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Galanin-immunoreactivity identifies a distinct
population of inhibitory interneurons in laminae
I-III of the rat spinal cord
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Abstract

Background: Inhibitory interneurons constitute 30-40% of neurons in laminae I-III and have an important anti-
nociceptive role. However, because of the difficulty in classifying them we know little about their organisation.
Previous studies have identified 3 non-overlapping groups of inhibitory interneuron, which contain neuropeptide Y
(NPY), neuronal nitric oxide synthase (nNOS) or parvalbumin, and have shown that these differ in postsynaptic
targets. Some inhibitory interneurons contain galanin and the first aim of this study was to determine whether
these form a different population from those containing NPY, nNOS or parvalbumin. We also estimated the
proportion of neurons and GABAergic axons that contain galanin in laminae I-III.

Results: Galanin cells were concentrated in laminae I-IIo, with few in laminae IIi-III. Galanin showed minimal co-
localisation with NPY, nNOS or parvalbumin in laminae I-II, but most galanin-containing cells in lamina III were
nNOS-positive. Galanin cells constituted ~7%, 3% and 2% of all neurons in laminae I, II and III, and we estimate
that this corresponds to 26%, 10% and 5% of the GABAergic neurons in these laminae. However, galanin was only
found in ~6% of GABAergic boutons in laminae I-IIo, and ~1% of those in laminae IIi-III.

Conclusions: These results show that galanin, NPY, nNOS and parvalbumin can be used to define four distinct
neurochemical populations of inhibitory interneurons. Together with results of a recent study, they suggest that
the galanin and NPY populations account for around half of the inhibitory interneurons in lamina I and a quarter
of those in lamina II.

Background
Inhibitory interneurons constitute around one third of the
neurons in laminae I-II of rat dorsal horn, and ~40% of
those in lamina III [1]. Immunocytochemical studies sug-
gest that virtually all of these are GABAergic, with some
using glycine as a co-transmitter [1,2]. GABAergic and gly-
cinergic inhibition in the dorsal horn has an important
antinociceptive role [3,4], and its loss is thought to contri-
bute to chronic pain states [5-7]. Sandkuhler [7] has iden-
tified four separate functions for inhibitory interneurons in
this region: (1) regulating the level of activity of nocicep-
tive projection neurons in order to ensure an appropriate
response to noxious stimuli, (2) preventing spontaneous

activity in these cells in the absence of noxious stimuli, (3)
minimising cross-talk between sensory modalities (e.g.
between low-threshold mechanoreceptive and nociceptive
inputs to dorsal horn neurons), and (4) limiting the spatial
spread of activity to somatotopically appropriate regions of
the dorsal horn. It is likely that these different functions
are performed by distinct populations of inhibitory inter-
neurons, each with specific patterns of synaptic input and
output. However, despite their importance, we still know
little about how inhibitory interneurons are organised into
different functional populations, and how these are incor-
porated into the synaptic circuitry of the dorsal horn [8].
There have been many attempts to classify interneur-

ons in this region based on morphological and/or elec-
trophysiological criteria [9-22]. Lamina II has been
extensively studied, and the most widely accepted scheme
is that of Grudt and Perl [16], who identified four main
morphological classes: islet, central, vertical and radial
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cells. Recent electrophysiological studies have found that
these classes account for 70-80% of neurons recorded in
this lamina [11,16,18,19]. It has also been shown that
there is a relationship between morphology and neuro-
transmitter type, since all islet cells are inhibitory, while
radial and most vertical cells are excitatory [17,19,23].
However, those inhibitory neurons that are not islet cells
are morphologically diverse, and include vertical and cen-
tral cells, as well as neurons that cannot be assigned to
any of these classes. Even less is known about functional
populations of interneurons in laminae I and III.
An alternative approach to classifying interneurons is

based on differential expression of neurochemical mar-
kers [24]. For example, certain neuropeptides, such as
neuropeptide Y (NPY) and galanin, are expressed by
inhibitory interneurons, while others (somatostatin, neu-
rotensin, neurokinin B) are found in excitatory cells
[25-30]. In addition, the calcium-binding protein parval-
bumin and the neuronal isoform of nitric oxide synthase
(nNOS) are expressed by some inhibitory neurons in
laminae I-III [31-34]. We have previously demonstrated
that among the inhibitory interneurons, NPY, nNOS
and parvalbumin are present in non-overlapping popula-
tions [32]. We have also shown that these differ in their
postsynaptic targets, since axons that contain NPY and
GABA preferentially innervate large projection neurons
in lamina III that express the neurokinin 1 receptor
(NK1r) [35,36], while nNOS-immunoreactive GABAer-
gic axons selectively innervate giant lamina I projection
cells that lack the NK1r [37]. Little is apparently known
about the postsynaptic targets of the axons of parvalbu-
min-containing interneurons, although these are thought
to include the central terminals of low-threshold
mechanoreceptive myelinated primary afferents, with
which they form axoaxonic synapses (DI Hughes and
BA Graham, personal communication).
Galanin is expressed by many peptidergic primary

afferents in the dorsal horn [38,39], but is also present
in some GABAergic neurons in laminae I-III [26]. Gala-
nin-containing cells may therefore form a further popu-
lation of inhibitory interneurons, distinct from those
that contain NPY, nNOS or parvalbumin. The first aim
of this study was to test this hypothesis by looking for
co-localisation of these compounds in neuronal cell
bodies. We went on to provide quantitative data for the
galanin interneuron population, by determining the pro-
portion of neurons and of GABAergic axons in each
lamina that were galanin-immunoreactive.

Methods
Animals
Eight adult male Wistar rats (Harlan, Loughborough,
UK; 230 - 310 g) were deeply anaesthetised with pento-
barbitone and perfused through the left ventricle with

Ringer’s solution followed by 4% freshly depolymerised
formaldehyde. Lumbar spinal cord segments (L2-L4)
were removed, stored in the same fixative for 5-24
hours and then cut into 60 μm thick transverse sections
with a vibrating microtome. All experiments were
approved by the Ethical Review Process Applications
Panel of the University of Glasgow, and were performed
in accordance with the European Community directive
86/609/EC and the UK Animals (Scientific Procedures)
Act 1986. All efforts were made to minimize the num-
ber of animals used and their suffering.
For all of the immunocytochemical reactions described

in subsequent sections, incubations in primary and sec-
ondary antibodies were carried out at 4°C. Species-speci-
fic secondary antibodies raised in donkey were obtained
from Jackson Immunoresearch, West Grove, PA, USA
(conjugated to biotin, Rhodamine Red, Cy5 or DyLight
649) or Invitrogen, Paisley, UK (conjugated to Alexa
488). Those conjugated to biotin, Alexa 488 or DyLight
649 were used at 1:500, while those conjugated to Rho-
damine Red or Cy5 were used at 1:100. In all cases,
apart from those that involved tyramide signal amplifica-
tion (TSA), the antibodies were diluted in phosphate
buffered saline that contained 0.3M NaCl but no block-
ing serum. TSA reactions, which were used to ensure
optimal detection of galanin in the cell bodies of neu-
rons, were performed using a tetramethylrhodamine kit
(PerkinElmer Life Sciences, Boston, MA, USA) accord-
ing to the manufacturer’s instructions. The selection of
sections for analysis in each part of the study was made
before immunofluorescence staining was viewed.

