipsilateral, contra¬
lateral and bilateral projections, respectively; open symbols denote glutamatergic, filled black symbols glycinergic
and filled grey symbols GABAergic cells.

for GAD. Properties of one of these cells are shown in
Fig. 4. Neither cell had terminals that were immuno-
reactive for VGLUT1 or VGLUT2. However, their
terminals formed associations with other axon terminals
that were immunoreactive for VGLUT1, which is localized
principallywithin large myelinated primary afferent fibres
(Varoqui et al. 2002; Todd et al. 2003). Approximately 50%
of the terminals of the first cell and 10% of the second
formed close appositions with VGLUT1 immunoreactive
terminals (Table 1) but no appositions were formed with
VGLUT2-containing axons. Gephyrin immunoreactivity
was not present at the site of contact between interneuron
and VGLUT1 terminals but was present at other locations
(Fig. 4D), on the same interneuron terminals which were
probably sites of contact with dendrites or cell bodies of
other cells.

Comparison of location, somata and dendritic trees
of excitatory and inhibitory interneurons
A search was made for interneurons to be labelled

primarily in the L4-L6 segments but some were penetrated
in the L3 and L7 segments. In all of these segments,
cell bodies of the current sample of interneurons were
located within laminae VI-VII. No obvious differences
were observed between the locations of inhibitory versus
excitatory interneurons, which were intermixed in all
laminae (Fig. 5), or in the organization of their dendritic

trees, which ramified within laminae IV to IX but rarely
extended into the white matter; cf. e.g. dendritic trees of
interneurons illustrated in Fig. lAandFig. 2Aandofinter-
neurons illustrated in Figs IA and 2A in the companion
paper. Cell bodies of glycinergic interneurons tended
to be smaller than those of glutamatergic interneurons,
with diameters 39.4 ± 11.9/zm and 48.1 ± 14.3 yzm,

respectively (mean ± standard deviation; glycinergic
n= 13, glutamatergic n = 8) but this difference was not
statistically significant (Student's ftest; P < 0.05). The
diameters weremeasured as diameters ofequivalent circles
from projected images using ImageJ software (available
from NIH, USA).

Comparison of axonal projections and terminal
projection areas of glutamatergic and glycinergic
interneurons

In contrast to the similarities in location of cell bodies
and morphology of dendritic trees, major differences
were found in axonal projections of glutamatergic and
glycinergic intermediate zone interneurons. As stated
above, excitatory interneurons were found to project
ipsilaterally, bilaterally or contralateral^ while axonal
projections of inhibitory interneurons were exclusively
ipsilateral. Projections of individual excitatory and
inhibitory interneurons are shown in Figs 6 and 7. For
further details ofprojections ofcommissural interneurons

Figure 4. Immunocytochemistry of a GABAergic/glycinergic interneuron
A, reconstruction of the soma, dendrites and initial course of the stem axon (arrow) of one of the interneurons
(A in Fig. 8). The axon of this cell entered the dorsal column (border indicated by grey line and arrowheads on
right). B-D, series of confocal microscope images showing terminals of the interneuron and their relationships
with immunoreactivity for neurotransmitter markers. Panel a in each case shows a projected image of the axon
(red) through a number of optical sections; panels b-d show single optical sections illustrating axon terminals (red,
arrowheads). Terminals of this interneuron were immunoreactive for GAD (B and C; green) and associated with
gephyrin puncta (D; green). Terminals were frequently observed apposed to profiles that were immunoreactive for
VGLUT1 (Bd, Cd\ blue). Scale bars: A 100 fjm; Ba, Ca 10 jrm; Bb-d 5 ^m; Cb-d 2 ^m.
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Ipsilateral Bilateral Contralateral

Figure 6. Projection areas of excitatory interneurons
A-N Circles represent somata and thick lines stem axons, and shading summarizes locations of terminals for all
rostrocaudal levels where terminals were observed. Arrows indicate rostral and/or caudal projections where the
axon could be followed more than 250 ^m in either direction from the soma, 'm' indicates presence of synaptic
contacts with interneurons. Cells are grouped depending on whether the axonal projections were ipsilateral {A-E),
bilateral (F-l, M, N) or contralateral CM) and also on the basis of their dominant excitatory input from group I or
from group II afferents. gr I < gr II and gr I > gr II at the bottom of each frame indicate that in neurons depicted
in this frame monosynaptic EPSPs evoked from group I afferents were smaller or larger than EPSPs from group II
afferents.
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of our sample as well as of more ventrally located inter-
neurons, see the accompanying paper (Jankowska et al.
2009).

Figure 6 shows that stem axons ofipsilaterally projecting
interneurons run towards the white matter within a short
distance from the soma and enter either the middle
or the ventral part of the lateral funiculus, or the
ventral funiculus, after giving off a number of initial
axon collaterals. A similar pattern of projection was
found for ipsilatcrally projecting glycinergic interncurons
(Fig. 7). Both figures show also that on entering the
white matter the stem axons commonly bifurcated and
projected both rostrally and caudally. Axonal projections
of all contralaterally projecting glutamatergic inter¬
neurons were similar; their stem axons were directed
towards the ventral commissure where they crossed the
midline within about 0.5 mm distance from the soma

and entered the contralateral ventral funiculus. The most

strongly labelled axons could be followed both caudally
and rostrally (see arrows in Fig. 6) for up to 1-2 mm total
distances and gave rise to axon collaterals that ramified
within the contralateral ventral horn. Stem axons of

bilaterally projecting glutamatergic interneurons behaved
in the same way as the contralaterally projecting ones.
Their ipsilateral projections were found exclusivelywithin
the grey matter and none entered the ipsilateral lateral
or ventral funiculi, which indicates that they might have
affected contralaterally located neurons over a length of
spinal cord but act fairly locally ipsilaterally.
Although stem axons of ipsilateral glycinergic and

glutamatergic cells had different trajectories, their
terminal projection areas were similar. These included
motor nuclei as well as other regions of the grey
matter, principally the intermediate region and laminaVII
and VIII. The distribution of terminal projection areas
appeared in part to be related to the location of inter¬
neurons as there was a tendency for interneurons located
in the L3 and 4 segments to terminate primarily in
laminae VI-VIII and for interneurons located in the L5
and L6 segments to extend their projection areas to lamina
IX. However, only the terminal branches of the earliest
axon collaterals could be reconstructed and therefore we

cannot exclude the possibility that more caudally located
motoneurons are the main targets of these interneurons.

Axonal projections of GABAergic/glycinergic
interneurons

Projection areas of the two cells that had
GAD immunoreactive axons and apposed gephyrin
puncta are shown in Fig. 8. The cell body of the first
interneuron was located in the central part of lamina
VI with the major dendritic fields confined laterally and
ventrally in the grey matter of laminae V-VII (Fig. 4A).
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The axon gave rise to several collaterals before entering the
ipsilateral dorsal column. The axon collaterals terminated
within the envelope of the dendritic tree and deeper
within lamina VII and IX. The soma and dendrites of the
second cell were also locatedwithin lamina VI and its axon
could be followed to the dorsal part of the lateral funiculus
where it bifurcated to run both rostrally and caudally.
Collateral axons were observed in the intermediate grey
matter and also more ventrally. Records show that neuron
A was excited by group I affercnts ofgastrocnemius solcus
but not by group II afferents because the amplitude of the
EPSPs evoked by near maximal stimulation of group I
afferents did not increase when the intensity of the stimuli
was increased from 2T to 5T to include group II afferents.
In contrast EPSPs evoked in neuron B appeared only
when the intensity of the stimuli was increased from 2T
to 5 T. However, in both neurons IPSPs were apparently
evoked from both group I and II afferents as indicated
both by threshold and latency. Axonal projections of these
neurons were located in regions that would be predicted
for interneurons mediating presynaptic inhibition of
group la, lb and II afferents (for references see Jankowska,
1992 and Rudomin & Schmidt, 1999).

Comparison of input to excitatory and inhibitory
interneurons

Figure 9 and Table 2 show that group I and group
II afferents provided input to all three subgroups of
excitatory interneurons as well as to inhibitory inter¬
neurons. Peripheral nerves were stimulated with different
stimulus intensities to allow differentiation of synaptic
actions from group la muscle afferents and group lb
tendon organ afferents (pooled as group I afferents) and
from group II muscle spindle afferents. PSPs evoked by
stimuli not exceeding 2 T (at latencies not exceeding 1.1 ms
for monosynaptic EPSPs and 1.8 ms for disynaptic EPSPs
or IPSPs) were classified as evoked by group I afferents
whereas PSPs evoked at thresholds between 2 T and 4T (at
latencies ranging between 2 and 4.5 ms) were classified as
evoked from group II afferents.
For the majority of neurons, quantitative estimates of

the relationships between excitatory input from group I
and II afferents to individual neurons were approximate
because comparisons of amplitudes ofEPSPs evoked from
these afferents were hampered by several factors. There
was overlap between EPSPs and IPSPs that either followed
monosynaptic EPSPs from group I afferents or both
preceded and followed EPSPs from group II afferents.
Another factor was rapidly progressive deterioration of
themajority of the neurons caused by penetration and the
resulting depolarization (with frequent injury discharges)
which was exacerbated by the passage of current needed
to inject the marker and an increase in the volume of
the neurones. However, the passage of 5 nA depolarizing

Excitatory and inhibitory intermediate zone interneurons
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current would not have interfered with detection ofEPSPs

by itself. This was indicated by records from neurones
that were only moderately affected by the penetration
(as judged by their membrane potential and amplitudes
of action potentials) where amplitudes of monosynaptic
EPSPs decreased by only some 20-30% during 5-10 min
of passage of 5 nA. This interpretation is supported by
previous studies where considerably stronger depolarizing
current was needed to bring the neurones to the reversal
potential of EPSPs (see, e.g. Flatman et al. 1982) or where
amplitudes of EPSPs remained substantially unchanged
during passage of 20-40 nA under similar experimental

conditions (see, e.g. Fetz et al. 1979). For these reasons
we were only able to estimate whether input from group I
afferents appeared stronger or weaker than input from
group II afferents. In addition, we could not exclude the
possibility that small EPSPs evoked from group I and II
afferents were undetectable with the recording methods
described or that there was input from group I and II
afferents in untested peripheral nerves. Therefore, the
numbers of neurons with inputs from these groups of
afferents may be underestimated in Table 2.
Notwithstanding these limitations, excitatory input

from group I afferents was generally stronger to excitatory

Figure 7. Projection areas of inhibitory interneurons
A-V, projection areas of 22 interneurons grouped depending on their dominant excitatory input from group I
(A-K) or II afferents (L-V). Circles represent somata and thick lines stem axons, and shading summarizes locations
of terminals for all rostrocaudal levels where terminals were observed as in Fig. 6. Arrows indicate rostral and/or
caudal projections where the axon could be followed more than 250 /xm in either direction from the soma.
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interneurons, especially those projecting contralateral^,
since monosynaptic EPSPs evoked from group I afferents
were larger in amplitude than those from group II
afferents in a greater proportion ofexcitatory interneurons
(Table 2).
The presence of IPSPs following EPSPs was estimated

from the extent of the declining slope of the EPSPs. As
illustrated in the first and third columns in Fig. 9, IPSPs
might have been minimal in the top records but the larger
IPSPs could not only increase the declining slope of the
EPSPs but also start during the rising slope of these EPSPs
and prevent the full development of the EPSP (Fig. IOC).
EPSPs evoked from group II afferents not only could be
cut short by IPSPs that followed them, but were also often
preceded by IPSPs; examples of this are shown in the

middle column in Fig. 9, where the approximate onset
of the IPSPs is indicated by the second dotted line and of
the EPSPs by the third dotted line.
In previous studies, evidence for IPSPs associated with

faster decays was provided by reversal following Cl~
injection or hyperpolarization of the neurons. Such tests
could not be made during labelling associated with passage
of the depolarizing current, but reversal was occasionally
seen when the cells remained in a relatively good state after
the injection ofNeurobiotin had been terminated.
Table 3 shows that no obvious differences occurred

between sources of peripheral input to inhibitory and
to ipsilaterally and contralaterally projecting excitatory
neurons, as in all these subpopulations EPSPs and IPSPs
were evoked from the same muscle nerves. In individual

Figure 7. continued
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intemeurons both EPSPs and IPSPs were most often
evoked from several nerves (1-3 nerves and 1-5 nerves,

respectively). In some cases both excitation and inhibition
could be evoked from the same nerve while only IPSPs
were evoked from other nerves.