Test for co-localisation of galanin with parvalbumin or
nNOS
Sections from the L4 segments of 3 rats were incubated
for 3 days in a mixture of rabbit anti-galanin (Peninsula/
Bachem, St Helens, UK; 1:20,000), affinity-purified gui-
nea pig antibody against parvalbumin [40] (1.08 μg/ml)
and sheep anti-nNOS [41] (1:2,000), and then overnight
in secondary antibodies conjugated to biotin (anti-rabbit
IgG), Cy5 and Alexa 488. The galanin was revealed with
a TSA reaction, as described above. Two sections from
each rat were scanned sequentially (to avoid fluorescent
bleedthrough) with a Bio-Rad Radiance 2100 confocal
microscope, equipped with Argon, green HeNe and red
diode lasers, through a 40× oil-immersion lens. Because
of the limited area covered by the objective lens, it was
necessary to obtain 6 or 7 z-series from each section.
These were scanned at 2 μm z-separation through the
full thickness of the section. Scans were analysed with
Neurolucida for Confocal software (MicroBrightField
Inc, Colchester, VT, USA) and the locations of all gala-
nin- and parvalbumin-containing neurons were drawn
onto an outline of the dorsal horn. Each galanin cell
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was examined to determine whether it was also immu-
noreactive for parvalbumin or nNOS, while the parval-
bumin cells were examined to test whether they were
nNOS-positive.

Test for co-localisation of galanin with NPY
Sections from the L2 segments of 3 rats were incu-
bated for 4 days in rabbit anti-galanin (1:50,000) and
overnight in biotinylated anti-rabbit IgG, followed by
detection with a TSA reaction. They were then incu-
bated for 2 days in rabbit anti-NPY (Bachem; 1:500)
and mouse monoclonal antibody NeuN (Millipore,
Watford, UK; 1:1000), and overnight in secondary anti-
bodies: anti-rabbit IgG conjugated to Alexa 488 and
anti-mouse IgG conjugated to Cy5. Note that although
both galanin and NPY antibodies were raised in rabbit,
the concentration of galanin antibody was too low for
it to be detected by the Alexa 488-labelled secondary
antibody. Two sections from each animal were scanned
with the confocal microscope as described in the pre-
vious section. The scans were analysed with Neurolu-
cida for Confocal and the locations of all neurons that
were immunoreactive for galanin or NPY were indi-
cated on drawings of the dorsal horn. Each of these
neurons was examined to determine whether it showed
one or both types of neuropeptide immunoreactivity.
In order to look for evidence of co-localisation of pep-
tide immunoreactivity in axonal boutons, 100 NPY-
immunoreactive boutons were selected in confocal
scans from a single section for each of the 3 rats. The
selection of boutons was made before the galanin
immunostaining was viewed, and boutons were
sampled throughout the full thickness of laminae I-III.
Each of the selected boutons was then examined to
determine whether it was also galanin-immunoreactive.

Test for co-localisation of NPY and nNOS
We have previously reported that NPY was not co-loca-
lised with reduced nicotinamide adenine dinucleotide
phosphate (NADPH) diaphorase activity (a marker for
nNOS) in laminae I-III [32]. However, it is possible that
the NADPH diaphorase reaction failed to detect some
nNOS-containing neurons, and we therefore tested for
co-localisation of NPY and nNOS. Sections from the L3
segments of 3 rats were incubated for 3 days in rabbit
anti-NPY (1:500) and sheep anti-nNOS (1:1000), and
then overnight in appropriate secondary antibodies con-
jugated to Alexa 488 and Rhodamine Red. Two sections
from each rat were scanned with the confocal micro-
scope and the scans were analysed with Neurolucida for
Confocal as described above. The locations of all NPY-
immunoreactive cells were plotted onto a drawing of
the dorsal horn, and each was then examined to deter-
mine whether it was nNOS-positive.

Proportion of neurons in laminae I-III that contain galanin
Transverse sections from the L3 segments of 3 rats were
incubated for 3 days in a mixture of rabbit anti-galanin
(1:20,000) and NeuN (1:500), and then overnight in sec-
ondary antibodies: anti-mouse IgG conjugated to Cy5
and biotinylated anti-rabbit IgG. Galanin was revealed
with a TSA reaction and the sections were then incu-
bated in Sytox (Invitrogen; 1:50,000) for 30 mins at 20°C
to reveal cell nuclei.
Two sections from each rat were scanned through a

40× oil-immersion lens with the confocal microscope, to
produce sets of z-series that covered the entire cross-
sectional area of laminae I-III, each consisting of 24
optical sections with 1 μm z-spacing. The scans were
analysed with a modification [42] of the optical disector
technique [43-46]. Merged images of NeuN and Sytox-
staining were first viewed with Neurolucida for Confo-
cal. In each z-series, the 14th optical section was desig-
nated as the reference section and the 22nd as the look-
up section. Each optical section in the series was exam-
ined, and the locations of all neuronal nuclei (defined by
the presence of both NeuN-immunoreactivity and
Sytox) that were present in the reference section or
appeared in subsequent sections in the series were
plotted onto an outline of the grey matter. All of those
cells with nuclei that were still present on the look-up
section were then excluded, leaving only neurons for
which the bottom surface of the nucleus was located
between reference and look-up sections. The red chan-
nel (corresponding to galanin immunoreactivity) was
then viewed and the presence or absence of galanin
immunostaining in each of the selected neurons was
determined. Boundaries between laminae I, II and III
were identified from low-magnification scans obtained
with light transmitted through a dark-field condenser
[35,47], while the location of the ventral border of
lamina III was determined from an atlas of rat spinal
cord [48]. Laminar borders were plotted on the draw-
ings, and in this way we were able to determine the pro-
portions of neurons in laminae I, II and III that were
galanin-immunoreactive. Since the number of lamina I
neurons sampled in these sections was relatively small,
we also scanned lamina I from a further 2 sections from
each of the 3 rats. These were analysed in the same
way, except that only cells in lamina I were included.
Although the reference and look-up sections are rela-

tively far apart, we ensured that all neurons with nuclei
that lay between these two planes were included in the
sample by examining every optical section between
them. The positions of reference and look-up sections
within the z-series were arranged so that perikaryal
cytoplasm at both poles of the nucleus was visible in all
cases. This was done to ensure that galanin immunor-
eactivity could be detected even in weakly labelled
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neurons. No correction was made for tissue shrinkage,
since our aim was to determine the proportion of neu-
rons that were galanin-immunoreactive, rather than the
absolute number of cells in a volume of tissue.

Proportion of GABAergic boutons in laminae I-III that
contain galanin
Antibody against the vesicular GABA transporter
(VGAT) was used to identify GABAergic axons
[35,49-51]. Transverse sections from the L3 segments of
3 rats were incubated for 3 days in a mixture of rabbit
anti-galanin (1:1,000), monoclonal mouse antibody
against VGAT (Synaptic Systems, Göttingen, Germany;
1:1,000) and guinea pig anti-calcitonin gene-related pep-
tide (CGRP; Bachem; 1:10,000), and then overnight in
secondary antibodies conjugated to Alexa 488, Rhoda-
mine Red or Cy5.
Two sections from each of the 3 animals were

scanned sequentially with the confocal microscope
through a 60× oil-immersion lens with a z-separation of
0.3 μm. For each section, a set of 3 or 4 z-series (each
containing at least 24 optical sections) was acquired in
such a way as to cover a vertical strip through the cen-
tral part of laminae I-III.
The scans were analysed with Neurolucida for Confo-

cal. Initially, scans corresponding to VGAT-immunos-
taining were viewed, and those from the same section
were aligned so that the full thickness of laminae I, II
and III within the scanned strip was revealed. The lami-
nar borders (identified as described above) were drawn
onto an overlay, and a 5 × 5 μm grid was placed over
the confocal image stacks. A single optical section (the
10th in the z-series) was viewed and 100 VGAT-immu-
noreactive boutons that were present in this section
were selected from each lamina. This was done by
selecting the VGAT boutons located nearest the bottom
right corners of the grid squares. For each lamina, the
first bouton was obtained from one of the most dorsal
squares, and the selection process then continued with
squares in a dorsal-to-ventral, followed by left-to-right,
direction until 100 boutons had been acquired. Once

the selection was completed, the files corresponding to
galanin immunoreactivity were viewed and the presence
or absence of galanin in each of the selected boutons
was noted. Since this selection method will inevitably be
biased towards boutons that were more extensive in the
z-axis [45], we estimated the z-axis lengths of all of the
selected VGAT-immunoreactive boutons by counting
the number of optical sections (0.3 μm z-spacing) on
which they appeared.

Characterisation of antibodies
Details of the primary antibodies used in this study are
given in Table 1. We have shown that immunostaining
with the galanin and NPY antibodies in the dorsal horn
can be abolished by pre-incubation with the correspond-
ing peptide [26,28]. It has also been reported that neu-
ronal staining with the galanin antibody is absent in the
brains of galanin knock-out mice [52]. The nNOS anti-
body labels a band of 155 kDa in Western blots of rat
hypothalamus, and immunostaining is abolished by pre-
incubation in nNOS [41]. The parvalbumin antibody
recognises a single band of 13 kDa in blots of mouse
brain homogenates [40]. The NeuN antibody was gener-
ated against cell nuclei extracted from mouse brain and
found to react with a protein specific to neurons [53].
We have shown that this antibody apparently labels all
neurons (and no glial cells) in the rat spinal cord [47].
The mouse monoclonal VGAT antibody labels a single
band of 57 kDa in blots of mouse brain and retina, and
immunostaining is blocked by pre-absorption with the
immunising peptide [54]. No staining with this antibody
is seen in Western blots from cultured neurons obtained
from VGAT-/- mice [55]. The CGRP antibody detects
both a and b forms of the peptide (manufacturer’s
specification).

Results
Distribution of galanin in the dorsal horn
The distribution of galanin-immunoreactivity was simi-
lar to that described in the rat dorsal horn in several
previous studies [38,39,56-61]. Immunoreactive axons

Table 1 Primary antibodies

Antibody Host Antigen Supplier/reference Catalogue number Dilution

Galanin Rabbit polyclonal rat galanin Peninsula/Bachem IHC 7141 (T-4334) 1:20-50,000 (TSA)
1:1,000

nNOS Sheep polyclonal rat nNOS Herbison et al. [41] 1:1,000

Parvalbumin Guinea pig polyclonal mouse parvalbumin Nakamura et al. [40] 1.08 μg/ml

NPY Rabbit polyclonal rat NPY Bachem T-4070 1:500

NeuN Mouse monoclonal Purified cell nuclei from mouse brain Millipore MAB377 1:500-1,000

VGAT Mouse monoclonal Amino acids 75-87 of rat VGAT coupled to KLH Synaptic Systems 131 011 1:1,000

CGRP Guinea pig polyclonal Bachem T-5027 1:10,000
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formed a dense plexus in the superficial region, particu-
larly lamina I and the outer half of lamina II (IIo), while
they were also seen at lower density in other laminae
(Figure 1). Scattered immunoreactive cell bodies were
observed, mainly in laminae I and IIo, but occasionally
in the inner half of lamina II (IIi) and in lamina III. The
immunostaining in these cells occupied the perikaryal
cytoplasm, with limited extension into dendritic trees.

Extent of co-localisation of galanin, NPY, nNOS and
parvalbumin
One hundred and seventy four galanin-immunoreactive
cells (48-63 per rat) were identified in the sections reacted
to reveal galanin, parvalbumin and nNOS (Figures 2, 3).
Although galanin-positive cells were found in each of
laminae I-III, they were far more numerous in laminae I
and IIo. Twelve of the cells were located in lamina III, and
these all showed weak galanin immunoreactivity (Figure
4b). The pattern of immunostaining for parvalbumin was
similar to that reported in previous studies [31,32,62], with
scattered cell bodies and a plexus of dendrites and axons
located on either side of the lamina II/III border. One
hundred and twenty eight parvalbumin-immunoreactive
cells (35-47 per rat) were identified in these sections.
These were found in lamina II (mainly IIi) and lamina III.
None of the galanin-immunoreactive cells was labelled by
the parvalbumin antibody and vice versa (Figures 2, 3).
The pattern of nNOS immunostaining was very similar to
that of nNOS-immunoreactivity or NADPH diaphorase
activity that has been reported in previous studies
[32-34,63]. Many nNOS-immunoreactive cells were seen

in lamina II, with a lower density in laminae I and III.
These were far more numerous than either the galanin or
parvalbumin cells, and therefore their locations were not
included in Figure. 2. None of the parvalbumin cells, and
none of the galanin cells in laminae I or II, were nNOS-
immunoreactive (Figures 2, 3). However, 10 of the 12 gala-
nin cells in lamina III were positive for nNOS (Figures 2,
4).
In the sections reacted to reveal galanin and NPY, the

distribution of NPY staining was as described previously
[35,64,65], with a dense axonal plexus in laminae I-II
and scattered immunoreactive cells throughout laminae
I-III. We identified 199 galanin-immunoreactive cells
(52-86 per rat) and 251 NPY-immunoreactive cells (75-
97 per rat) in these sections, and all of these were
NeuN-positive, confirming that they were neurons.
Within this sample, 1 cell (corresponding to 0.5% of the
galanin population and 0.4% of the NPY population)
located in lamina II showed both types of immunoreac-
tivity, while all of the remaining cells were only labelled
with antibodies against one of the peptides (Figure 5).
Only 2 of the 300 NPY-immunoreactive boutons that
had been selected (100 each from 3 rats) were galanin-
immunoreactive.
Two hundred and twenty four NPY-immunoreactive

cells (71-80 per rat) were found in the sections that had
been reacted to reveal NPY and nNOS. Of these, 222
(99%) were not nNOS-immunoreactive, while two cells
(one in lamina I and one in lamina II) were double-
labelled. An example of a NPY cell that was negative for
nNOS is illustrated in Figure 6.