Reticulospinal fibres likewise were found to provide
input to all three subgroups of excitatory interneurons
as well as to inhibitory interneurons. The proportions
of interneurons in which monosynaptic and disynaptic
EPSPs and disynaptic IPSPs were evoked are given in
Table 2 and an example of this is shown in Fig. 9D. These
observations suggest that monosynaptic input from the
MLF was strongest to ipsilaterally projecting excitatory
interneurons but MLF fibres did not appear either to

favour or to counteract any particular subpopulations of
intermediate zone interneurons which might assist the
selection ofexcitatory interneurons during locomotion or
after spinal cord lesions.

Discussion

Properties of intermediate zone interneurons

The most striking observations made in the present study
were the major differences in axonal projections of the
three classes of interneuron (defined according to their
transmitter content), with direct input from group I
and II muscle afferents. They show that excitatory

DP 5T

GS 1.4T PBST5T

Q5T

Q2T

——

0 2 mV

Sart 5T

2 ms

/v. ^
Figure 8. Axonal projection areas of GABAergic/glycinergic interneurons
A and 6, location and reconstruction of axonal projections of two interneurons. Circles represent somata and thick
lines stem axons, and shading summarizes locations of terminals for all rostrocaudal levels where terminals were
observed. Arrows indicate rostral and/or caudal projections where the axon could be followed more than 250 /xm
in either direction from the soma of interneuron B. C and D, intracellular records from these interneurons obtained
at the beginning of the injection of the marker by passing 5 nA depolarizing current (upper traces) and records
from the cord dorsum of the afferent volleys (lower traces). They show that the first interneuron was excited by
group I afferents of gastrocnemius-soleus (GS) and posterior biceps-semitendinosus (PBST) and the second by
group II afferents of quadriceps (Q) and sartorius (Sart) and that they were inhibited by group I and II afferents
of DP and by group II afferents of anterior biceps-semimembranosus (ABSM), respectively. The latencies of the
EPSPs were 0.9 ms in C and 2.7 and 2.9 ms in D, in both cases from group I afferent volleys, and compatible with
monosynaptically evoked actions of group I and group II afferents, respectively. 57, 27 and 1.47, stimulus intensity
expressed in multiples of threshold intensities. In this and in the following figures all the records are averages of
10 or 20 consecutive single sweeps. Negativity is downwards in intracellular records and upwards in records of
afferent volleys. Rectangular pulses at the beginning of the records are calibration pulses (0.2 mV). Time calibration
(2 ms) in D is for all of the records.
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intermediate zone interneurons not only target cells
ipsilaterally or contralaterally but also bilaterally in the
spinal grey matter. In contrast, inhibitory intermediate
zone interneurons were found to project exclusively to
ipsilateral target cells. This statement is valid for all cells
classified as intermediate zone interneurons according to
the criteria outlined in Methods. It should nevertheless be
noted that we encountered one inhibitory interneuron
with crossed projections that was located within the
border zone between laminae VII and VIII (see inter¬
neuron no. 14 in the companion paper) which therefore
could be considered as either an intermediate zone or

a borderline lamina VIII interneuron. However, as its
properties conformed with those of lamina VIII inter¬
neurons (Jankowska et al. 2003, 2005; see Methods), it
was classified as lamina VIII rather than an aberrant inter
mediate zone interneuron.
The majority of glutamatergic interneurons that had

projections which were exclusively ipsilateral formed
direct contacts with motoneurons. It is therefore likely
that most ipsilaterally projecting excitatory interneurons

activated monosynaptically by group I and II primary
afferent axons have direct actions on motoneurons,
thus corroborating conclusions from previous electro¬
physiological experiments (Edgley & Jankowska, 1987b;
Cavallari et al 1987). However, it is likely that the numbers
of cells making such contacts and the numbers of contacts
themselves were underestimated because labelling of the
finest and most distal axon branches and terminals was

incomplete even though stem axons were well labelled and
could often be traced over several hundred micrometres.
The extent of terminal projection areas ofglutamatergic

interneurons ofour sample shows that these intcrncurons
formed terminations not onlywithinmotor nuclei but also
within surrounding regions of the ventral horn and in the
intermediate zone. Therefore, in addition to their actions
on motoneurons, individual interncurons should provide
excitatory input to other interneuronal or projection
systems.
Axonal projections and target cells of bilaterally and

contralaterally projecting glutamatergic interneurons are
discussed in detail in the accompanying paper (Jankowska
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Figure 9. Examples of PSPs evoked in four excitatory interneurons and four inhibitory interneurons
Upper and lower traces in each panel are averaged intracellular records (negativity downwards; obtained during
passage of 5 nA of depolarizing current) and records from the cord dorsum (negativity upwards), respectively.
Intracellular records from the top to bottom are from excitatory interneurons labelled K, B, H and E in Fig. 6 and
from inhibitory interneurons labelled G, E, K and T in Fig. 7, as indicated in each panel. Amplitudes of these records
have been normalized to make it easier to compare the declining phases of EPSPs in the left and right columns.
In the three top rows, amplitudes of EPSPs evoked from group I afferents exceeded those from group II afferents;
they were evoked in excitatory interneurons projecting contralaterally, ipsilaterally and bilaterally, respectively, and
in three ipsilaterally projecting inhibitory interneurons. In contrast, in the bottom row EPSPs evoked from group I
afferents were smaller than those from group II afferents; they were evoked in ipsilaterally projecting excitatory
and inhibitory interneurons. First dotted lines indicate the arrival of afferent volleys from group I afferents. Second
and third dotted lines indicate the approximate onset of EPSPs from group I and from group II afferents in the left
and right columns and of IPSPs of group I origin and EPSPs of group II origin in the middle row. Rectangular pulses
at the beginning of records are voltage calibration pulses (0.2 mV). Time calibration (4 ms) is for all records.
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Table 2. Distribution of monosynaptic excitatory and inhibitory input from group I and II afferents and
from the ipsilateral MLF to excitatory and inhibitory interneurons

Glutamatergic
Glycinergic GABA/glycine

Ipsilateral Bilateral Contralateral Ipsilateral Ipsilateral

n 5 6 3 22 2

Excitatory input
Group l>ll 3 4 3 11 1

Group l<ll 2 2 0 11 1

MLF mono 4 of 4 1 of 4 1 of 3 8 of 18
MLF disyn 3 of 4 5 of 18
No MLF 0 0 2 of 3 5 of 18 2

Inhibitory input
Group I and II 5 6 2 18 2

No IPSPs 0 0 1 4

MLF disyn 2 of 4 3 of 4 2 of 3 7 of 18
No MLF 0 0 1 of 3 11 of 18 2

The subgroups of interneurons are those illustrated in Figs 6-8. Excitatory input is classified as stronger
either from group I (I > II) or from group II (I < II) afferents on the basis of comparison of amplitudes
of monosynaptic EPSPs evoked by these afferents. Interneurons with input apparently from only group I
afferents were included in the first group and interneurons with input apparently from only group II
afferents were included in the second group. Input from the MLF was classified as monosynaptic when
EPSPs were evoked at latencies not exceeding 0.9 ms from the first component of descending volleys
evoked by stimulation of the MLF and did not show temporal facilitation when 2 or 3 as opposed to single
stimuli were used (see Jankowska ef at. 2003). EPSPs and IPSPs were classified as evoked disynaptically if
they appeared at latencies 1-2 ms from descending volleys.

et al. 2009). Briefly, one out of the sample of six bilaterally
projecting interneurons was found to form contacts
with ipsilateral but not contralateral motoneurons and
none of the three glutamatergic interneurons that had

projections that were exclusively contralateral formed
direct contacts with motoneurons. However, all these cells
had terminations within the ipsilateral intermediate zone,
and contralaterally in a region that 'mirrored' ipsilateral

—m
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Figure 10. Examples of reversal of IPSPs at
the end of labelling
A and B-D, upper traces: averaged intracellular
records from two interneurons (A in Fig. 7 and
H in Fig. 6); lowest traces in each panel are
from the cord dorsum. Black records were
taken during ejection of the marker by passage
of 5 nA depolarizing current and grey records
after the current was reduced to 0.5 or 0 nA
and the cells repolarized. Dotted lines in A, B
and C indicate afferent volleys and the onset of
monosynaptic EPSPs and disynaptic IPSPs from
group I afferents. Note large IPSPs following
EPSPs during the depolarization and their
subsequent reversal. Note also that IPSPs were
evoked not only from group I afferents (B and
C) and group II afferents (A and B) but also
from the MLF (D).
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Table 3. Proportions of glutamatergic and glycinergic interneurons in which monosynaptic EPSPs and oligosynaptic IPSPs were evoked
by stimulation of group I and II afferents of various nerves

Group I Group II

Excitatory Inhibitory Excitatory Inhibitory

Ipsilateral Bilateral Contralateral Ipsilateral Ipsilateral Bilateral Contralateral Ipsilateral

n 5 6 3 22 5 6 3 22

EPSPs from nerves:

Q 2 5 1 7 4 2 0 13

Sart 1 1 1 1 2 1 1 7

PBST 2 1 1 3 0 0 0 0

ABSM 2 1 0 3 0 0 0 0

GS 2 4 1 1 0 0 0 0

DP 0 1 1 2 3 1 2 10

IPSPs from nerves:

Q 4 4 2 14 1 5 0 9

Sart 5 2 0 2 1 4 0 4

PBST 2 0 0 3 0 0 0 1

ABSM 1 0 0 2 0 1 0 0

GS 2 1 0 1 1 1 0 0

DP 1 3 2 2 4 5 2 6

From same nerve as EPSP 4 4 2 10 3 5 1 10

From other nerves 11 6 2 14 4 11 1 10

PSPs evoked by stimuli not exceeding 27 were classified as being evoked from group I afferents, and as monosynaptic or disynaptic
if the latencies were less than 1.1 ms (EPSPs) or 1.8 ms (EPSPs and IPSPs), respectively. PSPs evoked at thresholds 2-AT and latencies
ranging from 2 to 4.5 ms were classified as being evoked from group II afferents.