Figure 1 Galanin immunoreactivity in laminae I-III. A confocal image taken from a transverse section of the L3 segment that had been
reacted to reveal galanin. The solid line represents the outer limit of the grey matter, and the dashed lines show the borders between laminae I,
II and III. There is a dense plexus of immunoreactive axons in lamina I and the outer part of lamina II, with some staining in deeper parts of the
dorsal horn. Scattered immunoreactive cell bodies are visible, and three of these are marked with arrows. The insets show the two regions
outlined by boxes in the main figure, and have been enlarged to show the immunoreactive cell bodies more clearly. The image is a projection
of 6 optical sections at 1 μm z-spacing. Scale bar = 100 μm.
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Proportion of neurons in laminae I-III that contain galanin
The penetration of galanin immunostaining was appar-
ently complete in the sections that had been reacted
with anti-galanin, NeuN antibody and Sytox, since gala-
nin-immunoreactive cell bodies were seen at approxi-
mately equal frequency throughout the depths of the
sections. All of the galanin cells were NeuN-positive,

but most neurons in each lamina were not galanin-
immunoreactive (Figure 7). Quantitative analysis with
the disector method revealed that galanin-immunoreac-
tive neurons constituted 6.6, 3.1 and 2% of all of the
neurons in laminae I, II and III, respectively (Table 2).
Since galanin-containing cells are more densely packed
in the outer part of lamina II than in its inner part (Fig-
ure 2), we estimated the percentage of neurons in the
two halves of the lamina that were galanin-immunoreac-
tive, by drawing a line midway between its dorsal and
ventral borders. The proportion of neurons in lamina
IIo that were galanin-immunoreactive was 5%, while the
corresponding value for lamina IIi was 0.4% (Table 2).

Proportion of GABAergic boutons in laminae I-III that
contain galanin
When the sections reacted with antibodies against gala-
nin, CGRP and VGAT were scanned at high magnifica-
tion each type of immunostaining was found in
numerous small structures that presumably corre-
sponded to axonal boutons, while galanin was also seen
in cell bodies. CGRP-immunoreactive axons were parti-
cularly numerous in laminae I and IIo, but were also
found in laminae IIi and III. As reported previously [35],
VGAT-immunoreactive boutons were seen at high den-
sity throughout laminae I-III. There was no co-localisa-
tion of CGRP and VGAT.

Figure 2 The distribution of cells that were galanin or
parvalbumin immunoreactive in sections reacted to reveal
galanin, parvalbumin and nNOS. The diagram shows the laminar
location of all of the cells that were galanin (blue) or parvalbumin
(red) immunoreactive in the 6 sections that were analysed (2 each
from 3 rats). For the galanin cells, those that were also nNOS
immunoreactive are shown as filled circles, while those that lacked
nNOS are open circles. None of the parvalbumin cells contained
nNOS, and there was no colocalisation of galanin and parvalbumin.

Figure 3 Lack of co-localisation of galanin, nNOS and parvalbumin in lamina II. a Confocal image showing part of lamina II that has been
scanned to reveal galanin (Gal, red). Two galanin-containing cell bodies are visible (arrowheads). b, c The same field scanned for nNOS (green)
and parvalbumin (PV, blue). In each case, immunoreactive cell bodies can be seen. d The merged image shows the lack of co-localisation of the
three types of immunoreactivity in the cell bodies. The images were obtained from a single optical section. Scale bar = 20 μm.
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The majority of the galanin boutons were CGRP-
immunoreactive. Many CGRP boutons were also posi-
tive for galanin, although CGRP boutons that lacked
galanin were also present. Galanin-immunoreactivity
was seen in some of the VGAT-positive boutons (Figure
8). The percentages of VGAT boutons in laminae I, II
and III that were galanin-immunoreactive were 6.2, 3.3
and 0.7, respectively (Table 3). When lamina II was sub-
divided into outer and inner halves, the percentages in
these were 5.7 and 1.1. The mean of the z-axis lengths
for the galanin-positive boutons was 1.14 μm (n = 61),
while the corresponding value for the VGAT boutons
that lacked galanin was 1.21 μm (n = 1739), and these
did not differ significantly (p = 0.09, Mann-Whitney U

test). This means that it is unlikely that our sample was
biased towards either galanin-positive or galanin-nega-
tive boutons among the VGAT population.

Discussion
The main findings of this study are: (1) that galanin,
which has previously been shown to be expressed only
by GABAergic interneurons [26], is present in a differ-
ent population from those that contain NPY, parvalbu-
min or nNOS in laminae I-II, although it is co-
expressed with nNOS in some lamina III cells, and (2)
that the galanin cells constitute around 7% of all of the
neurons in lamina I and ~3% of those in lamina II.
Since all NPY cells [28,35], and many of those that

Figure 4 Co-localisation of galanin and nNOS in a lamina III neuron. a Confocal image shows a lamina III neuron that is immunoreactive for
nNOS (green). b The same field scanned for galanin (Gal, magenta) shows that the same cell is weakly immunoreactive. c A merged image. The
images are from three optical sections at 2 μm z-spacing. Scale bar = 20 μm.

Figure 5 Lack of co-localisation of galanin and NPY. a, b, c show a confocal image from laminae I-IIo scanned for galanin (Gal, red), NPY
(green) and the neuronal marker NeuN (blue), respectively. d A merged image. One of the NeuN-positive cell bodies is galanin-immuno-reactive
(arrow) and another is NPY-immunoreactive (arrowhead). The image is a projection of 3 optical sections at 1 μm z-separation. Scale bar = 20 μm.
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contain parvalbumin [31,32] and nNOS [33,34], are
GABAergic, this indicates that these four compounds
can be used to define neurochemically distinct popula-
tions of inhibitory interneurons in the superficial dorsal
horn.

Lack of co-localisation of galanin with NPY, nNOS or
parvalbumin
Our finding that NPY and galanin show minimal co-
existence in neurons in laminae I-III differs from that of
Zhang et al. [61], who reported that some galanin-
immunoreactive neurons were also NPY-immunoreac-
tive, although they did not determine the frequency of
double-labelled cells. We did identify a single lamina II
neuron that showed both types of immunoreactivity, but

this corresponded to less than 1% of each population,
and was therefore an extremely rare event. A significant
difference between the experimental protocols of these
two studies is that Zhang et al. had applied colchicine to
block axoplasmic transport of the peptide from cell
bodies. While this increases the sensitivity for detecting
peptidergic neurons, it may have direct effects on neuro-
peptide expression. For example, Cortes et al. [66]
reported a dramatic increase in the levels of galanin
mRNA in several brain regions after intracerebroventri-
cular administration of colchicine. This could have
resulted from up-regulation by cells that normally
expressed the peptide, but may also have involved de
novo synthesis [66]. It is likely that upregulation of gala-
nin or NPY in the superficial dorsal horn following

Figure 6 Lack of co-localisation of NPY and nNOS. A single confocal optical section through lamina II, scanned to reveal: a NPY (green) and
b nNOS (magenta). A merged image is shown in c. This field contains cell bodies that are immunoreactive for NPY (arrowhead) or nNOS, but
the two types of immunoreactivity are not co-localised. Scale bar = 20 μm.

Figure 7 Staining for galanin, NeuN and Sytox in a section used for stereological analysis. a A single confocal optical section through
laminae I and II scanned to reveal galanin (Gal, red). b The same field scanned for NeuN (blue), and the nuclear stain Sytox (green). c A merged
image. Neuronal nuclei can be recognised by the presence of both NeuN and Sytox staining, and therefore appear cyan, while non-neuronal
nuclei are green. Two of the neurons (arrowheads) are immunoreactive for galanin. This appears in a ring surrounding the nucleus,
corresponding to the perikaryal cytoplasm. Scale bar = 20 μm.

Tiong et al. Molecular Pain 2011, 7:36
http://www.molecularpain.com/content/7/1/36

Page 8 of 13



colchicine treatment explains the difference between our
results and those of Zhang et al. [61]. It is quite possible
that there are neurons in this region that are NPY- or
galanin-immunoreactive and also express the other pep-
tide, but at levels that are below our detection threshold.
However, even if this is the case, the lack of co-localisa-
tion of the two types of immunoreactivity in our experi-
ments provides a useful way of distinguishing two
distinct and largely non-overlapping neuronal popula-
tions. Using immunogold labelling at the ultrastructural
level, Zhang et al. [61] reported occasional co-localisa-
tion of galanin and NPY in nerve profiles (presumed
axon terminals) in untreated rats. However, in a pre-
vious study they had shown co-localisation of galanin,
NPY and CGRP [39], and since CGRP is thought to be
present exclusively in primary afferent terminals in the
dorsal horn, the axons that were labelled for both NPY
and galanin are likely to have been primary afferent
axons. The almost complete lack of coexistence of NPY
and galanin that we found in axonal boutons in laminae
I-III further supports the suggestion that the two

peptides are present in largely non-overlapping neuronal
populations.
The lack of overlap between galanin and parvalbumin

populations is consistent with their different locations,
since galanin cells are concentrated in laminae I and IIo,
while the parvalbumin cells are mainly in lamina IIi and
III (Figure 2). We are not aware of any previous studies
that have compared the expression of nNOS and galanin
among dorsal horn interneurons. However, the lack of
co-localisation in laminae I-II is not surprising, because
it has been reported that most NADPH diaphorase-posi-
tive (nNOS-containing) GABAergic neurons in this
region are also enriched with glycine [33], whereas gala-
nin is restricted to those GABAergic neurons that are
not glycine-enriched [26]. The presence of nNOS in
most of the few galanin neurons that were seen in
lamina III suggests that these represent a small but dis-
tinctive population of inhibitory interneurons.
Laing et al. [32] reported that NADPH diaphorase

activity was not co-localised with either NPY or parval-
bumin, and the present results confirm that nNOS is

Table 2 Percentages of neurons in laminae I-III that were galanin immunoreactive

Number of
neurons counted

galanin-
immunoreactive
cells

% of neurons that were
galanin-immunoreactive

% of neurons that are
GABA-immunoreactive*

Estimated % of GABA neurons
that contain galanin

I 91.3 (80 - 97) 6 (5 - 8) 6.6 (5.2 - 8.2) 24.8 26.4

II 200 (175 - 220) 6 (4 - 8) 3.1 (1.8 - 4.6) 31.3 9.9

IIo 116.7 (99-127) 5.7 (4-7) 5 (3.2-7.1)

IIi 83.3 (76-96) 0.3 (0-1) 0.4 (0-1.3)

III 131.7 (104-155) 2.7 (1 - 5) 2 (0.7 - 3.2) 40.2 4.9

In each case the mean values for the 3 animals are shown, with the range in brackets. * The percentages of neurons in each lamina that are GABA-
immunoreactive are taken from the data for the L4-5 segmental levels of 3 naïve Sprague-Dawley rats examined by Polgár et al. [1].

Figure 8 Co-localisation of galanin with CGRP and VGAT. a, b, c A confocal image through part of lamina II scanned for galanin (Gal, green),
CGRP (red) and VGAT (blue), respectively. d A merged image. The small immunoreactive structures correspond to axonal boutons. Several Gal
immunoreactive profiles can be seen and most of these are also labelled with the CGRP antibody (two indicated with arrowheads). These appear
yellow in d. Two of the galanin-positive boutons (arrows) are also immunostained for VGAT. The image was obtained from 2 optical sections at
0.3 μm z-separation. Scale bar = 5 μm.
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not expressed at detectable levels in neurons that con-
tain either of these compounds. We have previously
reported that NPY and parvalbumin do not co-exist in
neurons in laminae I-III [32].

Sub-populations of inhibitory interneurons
The results of the present study show that in the rat L3
segment, galanin-containing cells constitute around
6.6%, 3.1% and 2% of the total neuronal population in
lamina I, II and III, respectively. All of these cells are
thought to be GABAergic [26], and we have previously
reported that 24.8%, 31.3% and 40.2% of neurons in
laminae I, II and III at the L4-5 level are GABA-immu-
noreactive in Sprague-Dawley rats [1]. If we assume that
similar proportions of neurons are GABAergic in the L3
segment in Wistar rats, we can estimate the proportion
of GABAergic neurons that are galanin-immunoreactive
as ~26%, 10% and 5% for lamina I, II and III (Table 2).
In a recent study, we quantified NPY-immunoreactive
cells (which are also all GABA-immunoreactive [28]) in
the L4 segment of Wistar rats and estimated that these
account for 23% of the GABAergic neurons in lamina I,
17% of those in lamina II and 9% of those in lamina III.
This suggests that cells that contain either galanin or
NPY make up around half of the GABAergic neurons in
lamina I and a quarter of those in lamina II.
Galanin-containing axons in the dorsal horn are

derived from at least two sources: primary afferents and
intrinsic dorsal horn neurons [61]. As reported pre-
viously [38,39], we found extensive coexistence of gala-
nin and CGRP, which is present in most (if not all)
peptidergic primary afferents [67]. Galanin was also
found to be co-localised with VGAT, which is restricted
to axonal boutons that use GABA and/or glycine as a
neurotransmitter [49,50]. The galanin/VGAT-positive
profiles are presumably axonal boutons derived from the
local galanin interneurons. However, the peptide was
only found in around 6% of the VGAT-positive boutons
in lamina I and 3% of those in lamina II, even though
we estimate that 26% of the GABAergic neurons in

lamina I and 10% of those in lamina II contain galanin.
One possible explanation for this discrepancy is that a
substantial part of the total population of GABAergic
boutons in this region does not originate from local
neurons, and that this component lacks galanin. Consis-
tent with this, it has been shown that there is a signifi-
cant descending GABAergic input to the superficial
dorsal horn that originates from the caudal ventromedial
medulla [68], an area that contains very low levels of
galanin mRNA [66]. However, the proportion of
GABAergic boutons that are derived from extrinsic
sources is not yet known. Another possibility is that the
level of expression of galanin is very low in the axons of
some cells that contain the peptide at detectable levels
in their cell bodies. However, this seems unlikely, as
peptide concentrations are generally considerably higher
in axonal boutons than in the perikaryal cytoplasm [66].
The most likely explanation is that the galanin cells gen-
erate relatively small axonal arbors, and are therefore
under-represented among the GABAergic boutons in
the superficial dorsal horn. In order to test this, it will
be necessary to record from and label individual gala-
nin-containing interneurons, and then examine the
extent of their axonal arborisations.