terminations suggesting that these interneurons target
similar types of neuron on both sides of the spinal cord
and hence are well suited to be involved in left-right
co-ordination of activity at a premotor level.
Ifcontralateral^ and bilaterally projecting intermediate

zone interneurons form only sparse synaptic contacts with
contralateral motoneurons, this would explain why inter¬
neurons located in laminae VI-VII were not labelled,
or were labelled only occasionally, in experiments where
retrograde transport (of eitherWGA-HRP or latex micro¬
spheres) from within contralateral motor nuclei led
to labelling of interneurons located in lamina VIII
(Alstermark & Kummel, 1986; Harrison et al. 1986;
Jankowska & Skoog, 1986; Hoover 8c Durkovic, 1992).
All of the glycinergic interneurons in our sample gave

rise to axonal projections that were exclusively ipsilateral
but the termination regions of individual neurons varied.
Some projected to motor nuclei and regions of lamina VII
surrounding them whereas others were found to project
only to regions outside motor nuclei, in particular
within the intermediate zone itself. This observation is in

good agreement with previous descriptions of terminal
projection areas of intermediate zone interneurons of
unknown transmitter phenotype that were labelled with
HRP (Czarkowska et al. 1976; Bras et al. 1989) and
of IPSPs recorded from the ventral roots by using
spike-triggered averaging of population PSPs evoked by

single interneurons (Brink etal. 1981,1983; Cavallari etal.
1987).
Although we did not specifically search for other target

cells of glycinergic interneurons, we noted that some of
them made contact with cells that were rich in gephyrin
andwere located at the border oflaminaeVII and IX. These
cells are in a similar location to Renshaw cells which are also
rich in gephyrin (Alvarez etal. 1997). However, the pattern
of gephyrin labelling associated with cells described here
appears to differ from that described by Alvarez et al. who
showed that Renshaw cells are associated with intense rings
of immunoreactivity (see their Fig. IB). Furthermore,
according to Gonzalez-Forero et al. (2005) most of the
inhibitory cells that form synaptic contacts with Renshaw
cells release a mixture of GABA and glycine. None of the
terminals that formed contacts with gephyrin-rich cells
contained GAD and therefore these cells are unlikely to be
Renshaw cells. We also saw inhibitory contacts on a type of
cell that has large numbers of VGLUTl-immunoreactive
axons on proximal dendrites, and this will form the
basis of a future report. We know that this type of cell
receives powerful monosynaptic input from group I and
II muscle afferents but that some of them are inhibitory
whereas others are excitatory. The fact that they also
have input from glycinergic cells that are activated by
the same classes of afferent, provides an anatomical basis
for the primary afferent-evoked disynaptic IPSPs that
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are frequently observed to follow monosynaptic EPSPs
recorded from intermediate zone interneurons in the

present and other studies (see, e.g. Brink etal. 1983; Edgley
&Jankowska, 1987h).
Consistent differences were not found between

termination patterns of excitatory and inhibitory inter¬
neurons, or between termination patterns of interneurons
with dominating input from group I or from group II
afferents, but considerable variability was found in each
of these interneuronal subpopulations. The variability of
both input and output in these subpopulations appears
to be an intrinsic property of intermediate zone inter¬
neurons and is essential for them to fulfil their integrative
roles in sensorimotor networks. This would be in keeping
with previous electrophysiological evidence that subsets of
excitatory and inhibitory interneurons in reflex pathways
from group I and/or II afferents contribute to different
motor synergies and may be either coexcited or counter¬
act each other's actions depending on the behavioural
context (see, e.g. Lundberg et al. 1987; Jankowska,
1992).
The final group of interneurons provided perhaps the

most novel information. These two cells had axons which
were immunoreactive for GAD and apposed gephyrin
puncta. They are therefore likely to contain a mixture of
GABA and glycine (e.g. see Todd & Spike, 1993). These
are the first two examples ofGABAergic interneurons that
we have seen in the studies we have performed to date
(Bannatyne etal. 2003,2006; Stecina etal. 2008; Jankowska
et al. 2009). The cells had discrete axonal projections that
ramified ipsilaterally in the deep laminae of the dorsal
horn and intermediate zone, although one cell had an
axon collateral that projected towards the ipsilateralmotor
nucleus. Terminals of these cells apposed other axons
containing VGLUT1 that are likely to originate from large
myelinated primary afferent fibres (Varoqui et al. 2002;
Todd et al. 2003). It was also observed that gephyrin was
not present at the point of contact between interneuron
axon terminals and those labelled for VGLUT1; this is
consistent with observations made by Todd et al. (1995)
who showed that gephyrin was not present at axo-axonic
synapses formed by axons that contained a mixture of
GABA and glycine. Gephyrin was present, however, at
other sites of contact, which were presumably dendrites of
other neurons. It is very likely that the contacts between
interneuron axon terminals and VGLUT1-labelled axons

are axo-axonic synapses (see Hughes et al. 2005) and that
these cells are involved in presynaptic inhibition associated
with primary afferent depolarization (PAD), i.e. they are
PAD interneurons. As far as we are aware, these are the first
two examples ofPAD interneurons in higher vertebrates to
be characterized electrophysiologically and labelled intra-
cellularly. However as they also contact dendrites it seems
that they not only mediate presynaptic inhibition but also
exert postsynaptic inhibitory control over other neurons

in the deep parts of the dorsal horn and intermediate zone
as proposed by Rudomin (see, e.g. Rudomin & Schmidt,
1999). Furthermore ultrastructural studies of identified
group I (Watson 8c Bazzaz, 2001) and group II afferents
(Maxwell 8c Riddell, 1999) show that presynaptic boutons
which contain a mixture of GABA and glycine not only
form axo-axonic synapseswith primary afferent terminals
but frequently also form synapses with the same dendrite
that is postsynaptic to the primary afferent, i.e. they form
synaptic triads.
Limited information is available about input to inter¬

neurons mediating primary afferent depolarization. The
two cells identified in the present study were mono-
synaptically activated by group I and group II primary
afferents, respectively. However according to the classical
studies ofEccles etal. (1962), measurements of the latency
of PAD in large muscle afferents suggest that they are
not driven monosynaptically by primary afferents but are
last order neurons in trisynaptic or short polysynaptic
pathways. Disynaptic coupling was proposed for PAD
interneurons with input from group I afferents (see, e.g.
Rudomin 8c Schmidt, 1999), but this might not apply
to those excited by slower conducting group II afferents
(cf. latencies of EPSPs in Fig. 8C and D), which may be
excited monosynaptically although at longer latencies. In
addition, in the dorsal horn, candidate PAD neuronswhich
contain a mixture of GABA and acetylcholine are known
to receive direct input from primary afferent axons (Olave
et al. 2002). It should be borne in mind that the classical
studies of PAD were focused on the ventral horn, and
the circuitry proposed by Eccles and colleagues may only
be valid for PAD interneurons which form axo-axonic

synapses with group la terminals in lamina IX, which
probably constitute a particular subset ofPAD interneuron
as they do not contain glycine (see Hughes etal. 2005). The
PAD interneurons we have identified belong to a group
of cells that contain a mixture of GABA and glycine.
Presynaptic axo-axonic terminals on la and group II
afferents outsidemotor nuclei contain amixture ofGABA
and glycine (Maxwell 8c Riddell, 1999; Watson & Bazzaz,
2001) and therefore the interneurons described here may
be the origin of such terminals.

Comparison of axonal projections of intermediate
zone interneurons with input from group I and/or
group II afferents and of interneurons with similar
inputs at other locations

Diagrams in Fig. 11 summarize differences in axonal
projections between subpopulations of intermediate zone
interneurons and dorsal horn interneurons and lamina
VIII interneurons analysed previously (Bannatyne et al.
2003, 2006). The three groups of interneurons are
represented in left, middle and right hand diagrams,
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respectively, and their ipsilateral and/or contralateral
axonal projections to the left and right.
The results of the present study show that projections

and target cells of intermediate zone excitatory and
inhibitory interneurons differ from projections of
other interneurons in several respects. Firstly, bilateral
projections are characteristic of a subtype of excitatory
intermediate zone interneuron but are a distinguishing
feature of inhibitory dorsal horn interneurons. Secondly,
bilaterally projecting excitatory intermediate interneurons
and contralaterally projecting lamina VIII interneurons
terminate within laminae VII-IX, whereas bilateral
projections of dorsal horn interneurons also extend to
laminae IV-VI. Thirdly, excitatory and inhibitory inter¬
mediate zone interneurons but only inhibitory dorsal
interneurons were found to project to ipsilateral motor
nuclei. These differences are likely to reflect the various
roles played by intermediate zone, dorsal horn and lamina
VIII interneurons in coordination ofmovement.

On factors favouring activation of excitatory
or inhibitory intermediate zone interneurons

As pointed out above, one of the main findings of this
study has been that a considerable proportion ofexcitatory
but not inhibitory intermediate zone interneurons with
group I and/or II input project bilaterally or contra¬
laterally, which makes these interneurons particularly
well suited to co-ordinate activity on both sides of the
spinal cord. Excitatory intermediate zone interneurons
might thus play a key role in movements for which such
coordination is ofparticular importance, e.g. locomotion.
The higher probability of activation of inhibitory inter¬
neurons with group I input under resting conditions and
of excitatory interneurons during locomotion induced
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by supraspinal stimulation (see Introduction and, e.g.
Angel et al. 2005 for a review) and differential recruitment
during the stance and swing phases of the locomotor cycle
(Gossard et al. 1994; McCrea et al. 1995; Angel et al. 1996,
2005) might depend on the balance between peripheral
and descending inhibitory and excitatory input to inter¬
mediate zone interneurons under different circumstances.
As centrally initiated locomotion depends to a great extent
on reticulospinal neurons (Jordan et al. 2008), it was of
particular interest to compare input from reticulospinal
neurons with that from peripheral nerves to the excitatory
and inhibitory interneurons. However, no consistent
differences were found in effects of reticulospinal neurons
with axons descending in the medial longitudinal fascicle
(MLF) on excitatory and inhibitory interneurons of our
sample, indicating that other descending neurones might
be more essential in this respect. Monoamines were found
to facilitate responses of some intermediate zone inter¬
neurons with input from group I and II muscle afferents
but depress responses of other interneurons (Jankowska
et al. 2000). Although it was not possible to link these
effects to either excitatory or inhibitory interneurons,
monoaminergic neurons thus could play a decisive role
in their selection. Models of neuronal circuitry draw
particular attention to connections between neurons
initiating locomotion and excitatory interneurons (see
Rybak et al. 2006a,b). When more is known about
connections between neurons initiating locomotion and
excitatory and inhibitory intermediate zone interneurons
in pathways from group I and II afferents, models of
neuronal circuitry of locomotion (see McCrea 8c Rybak,
2007,2008) might use the knowledge of these connections
to explain the release of actions of excitatory inter¬
neurons on motoneurons during locomotion and thereby
to deepen our understanding of its mechanisms.