Functions of galanin-containing neurons
Galanin released by these cells can act on receptors that
are expressed by local dorsal horn neurons and by the
central terminals of primary afferents. mRNAs for all 3
of the galanin receptors (GalR1-3) have been identified
in primary afferents in the dorsal root ganglia, while
that for GalR1 is also highly expressed by dorsal horn
neurons [69-72]. Galanin acting at spinal levels appears
to exert both anti-nociceptive and pro-nociceptive
actions, and these are thought to be mediated by GalR1
and GalR2, respectively [73,74]. It has also been sug-
gested that galanin may have neuroprotective and devel-
opmental roles mediated by GalR2 [75]. However, the
amount of galanin in axons of dorsal horn neurons
appears to be lower than that in primary afferents, since
dorsal rhizotomy causes a substantial depletion of gala-
nin-immunoreactivity in the superficial laminae
[38,57,76]. Therefore release of galanin from intrinsic
neurons may be relatively modest, compared to the
amount that can be released from primary afferents.
At present, there is little information about the pri-

mary afferent input to different types of inhibitory inter-
neuron in the superficial dorsal horn, although it is
likely that the galanin-containing cells are innervated by
nociceptive afferents since these terminate extensively in
laminae I-IIo, where most of the galanin cells are
located. Consistent with this suggestion, we have
recently found that after injection of capsaicin into the
rat hindpaw, ~40% of the galanin-immunoreactive

Table 3 Percentages of VGAT boutons in laminae I-III
that were galanin-immunoreactive

Lamina VGAT boutons analysed % VGAT boutons Gal+

I 600 (100) 6.2 (4 - 8.5)

II 600 (100) 3.3 (3 - 4)

IIo 303 (98-103) 5.7 (4.1 - 7.1)

IIi 297 (97-102) 1.1 (0 - 2.2)

III 600 (100) 0.7 (0 - 1.5)

The second column shows the total number of VGAT boutons from each
lamina (or sublamina) that were analysed, with the range per animal (n = 3
rats) shown in brackets. The mean percentages of the VGAT-positive boutons
that were galanin-immunoreactive are shown in the third column, with ranges
per animal in brackets.
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neurons in the medial part of the ipsilateral dorsal horn
contain phosphorylated extracellular signal regulated
kinases (pERK), whereas this was seen in very few of the
nNOS-immunoreactive cells (~2%) and in none of those
that contained parvalbumin (S. Tiong, E. Polgár and A.J.
Todd, unpublished data). Since pERK is a marker of
neuronal activation [77], it is likely that many of the
galanin-containing inhibitory interneurons in laminae I-
IIo respond to noxious stimulation. This suggests that
among the functions that have been proposed for inhibi-
tory interneurons [7], the galanin cells are more likely to
have a role in regulating the level of activity of other
neurons (including projection cells) in response to nox-
ious stimuli, than in blocking spontaneous activity of
projection cells or minimising cross-talk between sen-
sory modalities and preventing tactile allodynia [3,4].

Conclusions
Laing et al. [32] reported that expression of NPY, nNOS
and parvalbumin could be used to identify three differ-
ent populations of GABAergic interneurons in laminae
I-III. The results of the present study show that immu-
nostaining for galanin defines a fourth neurochemical
population of inhibitory interneurons in this region.
Most of the galanin-containing cells were located in
laminae I-IIo, where they accounted for 5-7% of all neu-
rons, with only a small number being present in laminae
IIi-III. Based on the results of a previous quantitative
analysis of GABA-immunoreactivity [1], we estimate
that the galanin cells constitute around 26%, 10% and
5% of the GABAergic interneurons in laminae I, II and
III, respectively. However, only ~6% of GABAergic bou-
tons in laminae I-IIo and ~1% of those in IIi-III were
galanin-immunoreactive. A possible explanation for this
discrepancy is that the galanin cells generate smaller
axonal arbors than other GABAergic interneurons in
this region.

List of abbreviations
CGRP: calcitonin gene-related peptide; NADPH: reduced nicotinamide
adenine dinucleotide phosphate; NK1r: neurokinin 1 receptor; nNOS:
neuronal nitric oxide synthase; NPY: neuropeptide Y; pERK: phosphorylated
extracellular signal-regulated kinases; TSA: tyramide signal amplification;
VGAT: vesicular GABA transporter;

Acknowledgements
We are grateful to Mr R Kerr and Ms C Watt for excellent technical
assistance, to Prof P.C. Emson for the generous gift of nNOS antibody, to Mr
JA Todd for helpful discussion and to the Wellcome Trust for financial
support.

Author details
1Institute of Neuroscience and Psychology, College of Medical, Veterinary
and Life Sciences, University of Glasgow, Glasgow G12 8QQ UK.
2Department of Anatomy, Hokkaido University School of Medicine, Sapporo
060-8638, Japan.

Authors’ contributions
SYXT and EP participated in the design of the study and the analysis; JCvK
participated in some of the experiments; MW generated the parvalbumin
antibody; AJT conceived of the study, participated in design and analysis
and drafted the manuscript. All authors contributed to the writing of the
manuscript and approved the final version.

Competing interests
The authors declare that they have no competing interests.

Received: 5 February 2011 Accepted: 15 May 2011
Published: 15 May 2011

References
1. Polgár E, Hughes DI, Riddell JS, Maxwell DJ, Puskar Z, Todd AJ: Selective

loss of spinal GABAergic or glycinergic neurons is not necessary for
development of thermal hyperalgesia in the chronic constriction injury
model of neuropathic pain. Pain 2003, 104:229-239.

2. Todd AJ, Sullivan AC: Light microscope study of the coexistence of
GABA-like and glycine-like immunoreactivities in the spinal cord of the
rat. J Comp Neurol 1990, 296:496-505.

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

4. Yaksh TL: Behavioral and autonomic correlates of the tactile evoked
allodynia produced by spinal glycine inhibition: effects of modulatory
receptor systems and excitatory amino acid antagonists. Pain 1989,
37:111-123.

5. Coull JA, Boudreau D, Bachand K, Prescott SA, Nault F, Sik A, De Koninck P,
De Koninck Y: Trans-synaptic shift in anion gradient in spinal lamina I
neurons as a mechanism of neuropathic pain. Nature 2003, 424:938-942.

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

7. Sandkuhler J: Models and mechanisms of hyperalgesia and allodynia.
Physiol Rev 2009, 89:707-758.

8. Todd AJ: Neuronal circuitry for pain processing in the dorsal horn. Nat
Rev Neurosci 2010, 11:823-836.

9. Gobel S: Golgi studies of the neurons in layer II of the dorsal horn of the
medulla (trigeminal nucleus caudalis). J Comp Neurol 1978, 180:395-413.

10. Graham BA, Brichta AM, Callister RJ: Moving from an averaged to specific
view of spinal cord pain processing circuits. J Neurophysiol 2007,
98:1057-1063.

11. Heinke B, Ruscheweyh R, Forsthuber L, Wunderbaldinger G, Sandkuhler J:
Physiological, neurochemical and morphological properties of a
subgroup of GABAergic spinal lamina II neurones identified by
expression of green fluorescent protein in mice. J Physiol 2004,
560:249-266.