Figure 11. Main projection areas of excitatory and
inhibitory intermediate zone interneurons
compared with projection areas of dorsal horn
and lamina VIII interneurons
Circles represent excitatory and inhibitory interneurons
located in the dorsal horn (left), the intermediate zone

(middle) and lamina VIII (right). Different shades are
used for the three subpopulations of intermediate zone
interneurons (projecting bilaterally, ipsilaterally or
contralaterally). Rectangular spaces to the left and right
of these circles represent ipsilateral (i) and contralateral
(co) projection areas within the dorsal horn,
intermediate zone and the ventral horn, including
motor nuclei. Data for dorsal horn interneurons are

from Bannatyne et al. (2006) and those for ventral horn
lamina VIII interneurons were reported previously
(Bannatyne eta/. 2003) and in the companion paper
(Jankowska eta/. 2009).
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Commissural interneurons with input from group I and II
muscle afferents in feline lumbar segments:
neurotransmitters, projections and target cells
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The aim of this study was to analyse neurotransmitter content, projection areas and target cells
of commissural interneurons with input from group I and/or II muscle afferents in lumbar
segments in the cat. Axonal projections of 15 intracellularly labelled commissural interneurons
were reconstructed. Ten interneurons (nine located in laminaeVI-VII, one in lamina VIII) were
glutamatergic; only one interneuron (located in lamina VIII) was glycinergic. Contralateral
terminal projections were found both in motor nuclei and within laminae VI-VIII. In order to
identify target cells of commissural interneurons, effects of stimulation of contralateral group I
and II muscle afferents were investigated on interneurons within these laminae. Three tests were
used: intracellular records from individual interneurons,modulation ofprobability ofactivation
of extracellularly recorded interneurons and modulation of their actions on motoneurons
using disynaptic PSPs evoked in motoneurons as a measure. All these tests revealed much
more frequent and/or stronger excitatory actions of contralateral afferents. The results indicate
that commissural interneurons with input from contralateral group I and II afferents target
premotor interneurons in disynaptic pathways from ipsilateral group I and II afferents and
that excitatory disynaptic actions of contralateral afferents on these interneurons are mediated
primarily by intermediate zone commissural interneurons. A second group of commissural
interneurons activated by reticulospinal neurons, previously described, frequently had similar,
but occasionally opposing, actions to the cells described here, thus indicating that these two
subpopulations may act on the same premotor interneurons and either mutually enhance or
counteract each other's actions.

(Received 4 July 2008; accepted after revision 25 November 2008; first published online 1 December 2008)
Corresponding author B. A. Bannatyne: Spinal Cord Group, Institute of Biomedical and Life Sciences, University of
Glasgow, Glasgow G12 8QQ, UK. Email: bablc@udcf.gla.ac.uk

Commissural interneurons are a highly non-
homogeneous population of spinal neurons. Their
common feature is that they project to the contralateral
grey matter, as first described by Ramon y Cajal (1909),
but they may be activated or inhibited under different
circumstances and contribute to the coordination of
muscle activity on both sides of the body via a variety of
other neurons. Two populations of feline commissural
interneurons have been investigated in considerable detail.
The first population consists of lamina VIII interneurons
with monosynaptic input from reticulospinal neurons
(Bannatyne et al. 2003; Jankowska et al. 2003, 2005, 2006;
Jankowska, 2008; Matsuyama et al. 2004, 2006; Cabaj
et al. 2006). These include excitatory and inhibitory
interneurons and have both motoneurons and other
interneurons as target cells as do their probable analogues
in the neonatal rat (Kiehn 8t Butt, 2003; Kiehn, 2006).

The second population of commissural interneurons
consists of neurons located in the dorsal horn (see,
e.g. Cajal, 1909; Scheibel 8c Scheibel, 1966). Neurons
belonging to this population are activated by skin and
group II muscle spindle afferents (Edgley 8c Jankowska,
1987fi; Bras et al. 1989; Jankowska et al. 1993; Edgley etal.
2003; Edgley 8c Aggelopoulos, 2006) and have recently
been shown to be inhibitory and to terminate in the
contralateral intermediate zone and the ventral horn

(including motor nuclei; Bannatyne et al. 2006). A third
population of commissural interneurons is located in
the intermediate zone (see, e.g. Cajal, 1909; Scheibel 8c
Scheibel, 1966). Some of these neurons were previously
found to be coactivated by group I and II muscle afferents
(Czarkowska et al. 1981; Bras et al. 1989) and the
results presented in the companion paper (Bannatyne
et al. 2009) revealed that commissural interneurons in
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this population are exclusively excitatory. They might
thus be of particular importance for crossed excitatory
reflex actions of group II muscle afferents. However, the
question of whether they operate jointly with excitatory
lamina VIII commissural interneurons activated by group
II afferents remained an open question as the transmitter
phenotype of this latter population of interneurons had
not been defined. The main aims of the present study
were therefore threefold: (i) to compare the properties
of intermediate zone and lamina VIII commissural
interneurons with input from group II muscle afferents
and, in particular, to establish whether the latter include
both excitatory and inhibitory interneurons, (ii) to define
the contralateral target cells of intermediate zone and
lamina VIII commissural interneurons with group II
input, and (iii) to investigate which crossed actions
of group II afferents on motoneurons are likely to be
relayed by intermediate zone interneurons and which are
mediated by dorsal horn and lamina VIII commissural
interneurons.
In order to answer these questions, we extended

the analysis of axonal projections of intermediate zone
interneurons, reported in the companion paper, to
lamina VIII commissural interneurons with group II
input and, where possible, analysed the transmitter
phenotypes of these interneurons. The identity of
neurons with input from contralateral group II afferents
located within terminal projection areas of the labelled
neurons was analysed in electrophysiological experiments
with particular reference to types of spinal inter-
neurones identified previously. Potential effects ofvarious
subpopulations ofcommissural interneurons on premotor
interneurons were also investigated by analysing how
PSPs evoked by group I and II afferents in hindlimb
motoneurons were affected by conditioning stimulation
of contralateral group II afferents.

Methods

Experiments were performed on a total of 13 young
adult cats under deep anaesthesia. All procedures were
approved by the Goteborg University Ethics Committee
and complied with US National Institutes of Health
and European Union guidelines. These procedures are
described in detail in the companion paper (Bannatyne
et al. 2009). Briefly, general anaesthesia was induced
with sodium pentobarbital (40-44 mg kg-1, I.p.) and
maintained with intermittent doses of a-chloralose
(Rhone-Poulenc Sante, France; doses of 5mgkg_1
administered every 1-2 h, up to 55 mg kg-1, i.v.) following
cannulation of the trachea, a carotid artery and both
cephalic veins. Additional doses of a-chloralose were
given when increases in the blood pressure or heart
rate (which were continuously monitored) occurred, or
if the pupils dilated. During recordings, neuromuscular

J Physiol 587.2

transmission was blocked by pancuronium bromide
(Pavulon, Organon, Sweden; about 0.2mgkg^' h_1 I.v.)
and the animals were artificially ventilated. Mean blood
pressure was kept at 100-130 mmHg and the end-tidal
concentration of C02 at about 4%. Experiments were
terminated by a lethal dose of pentobarbital and/or
formalin perfusion resulting in cardiac arrest.
The third to seventh lumbar (L3-L7), and low thoracic

(Thll-Thl3) segments were exposed by laminectomy.
Neurons in the lumbar segmentswere approached through
small holes (about 1-2 mm2) made in the dura mater.
At the Thl2 level two pairs of stimulating electrodes
were put in contact with the lateral funiculus to
allow detection of neurons with axons ascending either
ipsilaterally or contralateral^ beyond this level by anti¬
dromic activation. Additionally, in electrophysiological
experiments in which the ipsilateral medial longitudinal
fascicle (MLF) was stimulated in the medulla, the spinal
cord was hemisected on the side opposite to that of the
location of the commissural interneurons, in order to

prevent actions of contralateral^ descending fibres
activated inadvertently. Three (quadriceps, Q, sartorius,
Sart and gastrocnemius-soleus, GS) contralateral
hindlimb nerves and a number of ipsilateral nerves
were transected and mounted on stimulating electrodes.
The latter included Q, Sart, the posterior biceps
and semitendinosus (PBST), anterior biceps and semi¬
membranosus (ABSM), gastrocnemius and soleus (GS),
plantaris (PI), flexor digitorum and hallucis longus (FDL)
and deep peroneal (DP) nerves. Nerves were stimulated
by constant voltage 0.2 ms long current pulses, with
intensity expressed in multiples of threshold (T) for the
most excitable fibres in the nerve. In most experiments a
tungsten electrode (impedance 40-250 k£2) was placed in
the contralateral MLF after exposure of the caudal part of
the cerebellum. The electrode was inserted at an angle of
30 deg (with the tip directed rostrally). The initial target
was at Horsley-Glarke co-ordinates P9, L0.6, H-5 but
its final position was adjusted on the basis of records of
descending volleys from the surface of the lateral funiculus
at the Thll level. The site of the tip of the electrode was
marked by an electrolytic lesion (0.4 mA constant current
passed for 10 s) and subsequently verified on 100 ^m
thick frontal sections of the brainstem, cut in the plane of
insertion. Either single or trains of2-5 stimuli (<100 /zA,
0.2 ms, 300 Hz) were applied through these electrodes. For
details see the results.

Sample of interneurons

The sample of interneurons included: (i) nine labelled
laminae VI—VII commissural interneurons in which the
transmitter content was defined as described in the

companion paper (Bannatyne et al. 2009); they were
identified as glutamatergic; (ii) two labelled commissural
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interneurons located in lamina VIII or at the border
between laminae VII and VIII; they were identified
as glutamatergic or glycinergic; (iii) four labelled
laminae VI-VIII commissural interneurons for which
transmitter content could not be defined; (iv) 24 inter¬
mediate zone interneurons that were injected with
tetramethylrhodamine-dextran but not recovered and
which were investigated only electrophysiologically;
(v) 39 intracellularly recorded intermediate zone
interneurons; and (vi) 16 extracellularly recorded inter¬
mediate zone interneurons investigated only electro¬
physiologically. These interneurons were selected on the
basis of monosynaptic input from group II or both
group I and II muscle afferents and axonal projections
restricted to the lumbosacral enlargement (cells anti-
dromically activated from the last thoracic segment were
excluded from the sample).
A search for interneurons to be labelled was conducted

primarily in laminae VI-VII and VIII (as judged by
extracellular field potentials from group I and group
II muscle afferents) in the L3-L7 segments using 5 T
stimulation of the Q nerve as a search stimulus. In
order to avoid the risk of penetrating dorsal horn group
II interneurons, the areas explored were ventral and
medial to the areas in which dorsal horn field potentials
are evoked from group II muscle afferents (Edgley &
Jankowska, 1987a). Two of the 15 successfully labelled
interneurons and 12 of the 24 unsuccessfully labelled
ones were identified as commissural by antidromic
activation from the contralateral gastrocnemius-soleus
motor nuclei localized as described by (Jankowska et al.
2005), where stimuli (0.2 ms, 5-100/zA) were applied
via a thin tungsten electrode (100-300 k£2). Contra¬
lateral projections of the remaining labelled interneurons
were only established morphologically. Records from
these neurons were obtained with micropipettes with tips
broken to about 2 /zm and impedances of 12-20 MQ, filled
with the marker solution (see next section). They were
obtained just before and after penetration, before, during
and following ejection of the marker.
Interneurons that were analysed electrophysiologically

only were searched for in the same regions of the grey
matter but using other search stimuli (see results). They
were recorded from with micropipettes with tips broken
to 1.5-2 nm, filled with solutions of 2 m potassium citrate
(for intracellular recording) or 2 M NaCl (for extracellular
recording).

Labelling and morphological and
immunocytochemical analysis
Selected interneurons were labelled intracellularly
with a mixture of equal parts of 5% tetramethyl
rhodamine-dextran (Molecular Probes, Eugene, Oregon,
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USA) and 5% Neurobiotin (Vector Laboratories,
Peterborough, UK) in saline (pH 6.5). The marker was
ejected by passing 5 nA positive constant current for
5-8 min (up to 30-40 nA x min). Sections containing
neurons were reacted as described in the companion
paper (Bannatyne et al. 2009), where details of perfusion,
preparation of the tissue and confocal microscopy are
also given. Axonal projections were mapped for 15
commissural interneurons including nine analysed by
Bannatyne et al. (2009), and six either located more
ventrally or where only more proximal axonal branches
could be visualized. The list of these neurons is in
Table 1.

Electrophysiological analysis of target neurons
of commissural interneurons with input
from muscle afferents

Target cells of commissural interneurons were analysed in
one series of experiments by recording from interneurons
in reflex pathways from group la, lb and II afferents and
investigating the effects of contralateral muscle afferents
on them; some of these interneurons could be identified
as last order premotor interneurons by criteria established
previously (see Results). In other experiments recordings
from hindlimb a-motoneurons were used to monitor

changes in the disynaptic EPSPs and IPSPs evoked in them
from group I and II afferents by conditioning stimulation
of contralateral group II afferents. Effects evoked by
contralateral group II afferents were compared with those
evoked from the contralateralMLF in order to differentiate
between effects mediated by commissural interneurons
with monosynaptic input from muscle afferents and those
relaying reticulospinal actions. Both original records and
averages of 20-40 records made on-line were stored using
a sampling and analysis system developed by E. Eide, T.
Holmstrom and N. Pihlgren, Goteborg University. Data
are expressed as means ± S.e.m. Differences between data
sets were assessed for statistical significance by using
Student's t test for paired or unpaired samples.

Results

General characteristics of commissural interneurons
with input from group I and/or group II muscle
afferents

Location and input. The majority of labelled commissural
interneurons with monosynaptic input from group I
and/or group II muscle afferents were located in lamina
VII and within the border zone between laminae VII
and VIII (cells 2-8 and 10-13 in Table 1). Two cells
were located more dorsally (1 and 9 in Table 1) and
two more ventrally (14 and 15 in Table 1). As they

Projections and target cells of commissural interneurons

© 2009 The Authors. Journal compilation £ 2009 The Physiological Society



404 E. Jankowska and others jPhysiol587.2

Table 1. List of bilaterally and contralateral^ projecting labelled commissural interneurons

Soma Axon Gr I Gr III MLF

Neuron Ipsi Contra EPSP IPSP EPSP IPSP EPSP

no. Transmitter Segment Laminae laminae laminae (ms) (ms) (ms) (ms) (ms)
1 2 3 4 5 6 7 8 9 10 11

A. Bilaterally projecting
1 (N) Glut L7 VI VII, IX VII 0.9 1.5 3.5 4.3 —

2 (M) Glut L5 VII VI-VII wm* — — 2.5 3.2 nt

3d) Glut L5 VII VI-VII VI-VII* 1.1 1.8 2.4 3.7 nt

4(F) Glut L4 VII VII VII-VIII 0.9 1.5 2.6 3.0 —

5(G) Glut L4 VII VII-VIII VII-VIII 1.2 1.4 3.8 3.3

6(H) Glut L5 VII VIII-IX VI-VIII 0.9 1.6 2.6 3.3 3.9

7 Unid L6 VII-VIII VIII wm 0.7 — 2.4 3.7 3.8

8 Glut L3 VII-VIII VII-IX VI-IX — — 1.9 3.3 3.1

B. Contralateral^ projecting
9 (L) Glut L7 VI-VII — VIII 0.5 1.4 3.4 4.6 —

10 (K) Glut L7 VII — VII-VIII 0.8 1.5 2.8 4.1 3.2

11 Unid L6 VII — VII-IX 0.8 1.2 2.8 3.5 3.1

12 (J) Glut L4 VII — VIII-IX 1.9 1.3 3.3 — —

13 Unid L4 VII-VIII — VIII-IX — — 2.3 — 3.1

14 Gly L5 VIII — VI-IX — 1.4 2.1 2.6 3.9

15 Unid L5 VIII — VIII-IX — — 2.3 3.4 —

In columns from the left to the right are as follows. 1, successive numbers of interneurons (with letters in parentheses corresponding
to letters designating neurons in Fig. 6 in the companion paper). 2, transmitter phenotype; glut, glutamatergic; gly, glycinergic; unid,
transmitter not identified. 3, segmental location of somata. 4, location of somata according to Rexed's laminae. 5 and 6, Rexed's
laminae in which terminal projections were found ipsilaterally and/or contralateral^; wm, white matter. Asterisks in column 6 indicate
projections to contralateral GS motor nuclei confirmed by antidromic activation of the interneurons by electrical stimuli applied
within these nuclei. 7-11, latencies of EPSPs and/or IPSPs evoked from ipsilateral group I, group II and the descending volleys evoked
by MLF stimulation. In column 11 'nt' indicates that input from the MLF was not tested. EPSPs evoked at latencies > 3.8 ms from the
descending had features of disynaptically evoked PSPs.

were labelled in experiments where we searched for
commissural, other intermediate zone and ventral horn
interneurons (see the companion paper: Bannatyne et al.
2009), this suggests that commissural interneurons with
monosynaptic input from group I and II afferents are
preferentially located within lamina VII. In contrast,
commissural interneurons with monosynaptic input from
the MLF are preferentially located within lamina VIII
(Bannatyne et al. 2003). Locations of interneurons that
were analysed electrophysiologically could only be defined
approximately. However, those that were antidromically
activated from the ipsilateral GS motor nuclei (n — 34)
were found most frequently within the region in which
focal field potentials were evoked by both group I and II
afferents and those thatwere antidromically activated from
the contralateral GS motor nuclei (n= 14) were found
within more ventral regions where the field potentials
were evoked only by group II afferents, these two regions
overlapping approximately with laminae VI-VII and
lamina VIII, respectively (see Edgley & Jankowska,
1987a).
In interneurons located in laminae VI, VII and

at the border between laminae VII and VIII, mono¬

synaptic EPSPs were evoked from both group I and
II afferents (at segmental latencies of 0.5-1.2 ms and
2.1-2.6 ms, respectively) as well as from the MLF (at
latencies 3.1-3.3 ms from the stimuli, see Table 1, which
corresponded to < 1 ms from the earliest components
of the descending volleys). In the two interneurons
penetrated within lamina VIII, monosynaptic EPSPs were
evoked from group II but not group I afferents or the
MLF (Table 1) as previously described by Jankowska et al
(2005). Itwill be noted thatmonosynaptic input from both
group II afferents and the MLF in interneurons located in
lamina VII contrasts with more selective monosynaptic
input from either group II afferents or the MLF to lamina
VIII commissural interneurons (Jankowska et al. 2005).

Transmitter content

It was possible to identify the neurotransmitter type
for 11 of the 15 labelled interneurons but poor
tissue immunoreactivity or insufficient labelling of
terminals precluded identification of the neurotransmitter
in the four remaining interneurons. The majority
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of the interneurons (10/11) formed axon terminals
which were immunoreactive for VGLUT2. Examples of
glutamatergic commissural interneurons are shown in
Fig. 1. Glutamatergic commissural interneurons were
identified by the presence of VGLUT2 immunoreactivity
in their terminals (Fig. ID) and the absence of GAD
immunoreactivity (Fig. 1C) or any association with
gephyrin puncta (Fig. IB). Only one interneuron (no. 14
in Table 1) formed axon terminals that were apposed to
gephyrin immunoreactive puncta. These terminals were
not immunoreactive for GAD or either of the vesicular

glutamate transporters and hence the neuron was likely to
be glycinergic (Fig. 2B-D). This neuron was located at the
border between laminae VII and VIII and was penetrated
within the region (depth 3.2 mm from the surface) where
field potentials were evoked by group II but not group
I afferents. Furthermore, it was monosynaptically excited
by group II but not by group I afferents or by stimulation
of the MLF, i.e. it had functional properties that were
typical oflaminaVIII interneurons (Jankowska etal. 2005)
rather than those characteristic of intermediate zone inter¬
neurons (Edgley & Jankowska, 1987b; Davies 8t Edgley,
1994). For these reasons this cell was not included in the
sample of intermediate zone interneurons described in
the companion paper (see second section of Methods in
Bannatyne et al. 2009).

Terminal projection areas

Contralateral terminal projection areas of bilaterally and
contralaterally projecting intermediate zone commissural
interneurons were generally similar, as they extended
over several laminae and over a length of the spinal
cord (Fig. 6 in the companion paper, Fig. 3). As axons
of both bilaterally and contralaterally projecting inter¬
neurons descended and/or ascended within the contra¬

lateral ventral funiculus, interneurons ofboth these kinds
would operate as propriospinal neurons. Antidromic
activation from the GS motor nuclei (see below and
Jankowska et al. 2005) of two of the labelled interneurons
(no. 2 and 3 in Table 1) and of several of the inter¬
neurons investigated only electrophysiologically indicate
in addition that some of these neurons project along the
whole length of the lumbosacral enlargement. In contrast,
ipsilateral axon collaterals ofbilaterally projecting neurons
branched exclusively within the grey matter and none
entered the white matter; therefore they would have local
actions only.
Although bilaterally and contralaterally projecting

commissural interneurons project to similar areas of the
grey matter, some differences in the patterns of their
terminal projections were observed. For instance, as shown
in Table 1 (columns 5 and 6) a higher proportion of
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contralaterally as opposed to bilaterally projecting neurons
was found to project to contralateral motor nuclei. In fact
none of the bilaterally projecting interneurons located in
lamina VII was found to project to contralateral lamina IX
and the only interneuron with a terminal projection area
in contralateral motor nuclei (no. 8 in Table 1; illustrated
in in Fig. 1Dd) was locatedwithin the border zone between
laminae VII and VIII, and therefore might be considered
to be a lamina VIII rather than an intermediate zone

commissural interneuron. However, it should be noted
that terminal projection areas of this and three other
bilaterally projecting interneurons (no. 4-6 in Table 1, F,
G, H in Fig. 6 in the companion paper) and of all but one
of the contralaterally projecting interneurons (10-15 in
Table 1, illustrated in Fig. 3 and in Fig. 6 in the companion
paper) extended to areas just outside contralateral motor
nuclei in the L3-L6 segments. Both bilaterally and contra¬
laterally projecting commissural interneurons therefore
could have terminated on dendrites of contralaterally
located motoneurons.
In the L4 segment, terminations were found in the