12. Schneider SP: Functional properties and axon terminations of
interneurons in laminae III-V of the mammalian spinal dorsal horn in
vitro. J Neurophysiol 1992, 68:1746-1759.

13. Prescott SA, De Koninck Y: Four cell types with distinctive membrane
properties and morphologies in lamina I of the spinal dorsal horn of the
adult rat. J Physiol 2002, 539:817-836.

14. Ruscheweyh R, Sandkuhler J: Lamina-specific membrane and discharge
properties of rat spinal dorsal horn neurones in vitro. J Physiol 2002,
541:231-244.

15. Melnick IV, Santos SF, Safronov BV: Mechanism of spike frequency
adaptation in substantia gelatinosa neurones of rat. J Physiol 2004,
559:383-395.

16. Grudt TJ, Perl ER: Correlations between neuronal morphology and
electrophysiological features in the rodent superficial dorsal horn. J
Physiol 2002, 540:189-207.

17. Maxwell DJ, Belle MD, Cheunsuang O, Stewart A, Morris R: Morphology of
inhibitory and excitatory interneurons in superficial laminae of the rat
dorsal horn. J Physiol 2007, 584:521-533.

18. Yasaka T, Kato G, Furue H, Rashid MH, Sonohata M, Tamae A, Murata Y,
Masuko S, Yoshimura M: Cell-type-specific excitatory and inhibitory

Tiong et al. Molecular Pain 2011, 7:36
http://www.molecularpain.com/content/7/1/36

Page 11 of 13

http://www.ncbi.nlm.nih.gov/pubmed/12855333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12855333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12855333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12855333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2358549?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2358549?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2358549?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7965003?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7965003?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7965003?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2542867?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2542867?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2542867?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12931188?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12931188?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12151551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12151551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12151551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19342617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21068766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/659668?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/659668?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17567772?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17567772?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15284347?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15284347?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15284347?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1282540?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1282540?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1282540?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11897852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11897852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11897852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12015432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12015432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15235088?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15235088?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11927679?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11927679?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17717012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17717012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17717012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17347278?dopt=Abstract


circuits involving primary afferents in the substantia gelatinosa of the
rat spinal dorsal horn in vitro. J Physiol 2007, 581:603-618.

19. Yasaka T, Tiong SYX, Hughes DI, Riddell JS, Todd AJ: Populations of
inhibitory and excitatory interneurons in lamina II of the adult rat spinal
dorsal horn revealed by a combined electrophysiological and
anatomical approach. Pain 2010, 151:475-488.

20. Réthelyi M, Light AR, Perl ER: Synaptic ultrastructure of functionally and
morphologically characterized neurons of the superficial spinal dorsal
horn of cat. J Neurosci 1989, 9:1846-1863.

21. Light AR, Trevino DL, Perl ER: Morphological features of functionally
defined neurons in the marginal zone and substantia gelatinosa of the
spinal dorsal horn. J Comp Neurol 1979, 186:151-171.

22. Woolf CJ, Fitzgerald M: The properties of neurones recorded in the
superficial dorsal horn of the rat spinal cord. J Comp Neurol 1983,
221:313-328.

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

24. Todd AJ, Spike RC: The localization of classical transmitters and
neuropeptides within neurons in laminae I-III of the mammalian spinal
dorsal horn. Prog Neurobiol 1993, 41:609-645.

25. Polgár E, Furuta T, Kaneko T, Todd A: Characterization of neurons that
express preprotachykinin B in the dorsal horn of the rat spinal cord.
Neuroscience 2006, 139:687-697.

26. Simmons DR, Spike RC, Todd AJ: Galanin is contained in GABAergic
neurons in the rat spinal dorsal horn. Neurosci Lett 1995, 187:119-122.

27. Proudlock F, Spike RC, Todd AJ: Immunocytochemical study of
somatostatin, neurotensin, GABA, and glycine in rat spinal dorsal horn. J
Comp Neurol 1993, 327:289-297.

28. Rowan S, Todd AJ, Spike RC: Evidence that neuropeptide Y is present in
GABAergic neurons in the superficial dorsal horn of the rat spinal cord.
Neuroscience 1993, 53:537-545.

29. Todd AJ, Spike RC, Price RF, Neilson M: Immunocytochemical evidence
that neurotensin is present in glutamatergic neurons in the superficial
dorsal horn of the rat. J Neurosci 1994, 14:774-784.

30. Todd AJ, Hughes DI, Polgar E, Nagy GG, Mackie M, Ottersen OP,
Maxwell DJ: The expression of vesicular glutamate transporters VGLUT1
and VGLUT2 in neurochemically defined axonal populations in the rat
spinal cord with emphasis on the dorsal horn. Eur J Neurosci 2003,
17:13-27.

31. Antal M, Polgar E, Chalmers J, Minson JB, Llewellyn-Smith I, Heizmann CW,
Somogyi P: Different populations of parvalbumin- and calbindin-D28k-
immunoreactive neurons contain GABA and accumulate 3H-D-aspartate
in the dorsal horn of the rat spinal cord. J Comp Neurol 1991,
314:114-124.

32. Laing I, Todd AJ, Heizmann CW, Schmidt HH: Subpopulations of
GABAergic neurons in laminae I-III of rat spinal dorsal horn defined by
coexistence with classical transmitters, peptides, nitric oxide synthase or
parvalbumin. Neuroscience 1994, 61:123-132.

33. Spike RC, Todd AJ, Johnston HM: Coexistence of NADPH diaphorase with
GABA, glycine, and acetylcholine in rat spinal cord. J Comp Neurol 1993,
335:320-333.

34. Valtschanoff JG, Weinberg RJ, Rustioni A, Schmidt HH: Nitric oxide
synthase and GABA colocalize in lamina II of rat spinal cord. Neurosci Lett
1992, 148:6-10.

35. Polgár E, Sardella TCP, Watanabe M, Todd AJ: A quantitative study of NPY-
expressing GABAergic neurons and axons in rat spinal dorsal horn. J
Comp Neurol 2011, 519:1007-1023.

36. Polgár E, Shehab SA, Watt C, Todd AJ: GABAergic neurons that contain
neuropeptide Y selectively target cells with the neurokinin 1 receptor
in laminae III and IV of the rat spinal cord. J Neurosci 1999,
19:2637-2646.

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

38. Tuchscherer MM, Seybold VS: A quantitative study of the coexistence of
peptides in varicosities within the superficial laminae of the dorsal horn
of the rat spinal cord. J Neurosci 1989, 9:195-205.

39. Zhang X, Nicholas AP, Hokfelt T: Ultrastructural studies on peptides in the
dorsal horn of the spinal cord–I. Co-existence of galanin with other
peptides in primary afferents in normal rats. Neuroscience 1993,
57:365-384.

40. Nakamura M, Sato K, Fukaya M, Araishi K, Aiba A, Kano M, Watanabe M:
Signaling complex formation of phospholipase Cbeta4 with
metabotropic glutamate receptor type 1alpha and 1,4,5-trisphosphate
receptor at the perisynapse and endoplasmic reticulum in the mouse
brain. Eur J Neurosci 2004, 20:2929-2944.