proximity of pelvic limb motor nuclei, including the
iliopsoas, pectineus and adductor longus motor nuclei.
In the L5 segment, they were present medially close
to sartorius and gracilis motor nuclei and laterally to
quadriceps motor nucleus (Vanderhorst & Holstege,
1997). Projections to more caudally located motor nuclei
could not be revealed morphologically but were found
electrophysiologically for two interneurons (indicated by
asterixes in Table 1) which were antidromically activated
by stimuli applied in contralateral GS nuclei in the L7
segment.
Terminal projection areas outside motor nuclei

showed three main features. Firstly, they often covered
considerable parts of the contralateral grey matter. The
majority of interneurons were found to project to more
than one contralateral lamina in addition to lamina IX
and therefore may contact a great number of neurons
in these laminae. Terminal projection areas were most
often found in laminae VII and VIII but some inter¬
neurons also projected to lamina VI (see Table 1,
Figs 3 and 6 in the companion paper). In all of these
laminae, terminations were found predominantly in
central regions but a few interneurons projected medially
and some projections extended into lateral parts of
laminae VI-VII. Secondly, terminal projection areas of
individual commissural interneurons varied, showing that
these neurons do not replicate each other's actions butmay
target various sets of contralateral interneurons. Thirdly,
axon collaterals of bilaterally projecting commissural
interneurons tended to terminate, at least partly, within
the same laminae on either side of the spinal cord,
e.g. within the dorsal part of lamina VIII in Fig. 1A, in
addition to their terminations within different laminae.

Projections and target cells of commissural interneurons
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Figure 1. Identification of glutamatergic interneurons
A, summary diagram of the soma position, area of dendritic spread (red) and axonal projections (grey: locations
of terminals for all rostrocaudal levels where terminals were observed) of two glutamatergic interneurons, no. 6
(a) and no. 8 (b) in Table 1. Arrows indicate rostral and/or caudal projections where the axon could be followed
more than 250 /urn in either direction from the soma and'm' indicates the presence of synaptic contacts with
motoneurons demonstrated as in D. B-D, series of confocal microscope images of interneuron no. 5: panel
a in each case shows a projected image of a length of labelled axon (red); panels b-d show single optical
sections illustrating axon terminals (red, arrowheads) and immunolabelling for neurotransmitter markers; the
sequence in Bb-d shows that they do not contain VGLUT1 (shown in blue) or are associated with gephyrin
(shown in green) while Cb-d demonstrates that the terminals are immunoreactive for VGLUT2 (blue) but not GAD
(green). D, contacts between labelled interneuronal terminals positively labelled for VGLUT2 (green) and ipsilateral
motoneuron dendrites visualized with anti-ChAT antibodies (shown in blue). Scale bars: B-D 5 /xm.
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Figure 2. Morphology of a glycinergic interneuron
A, summary diagram of the soma position, area of dendritic spread (red) and axonal projections (grey: locations
of terminals for all rostrocaudal levels where terminals were observed) for interneuron no. 14 in Table 1. Arrows
indicate rostral and/or caudal projections where the axon could be followed more than 250 ^m in either direction
from the soma. B-D, series of confocal microscope images; panel 1 in each case shows a projected image of a
section of labelled axon (red); panels b-d show single optical sections illustrating axon terminals (red, arrowheads)
and immunolabelling for neurotransmitter markers. 6 shows that gephyrin (green) is associated with labelled
terminals but VGLUT1 (blue) immunoreactivity is not present within them; C, gephyrin positive terminals associated
with a proximal dendrite and cell body of a gephyrin-rich cell in contralateral lamina VIII; D shows that the terminals
are not immunoreactive for VGLUT2 (blue) or GAD (green). Scale bars: Ba 5/xm; Bb-d 2 fxm; Ca-d 10 /ttm;
Da-d 5 ^m.
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Figure 3. Projection areas of commissural interneurons for which the neurotransmitter could not be
identified
Reconstruction of stem axon, collateral branching patterns and terminal projection areas of contralateral^
projecting commissural interneurons nos 7, 11,13 and 15 in Table 1. Circles represent somata and thick lines stem
axons, and shading summarizes locations of terminals for all rostrocaudal levels where terminals were observed.
Arrows indicate rostral and/or caudal projections where the axon could be followed more than 250 nm in either
direction from the soma.

Identification of target cells of commissural
interneurons with group II input in
electrophysiological experiments

Bruggencate & Lundberg (1974) have shown that some
subpopulations of commissural interneurons may target
distinct types of premotor interneurons because contra¬
lateral high threshold muscle afferents (often referred to
as flexor reflex afferents, FRA, including group III in
addition to group II afferents) act on premotor inter¬

neurons mediating inhibition of flexor but not ofextensor
motoneurons from the ipsilateral vestibular nucleus and
from group la afferents.
One ofthe aims ofthe present studywas therefore to find

outwhether the two subpopulations ofcommissural inter¬
neurons, with input from either group I and/or II afferents
or from the MLF, target the same premotor interneurons
in reflex pathways from ipsilateral muscle afferents (as
shown schematically in Fig. 4).

Commissural
excitatory & inhibitory

interneurons

Group I & II
afferents & MLF

Group II
afferents MLF

i A A

Intermediate zone premotor
excitatory & inhibitory

interneurons

Muscle afferents

A A

Midline

Figure 4. Relationships between
commissural interneurons and
interneurons in disynaptic pathways
between ipsilateral group la, group lb and
group II afferents and motoneurons
investigated in this study
Circles to the left of the dotted line represent
intermediate zone commissural interneurons
with input from group I and/or group II
afferents and lamina VIII commissural
interneurons with input from either group II or
the MLF. Circles to the right represent potential
contralateral target cells of these interneurons.
la, lb and II denote input from these groups of
afferent fibres. Arrows to the right indicate
recording sites (from interneurons and
motoneurons).
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Postsynaptic potentials from contralateral group II
afferents and from the MLF in interneurons with

excitatory input from ipsilateral group I and/or
group II afferents

Interneurons tested for input from contralateral afferents
were located within lamina VI or the dorsal part of lamina
VII. Most of these interneurons were likely to be premotor
interneurons, as 33 of 39 of them were antidromically
activated from ipsilateral GS motor nuclei in the L7 or
SI segments. Whenever possible, antidromic activation
was tested both before and after penetration of the inter¬
neurons. In either situation, this was confirmed by a short
and stable latency (0.6-1.3 ms) ofaction potentials evoked
from the GSmotor nucleus, illustrated in Fig. 5A and E and
Fig. 6G and/or by collision with action potentials evoked
by peripheral stimuli.
In 24 interneurons the dominating peripheral mono¬

synaptic input was drawn from group lb afferents. Most
interneurons with this type of input that project to
ipsilateral motor nuclei are reported to be inhibitory
(Brink et al. 1983; Hongo et al. 1983; lankowska, 1992).
The majority of these neurons would therefore be
likely to mediate non-reciprocal inhibition of hindlimb
motoneurons from tendon organ afferents. For the
remaining 15 interneurons, the dominating peripheral

ipsilateral monosynaptic input was from group II
afferents. In previous studies such neurons were found
to include both excitatory and inhibitory interneurons
(Cavallari etal. 1987; Bannatyne etal. 2009) and it is likely
that this was also the case for the present sample.
Interneurons with input from ipsilateral group I

afferents were infrequently affected by stimulation of
contralateral group I and II afferents. EPSPs evoked at
segmental latencies < 3.5 ms from the effective stimulus
were found in only 3/24 interneurons. They are illustrated
in the left and middle panels ofFig. 4. EPSPs evoked at such
latencies were considered to be compatible with disynaptic
actions relayed by commissural interneurons with
monosynaptic input from these afferents (circles to the left
in Fig. 4) because they were within the range of latencies
for disynaptic actions of group II afferents on ipsilaterally
located neurons (see Fig. 2 in Jankowska et al. 2005 and
Fig. 6 in Lundberg et al. 1987; Bajwa et al. 1992). In a
further three interneurons, EPSPs were evoked at longer
latencies (3.5-5 ms; see right panels in Fig. 4), most likely
di- or trisynaptically. IPSPs compatible with disynaptic
actions relayed by commissural interneurons were found
in only one interneuron.
In interneurons with input from ipsilateral group II

afferents EPSPs from contralateral group II afferents were
found more frequently (in 5/15 interneurons) but IPSPs

Sart 21 MN Sart 2T

—4—
4 ms BDF

Q2T MN

_r*L \A

-A-~

F co Q 5T

—

Figure 5. Examples of synaptic actions from contralateral group II afferents on three lb interneurons
Left (A and B), middle (C and D) and right (£ and F) panels show intracellular records from three interneurons (upper
traces) and the corresponding records of afferent volleys from the cord dorsum (lower traces). A, C and E illustrate
PSPs evoked from ipsilateral group I afferents, with blocked antidromic spikes evoked from the contralateral motor
nuclei (MN) shown in A and E. B, D and F show effects of single, two, three and four stimuli applied to the
contralateral Q nerve at intensity near-maximal for group II afferents. EPSPs in B and D were classified as evoked
disynaptically and those in F as evoked either di- or trisynaptically. Note the slower time base of records in B, D
and F. Rectangular pulses at the beginning of the traces are calibration pulses (0.2 mV). In this and the following
records negativity is downwards in intracellular records and upwards in records from the cord dorsum.
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were found in only one of these cells. As these PSPs were
evoked at latencies < 3.5 ms they were compatible with
disynaptic actions mediated by commissural interneurons
monosynaptically activated by group II afferents.
Excitatory disynaptic actions from contralateral group

II afferents occurringmore frequently than inhibitory ones
would be indicative of predominant actions of excitatory
intermediate zone rather than ofother commissural inter¬
neurons with group II input on premotor interneurons.
Disynaptic EPSPs from the MLF were evoked in a

larger proportion of group lb interneurons than from
contralateral group II afferents (15/24 versus 3/24), while
they were found in a similar proportion of group II
interneurons (6/15 versus 5/15). Disynaptic IPSPs from
the contralateral MLF were evoked in larger proportions
of both group lb and group II interneurons (14/24
and 5/15) than from contralateral group II afferents (in
single neurons). The different proportions suggest effects
mediated by distinct populations of commissural inter¬
neurons, which is further supported by a comparison of
input from group II afferents and the MLF in individual
interneurons. Disynaptic EPSPs from group II afferents

were associated with disynaptic EPSPs from the MLF in
only 3/39 interneurons (Fig. 6E and F showing an example
of this). In all the remaining interneurons PSPs were
evoked from either contralateral group II afferents (Fig. 6B
and C) or the MLF (Fig. 6H and I). Excitatory actions of
contralateral group II afferents could be mediated by some
intermediate zone commissural interneurons coexcited by
these afferents andby reticulospinal neurons descending in
the MLF (see Table 2 in the companion paper) but more
frequently by separate interneurons. In contrast lamina
VIII commissural interneurons with input from the MLF
would mediate inhibition from reticulospinal neurons.

Modulation of activation of interneurons with input
from ipsilateral group I and group II afferents
following conditioning stimulation of contralateral
group II afferents

Intracellular records described in the preceding section
were supplemented with analysis ofeffects ofconditioning
stimulation ofcontralateral group II afferents and theMLF
on 27 extracellularly recorded interneurons (14 activated

H

2 ms ADG

co Q 5T

—f ~

V

C MLF 200 pA F MLF 100 pA 1

A <fV
—V—4—V-
0.2 mV

J
— 2 ms BCEFHI

MLF 100 mA

Y\ ^Lkj
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Figure 6. Examples of synaptic actions from contralateral group II afferents and the MLF on 3 group II
excited interneurons
Left (4-C), middle (D-F) and right (G-H) panels show intracellular records from three interneurons (upper traces)
and the corresponding records of afferent and descending volleys from the cord dorsum (lower traces). A, D and
G illustrate EPSPs evoked from ipsilateral group II afferents and antidromic activation of one of these interneurons
from the GS motor nucleus (MN). B, E and H show effects of stimuli applied to the contralateral Q nerve at intensity
near-maximal for group II afferents (57") and C, F and / effects evoked from the MLF. Note in C that hardly any PSPs
were evoked by even 200 uA stimuli. Voltage calibrations (0.2 mV) are at the beginning of intracellular records.
Time calibration in G is for the records in A, D, G and that in / for the remaining records.
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by group I and 13 by group II afferents). These inter-
neurons were activated by stimulation of muscle nerves
at submaximal stimulus intensities and responded in only
10-75% of trials to allow the detection of both increases
or decreases in the number of responses evoked by a
series of stimuli. Examples of the tested responses and
of peri-stimulus time histograms and cumulative sums of
responses evoked by 20 stimuli are shown in Fig. 7A and
B. The neurons responded with single spikes at segmental
latencies < 1.8 ms for group I excited interneurons and
2-5 ms for group II excited interneurons.
The sample of lb interneurons included five neurons

located in the L6 segment, likely to be inhibitory as they
were antidromically activated from the ipsilateral lateral
funiculus at the border between the L3 and L4 segments
(Hongo etal. 1983) and were activated from nerves (Q, GS,
PI or FDL) that are the main source of inhibitory actions
of lb afferents on motoneurons (Eccles et al. 1957). The
remaining interneurons were activated by stimulation of
the same nerves and were recorded at similar locations. All
of the group II interneurons were antidromically activated
from the ipsilateral GS motor nucleus; group II input to
these interneurons was from the Q, Sart, FDL and/or DP
nerves.
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Figure 7 shows that, in keeping with the results of
intracellular recording described in the preceding section,
facilitation was the dominant effect of conditioning
stimulation of contralateral group II afferents; activation
ofonly three interneurons (1-3 in Fig. 7C) was depressed.
The mean facilitation of interneurons with group I input
was from 7.9 ±1.1 (mean ± S.E.M.) to 10.5 ± 1.1 responses
per 20 stimuli, i.e. to 132%. The mean depression was
from 12.2 ± 0.9 to 8.3 ± 0.8 responses, i.e. to 68%. These
differences were not statistically significant for the whole
sample of data in Fig. 7C (paired ttest P < 0.05). The
mean facilitation of interneurons with group II input was
from 9.3 ± 1.2 to 15.5 ± 0.9 responses per 20 stimuli, i.e.
to 166% and highly statistically significant (P < 0.001).
Facilitation evoked by conditioning stimulation of

group II afferents was much more potent than facilitation
from theMLF in themajority of interneurons activated by
group II afferents (the overall differences between data
points in Fig. 7D being highly statistically significant).
In contrast it was either stronger, weaker, or similar on
interneurons activated by group I afferents (Fig. 7C) and
no statistically significant differences were found between
overall effects of stimulation of contralateral group II
afferents and of the MLF on these interenurons.
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Figure 7. Modulation of activation of interneurons with input from ipsilateral group I and group II
afferents by conditioning stimulation of contralateral group II afferents, compared with effects of
stimulation of the MLF
A and 6, examples of extracellular records from an interneuron and cord dorsum (CD) potentials aligned with
peristimulus time histograms (PSTHs) and cumulative sums of responses to 20 stimuli in a series, when these
stimuli were applied alone (test responses) or were preceded by conditioning stimuli (conditioned responses). The
counts were made within time windows indicated by vertical dotted lines. For technical details see Jankowska etal.
(1997). C and D, comparison of mean numbers of responses to 20 successive stimuli (20 responses equivalent to
100%). Data for 13 group I excited interneurons (15 test-conditioning combinations, as in 2 interneurons test
and conditioning stimuli were applied to two pairs of peripheral nerves rather than one) and 13 group II excited
interneurons (17 test-conditioning combinations). Ordinate: percentages of responses following conditioning
stimulation compared with test responses alone. Conditioning stimuli were delivered to the MLF or to group II
afferents in the contralateral quadriceps (Q) nerve at 57 intensity. The data are ranked from the weakest to the
strongest conditioning effects of group II afferents.
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Frequent similar facilitatory effects of conditioning
stimulation of group II afferents and of the MLF on
individual interneurons are compatible with actions
of contralaterally or bilaterally projecting excitatory
intermediate zone interneurons coexcited by group II
afferents and reticulospinal neurons (see companion
paper: Bannatyne et al. 2009). The only indications
for selective actions of either group II or MLF
excited commissural interneurons are opposite actions of
conditioning stimulation of group II afferents and of the
MLF (on neurons 1,3 and 8 in Fig. 7C) and much stronger
facilitatory effects of these afferents (on neurons 12-14 in
Fig. 7C and 12, 13 and 15, 16, 17 in Fig. 7D).

Modulation of synaptic actions of group I
and group II afferents on a-motoneurons

In order to compare effects of various subpopulations
of commissural interneurons on premotor interneurons,
effects of conditioning stimulation of contralateral group
II afferents and the MLF were also investigated by using
changes in disynaptic PSPs evoked in motoneurons by
ipsilateral group I and II afferents. The analysis included
EPSPs from group II afferents and IPSPs from group lb and
group II afferents; effects ofconditioning stimuli could not
be tested on EPSPs of group I origin because these were
not sufficiently distinct.

Increases (up to about 200%) in areas ofboth IPSPs and
EPSPs following conditioning stimulation of contralateral
group II muscle afferents were found more frequently
than decreases (down to 40%). They are illustrated in
Fig. 8A-D and summarized for the total sample of tested
motoneurons in Fig. 8E-G. The plots show also that the
effects of conditioning stimulation of muscle afferents
and of the MLF were often similar and no statistically
significant differences were found between the two whole
sets of data points in Fig. 8E-G (P > 0.05 t test for paired
data). Only differences between effects ofgroup II and the
MLF stimulation in a subset of the motoneurons 8-17 in
the plot in Fig. 8F were statistically significant (P < 0.02).
The most potent facilitation or depression was seen

at conditioning-testing intervals corresponding to inter¬
vals of 0.5-1.5 ms between test and conditioned afferent

volleys, as expected ofdirect actions ofboth excitatory and
inhibitory commissural interneurons on premotor inter¬
neurons. Nevertheless both facilitation and depression
occurred at longer (up to 2-4 ms) intervals and might
have also depended on polysynaptic actions.

Discussion

Transmitter content of interneurons

The results of this study show that commissural inter¬
neurons with input from group I and/or II afferents,

and with somata located in the intermediate zone of
the adult cat lumbar spinal cord are predominantly
glutamatergic and therefore have excitatory actions. Only
one commissural interneuron located at the dorsal border
of lamina VIII was glycinergic and no evidence of
GABAergic commissural projections was found. Our
results therefore are in agreement with previous findings
for electrophysiologically defined excitatory commissural
neurons in the adult lamprey (Buchanan 8c Grillner,
1987) and neonatal mammalian spinal cord (Kjaerulff
8c Kiehn, 1997; Butt 8c Kiehn, 2003; Quinlan 8c
Kiehn, 2007). However, our findings are at variance
with a recent anatomical study of commissural cells,
where anterograde labelling techniques were used in
neonatal rats, which concluded that a subpopulation of
commissural cells is GABAergic (Weber et al. 2007). It
is not possible to determine if this discrepancy is related
to methodological differences resulting from labelling of
undefined populations of neurons, to changes occurring
during development or to other factors.

Bilateral or contralateral axonal projections

Our finding, reported in the companion paper (Bannatyne
et al. 2009), that a considerable proportion of excitatory
laminae VII and VIII interneurons with monosynaptic
input from group I and II muscle afferents form bilateral
projections contrastswith our previous findings for dorsal
horn interneurons with group II input where inhibitory,
but not excitatory, cells form bilateral projections
(Bannatyne et al. 2006). Projections of the current sample
of interneurons are also significantly different from the
almost exclusive contralateral projections of lamina VIII
commissural interneurons found both in the present study
and by Bannatyne et al. (2003, 2009). Taken together
the differential projections of these three populations of
commissural interneurons provide a strong indication that
these neurons play different roles in coordinating neuronal
activity on both sides of the spinal cord (see the last section
of the Discussion). Whether all, or only some of them are
of particular importance for postural adjustments and for
rhythmic locomotor, or other motor activity, remains to
be established.
The observations on different patterns of axonal

projections of commissural interneurons, described
above, were made in adult cats and it is of interest that
these findings are at variance with bilateral projections of
lamina VTII commissural neurons in the neonatal mouse
or kitten reported by Ramon y Cajal (1909) and Scheibel
& Scheibel (1966) but consistentwith bilateral projections
of dorsal horn interneurons found by them. However,
a recent study of commissural interneurons, located in
lamina VII, VIII and X in the neonatal mouse, likewise
revealed predominant contralateral projections (Quinlan
8c Kiehn, 2007) and therefore the question ofwhether the
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bilaterally projecting lamina VIII commissural neurons
previously described represent particular functional
subpopulations of commissural interneurons, immature,
or atypical neurons is still open.

Projections to motor nuclei

We were not able to show that axons of commissural
interneurons with input from group I and II muscle

afferents which project to contralateral motor nuclei
formed contactswithmotoneurons. However, as discussed
in the companion paper, contacts with motoneurons
might be formed at distances longer than labelled axons
could be traced. Indeed this is very likely because several
interneurons with input from group I and II muscle
afferents were antidromically activated by stimuli applied
in contralateral motor nuclei located in lower lumbar
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A-D, records from four motoneurons (GS, Q, PI and PBST) where stimulation of contralateral group II afferents
preceded stimulation of ipsilateral group I and/or II afferents. Upper row, test PSPs. Second row, effects of
conditioning stimuli alone; IPSPs in S and C were evoked at latencies of 3.3 and 3.4 ms from group I volleys. Third
row, PSPs evoked by joint application of the conditioning and test stimuli. Fourth row, differences between the
latter and sums of PSPs evoked by separate test and conditioned stimuli [conditioning & test- (test + conditioning)]
(grey traces) superimposed on test IPSPs (black traces). Voltage calibration pulses (0.2 mV) are at the beginning of
the top records in each column. Time calibration at the bottom right is for all records. E-G, comparison of effects
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effects of group II afferents.
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Our observations of projections of commissural inter-
neurons with group I input to motor nuclei appear to
be in disagreement with results of electrophysiological
experiments where EPSPs from group I afferents were
rarely found to be evoked in contralateral motoneurons
and, if present, were evoked at long latencies (Harrison &
Zytnicki, 1984; Arya et al. 1991). However, EPSPs evoked
by group I afferents in commissural interneurons were
often very small, both in the present sample and in lamina
VIII commissural interneurons with monosynaptic input
from the MLF (Jankowska et al. 2005). Hence, group I
actions on commissural interneurons may be sufficient to
activate these interneurons only under some particular
conditions, e.g. temporal facilitation of effects of long
trains of nerve impulses in group I afferents might be
needed to induce action potentials in these interneurons,
as indicated by crossed facilitatory actions ofweak muscle
stretches likely to activate group lamuscle spindle afferents
(Perl, 1959). The fact that weak muscle stretches and
weak electrical stimulation of muscle nerves not only
excited but also inhibited contralateralmotoneurons (Perl,
1958, 1959) does not contradict the conclusion that
intermediate zone interneurons include only excitatory
commissural interneurons with group I input because
crossed inhibition might occur as a consequence of
activation of local inhibitory interneurons by excitatory
commissural interneurons (Fig. 9C). Crossed inhibition
of group I origin could also be mediated by direct actions
of lamina VIII commissural interneurons coexcited by
group I afferents and by reticulospinal and vestibulospinal
tract neurons (Jankowska et al. 2005), although not by
inhibitory commissural interneurons located in the dorsal
horn as the latter are not coexcited by group I afferents
(Edgley & Jankowska, 1987b; Bannatyne et al. 2006).
However, projections of commissural interneurons with

group II input to motor nuclei are consistent with electro¬
physiological records showing PSPs of group II origin
in contralateral motoneurons. The shortest segmental
latencies of both IPSPs and EPSPs (< 3 ms; Arya et al.
1991) were only marginally longer than latencies of
disynaptic PSPs from group II afferents evoked in
ipsilateral motoneurons (Edgley & Jankowska, 1987 b;
Lundberg et al. 1987). Such short latencies leave room
for only one interposed interneuron between group
II afferents and contralateral motoneurons, i.e. the
commissural interneurons that form synaptic contacts
with these motoneurons. Nevertheless, the relative
contribution of intermediate zone and lamina VIII

excitatory commissural interneurons to such disynaptic
EPSPs and the contribution of dorsal horn and lamina
VIII inhibitory commissural interneurons to disynaptic
IPSPs remains an open question. Both intermediate
zone and excitatory lamina VIII commissural inter¬
neurons activated by group II afferents during stronger
muscle stretches (Perl, 1959) might also contribute to

J Physiol 587.2

polysynaptic actions of these afferents mediated by other
locally operating excitatory interneurons.

Projections and target cells outside motor nuclei

Bajwa et al. (1992) reported that a large majority of
midlumbar neurons with input from group II, or both
group I and II afferents located in laminae VI-VII
were influenced by stimulation of contralateral group II
afferents. Findings showing that interneurons in reflex
pathways from group la and lb afferents are affected
by contralateral muscle afferents are also consistent with
their results (Harrison & Zytnicki, 1984). The conclusions
drawn from these studies are summarized in the diagrams
of Fig. 9 adapted from Fig. 6 of Bajwa et al., which
illustrate disynaptic (A) or trisynaptic (B and C) coupling
between afferents and premotor interneurons. Disynaptic
coupling could occur through direct contacts between
commissural interneurons monosynaptically activated by
group I and/or II afferents and premotor interneurons.
Trisynaptic coupling was proposed to be via interneurons
(X) which mediate disynaptic excitation of commissural
interneurons or via interneurons (Y) which mediate
indirect actions of commissural interneurons.
The electrophysiological observations made in the

present study extend these findings. Firstly, they show
that premotor interneurons contacted by commissural
interneurons include both excitatory and inhibitory inter¬
neurons in disynaptic reflex pathways from group lb or
both la and lb afferents and from group II afferents to
hindlimb motoneurons. This was shown by direct records
from interneurons that were monosynaptically excited by
these afferents (Figs 5-7) as well as by modulation of their
actions on motoneurons (Fig. 8).

Secondly, they show that commissural interneurons
with input from group II afferents may mediate not
only disynaptic excitation but also disynaptic inhibition
of contralaterally located premotor interneurons, as in
Fig. 8B and D. Disynaptic excitation could be mediated
by both intermediate zone interneurons and lamina VIII
interneurons and disynaptic inhibition by both dorsal
horn interneurons and lamina VIII interneurons. This
does not exclude the trisynaptic inhibition that was
proposed by Bajwa et al. (1992) to be evoked via additional
excitatory interneurons (X in Fig. 9B) activating inhibitory
lamina VIII commissural interneurons, or inhibitory
interneurons (Y in Fig. 9C) activated by excitatory laminae
VI-VII or VIII commissural interneurons. Trisynaptic
excitation would be evoked by excitatory commissural
interneurons and additional excitatory interneurons (X
in pathways B or Y in pathways C).
Thirdly, our results show that crossed synaptic actions

of group I and II afferents may be mediated by the same
intermediate zone commissural interneurons rather than

by separate subpopulations of these cells because a high
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proportion of interneurons in our sample had input from
both group I and group II afferents.
Fourthly, facilitation of reflex actions of ipsilateral

muscle afferents on motoneurons by conditioning
stimulation of contralateral group II afferents along with
the MLF indicates that input to premotor interneurons
is provided by commissural interneurons activated by
group II afferents in addition to commissural interneurons
activated by reticulospinal neuronswith axons descending
in the MLF. Group II afferents and reticulospinal neurons
acting through commissural interneurons thus can jointly
adjust the degree of activation of contralateral muscles.
One notable example of such adjustments is the resetting
of muscle activity from flexion to extension when contra¬
lateral FRA (including group II muscle afferents) are
stimulated in conjunction with stimulation of the MLF
during locomotion (Leblond et al. 2000). Joint actions of
various subpopulations of commissural interneurons are
secured by projections of these neurons to similar areas of
the contralateral grey matter (Bannatyne et al. 2003,2006,
2009).
Bilateral projections of individual commissural inter¬

neurons would assist in coordinating activation of
premotor interneurons on both sides. However, other
neurons also might be used to this end; they are
represented by cells labelled X in Fig. 9B. For instance
dorsal horn interneurons might relay input from group II
afferents to both ipsilaterally projecting intermediate zone
interneurons and contralateral^ projecting commissural
interneurons (Jankowska et al. 2002, 2003; Bannatyne
et al. 2006). The coordinating neurons might also include
neurons of intrinsic spinal networks that are involved in
centrally initiated phasic or rhythmic movements, as well
as a number of descending tract neurons, in particular
reticulospinal and vestibulospinal tract neurons (Davies
& Edgley, 1994; Jankowska et al. 2003; Krutki et al. 2003).
Neurons ofthis typewould be ofparticular importance for
coordinating activity of commissural interneurons which
discharge rhythmically during fictive locomotion in cats
and rodents (Kiehn & Kullander, 2004; Matsuyama et al.
2004, 2006; Kiehn, 2006) as well as in the lamprey and
tadpole (for references see Buchanan & Einum, 2008;
Roberts et al. 2008). However, they could also coordinate
activity of commissural interneurons with more selective
input from group II afferents (see Jankowska et al.
2005) and integrate their actions with actions of other
neurons including commissural interneurons activated by
reticulospinal neurons.

Comparisons with commissural interneurons
in other species

In other species relatively little attention has been paid
to commissural interneurons with peripheral input and
to the range of functions of commissural interneurons.

In several preparations, inhibitory commissural inter¬
neurons have been proposed to be particularly important
for ensuring rhythmic alternating activity of muscles on
both sides of the body (Buchanan, 1996, 1999; Grillner,
2003) and for adjusting its timing. However, an analysis

Monosynaptic from commissural interneurons

Monosynaptic from commissural interneurons

Disynaptic from commissural interneurons

Figure 9. Hypothetical connections between ipsilateral
peripheral afferents and contralateral^ located premotor
interneurons
Modified diagrams of pathways proposed by Bajwa et al. (1992); see
their Fig. 6 to explain either disynaptic (A) or trisynaptic (S and C)
coupling between group I or II afferents providing input to
commissural interneurons (left) and premotor interneurons (right). The
annotation was added by us with permission of the authors. X,
neurons relaying excitation to commissural interneurons. Y, neurons
relaying excitation or inhibition to premotor interneurons from both
ipsilateral afferents and from commissural interneurons.
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of the activity of individual inhibitory commissural inter-
neurons and paired records from these interneurons and
their target motoneurons revealed that a considerable
proportion of them are active throughout the swimming
cycle or in phase, rather than out of phase with contra¬
lateral ventral root activity, thereby possibly contributing
to shaping the pattern of swimming and postural
adjustments needed to control body orientation (Biro
et al. 2008). Excitatory commissural interneurons have
been found to be involved to an even greater extent
in patterning of activation of the myotomal and fin
motoneurons (Mentel et al. 2008). In the tadpole and
zebrafish it has long been known that commissural inter¬
neurons are activated by peripheral stimuli. However, it
has only been demonstrated recently that different kinds
of skin stimulation activate different classes of tadpole
excitatory commissural interneurons, in association with
swimming or with struggling (Li et al. 2007). In zebrafish
larvae, activity ofonly one class ofexcitatory commissural
interneurons has been related so far to a particular type
of reaction (Ritter et al. 2001). It was concluded that
these interneurons were of particular importance for
maintaining intersegmental phase coordination.
Newly reported observations on excitatory commissural

interneurons in rodents similarly draw attention to
their coordinative functions, 'coordinating rostral-caudal
left-right synergies' and not only to alternating but also
to synchronous activity at the segmental levels (Butt &
Kiehn, 2003; Kiehn et al. 2008).
In the turtle, no differentiation has yet been made

between excitatory and inhibitory commissural inter¬
neurons but those analysed were found to be active during
different variants of scratch and withdrawal reactions,
and during either only one or both of these reactions
(Berkowitz, 2005). The turtle commissural interneurons
thus appear to be as highly specialized as in the cat
with respect to the stimuli to which they respond and
the movements with which they are associated. As axon
terminals of these neurons were found both in the ventral
and the dorsal horn and in the intermediate zone, the
properties of turtle commissural interneurons, at least
those active during scratching, show several features in
common with those in the cat.

Taken together, observations on commissural inter¬
neurons made in different species agree in that, even in
relatively simple preparations, functions of commissural
interneurons go far beyond a mere rhythm generation
and that more complex movement synergies are mediated
by highly specialized subpopulations of these neurons.
We have previously analysed differentiation of feline
commissural interneurons with respect to their location,
input, output, and various control systems. The reported
results extend this analysis to target cells ofboth excitatory
and inhibitory commissural interneurons with input from
muscle afferents and to their relationships to other neurons

in feline spinal interneuronal networks. It is our hope that
the knowledge of these relationships should help in further
studies of neuronal networks of these neurons.
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