41. Herbison AE, Simonian SX, Norris PJ, Emson PC: Relationship of neuronal
nitric oxide synthase immunoreactivity to GnRH neurons in the
ovariectomized and intact female rat. J Neuroendocrinol 1996, 8:73-82.

42. Polgár E, Hughes DI, Arham AZ, Todd AJ: Loss of neurons from laminas I-
III of the spinal dorsal horn is not required for development of tactile
allodynia in the spared nerve injury model of neuropathic pain. J
Neurosci 2005, 25:6658-6666.

43. Bjugn R, Gundersen HJ: Estimate of the total number of neurons and
glial and endothelial cells in the rat spinal cord by means of the optical
disector. J Comp Neurol 1993, 328:406-414.

44. Coggeshall RE: A consideration of neural counting methods. Trends
Neurosci 1992, 15:9-13.

45. Guillery RW: On counting and counting errors. J Comp Neurol 2002,
447:1-7.

46. Williams RW, Rakic P: Three-dimensional counting: an accurate and direct
method to estimate numbers of cells in sectioned material. J Comp
Neurol 1988, 278:344-352.

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

48. Molander C, Xu Q, Grant G: The cytoarchitectonic organization of the
spinal cord in the rat. I. The lower thoracic and lumbosacral cord. J
Comp Neurol 1984, 230:133-141.

49. Chaudhry FA, Reimer RJ, Bellocchio EE, Danbolt NC, Osen KK, Edwards RH,
Storm-Mathisen J: The vesicular GABA transporter, VGAT, localizes to
synaptic vesicles in sets of glycinergic as well as GABAergic neurons. J
Neurosci 1998, 18:9733-9750.

50. McIntire SL, Reimer RJ, Schuske K, Edwards RH, Jorgensen EM: Identification
and characterization of the vesicular GABA transporter. Nature 1997,
389:870-876.

51. Polgár E, Todd AJ: Tactile allodynia can occur in the spared nerve injury
model in the rat without selective loss of GABA or GABA(A) receptors
from synapses in laminae I-II of the ipsilateral spinal dorsal horn.
Neuroscience 2008, 156:193-202.

52. Makwana M, Werner A, Acosta-Saltos A, Gonitel R, Pararajasingham A,
Ruff C, Rumajogee P, Cuthill D, Galiano M, Bohatschek M, Wallace AS,
Anderson PN, Mayer U, Behrens A, Raivich G: Peripheral facial nerve
axotomy in mice causes sprouting of motor axons into perineuronal
central white matter: time course and molecular characterization. J
Comp Neurol 2010, 518:699-721.

53. Mullen RJ, Buck CR, Smith AM: NeuN, a neuronal specific nuclear protein
in vertebrates. Development 1992, 116:201-211.

54. Guo C, Stella SL Jr, Hirano AA, Brecha NC: Plasmalemmal and vesicular
gamma-aminobutyric acid transporter expression in the developing
mouse retina. J Comp Neurol 2009, 512:6-26.

55. Martens H, Weston MC, Boulland JL, Gronborg M, Grosche J, Kacza J,
Hoffmann A, Matteoli M, Takamori S, Harkany T, Chaudhry FA,
Rosenmund C, Erck C, Jahn R, Hartig W: Unique luminal localization of
VGAT-C terminus allows for selective labelling of active cortical
GABAergic synapses. J Neurosci 28:13125-13131.

56. Ch’ng JL, Christofides ND, Anand P, Gibson SJ, Allen YS, Su HC, Tatemoto K,
Morrison JF, Polak JM, Bloom SR: Distribution of galanin immunoreactivity
in the central nervous system and the responses of galanin-containing
neuronal pathways to injury. Neuroscience 1985, 16:343-354.

57. Hirakawa M, Kawata M: Changes of chemoarchitectural organization of
the rat spinal cord following ventral and dorsal root transection. J Comp
Neurol 1992, 320:339-352.

58. Melander T, Hokfelt T, Rokaeus A: Distribution of galaninlike
immunoreactivity in the rat central nervous system. J Comp Neurol 1986,
248:475-517.

59. Munglani R, Harrison SM, Smith GD, Bountra C, Birch PJ, Elliot PJ, Hunt SP:
Neuropeptide changes persist in spinal cord despite resolving
hyperalgesia in a rat model of mononeuropathy. Brain Res 1996,
743:102-108.

60. Skofitsch G, Jacobowitz DM: Immunohistochemical mapping of galanin-
like neurons in the rat central nervous system. Peptides 1985, 6:509-546.

Tiong et al. Molecular Pain 2011, 7:36
http://www.molecularpain.com/content/7/1/36

Page 12 of 13

http://www.ncbi.nlm.nih.gov/pubmed/17347278?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17347278?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20817353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20817353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20817353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20817353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2723753?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2723753?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2723753?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/447881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/447881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/447881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6197429?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6197429?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2594201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2594201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7904359?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7904359?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7904359?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16446041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16446041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7540270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7540270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7678841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7678841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8492914?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8492914?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7905517?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7905517?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7905517?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12534965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12534965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12534965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1797867?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1797867?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1797867?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7526265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7526265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7526265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7526265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8227522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8227522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1284445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1284445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21344400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21344400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10087077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10087077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10087077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11226680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11226680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2643683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2643683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2643683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7509467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7509467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7509467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15579147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15579147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15579147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15579147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8932739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8932739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8932739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16014727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16014727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16014727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8440788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8440788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8440788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1374957?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11967890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3216047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3216047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9622244?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9622244?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9622244?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6512014?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6512014?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9822734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9822734?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9349821?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9349821?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18675320?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18675320?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18675320?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20034058?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20034058?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20034058?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1483388?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1483388?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18975268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18975268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18975268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2417156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2417156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2417156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1377201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1377201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2424949?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2424949?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9017236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9017236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2415952?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2415952?dopt=Abstract


61. Zhang X, Nicholas AP, Hokfelt T: Ultrastructural studies on peptides in the
dorsal horn of the rat spinal cord–II. Co-existence of galanin with other
peptides in local neurons. Neuroscience 1995, 64:875-891.

62. Antal M, Freund TF, Polgar E: Calcium-binding proteins, parvalbumin- and
calbindin-D 28k-immunoreactive neurons in the rat spinal cord and
dorsal root ganglia: a light and electron microscopic study. J Comp
Neurol 1990, 295:467-484.

63. Valtschanoff JG, Weinberg RJ, Rustioni A: NADPH diaphorase in the spinal
cord of rats. J Comp Neurol 1992, 321:209-222.

64. Gibson SJ, Polak JM, Allen JM, Adrian TE, Kelly JS, Bloom SR: The
Distribution and Origin of a Novel Brain Peptide, Neuropeptide-Y, in the
Spinal-Cord of Several Mammals. Journal of Comparative Neurology 1984,
227:78-91.

65. Sasek CA, Elde RP: Distribution of Neuropeptide-Y-Like Immunoreactivity
and Its Relationship to Fmrf-Amide-Like Immunoreactivity in the 6th
Lumbar and 1st Sacral Spinal-Cord Segments of the Rat. Journal of
Neuroscience 1985, 5:1729-1739.

66. Cortes R, Ceccatelli S, Schalling M, Hokfelt T: Differential effects of
intracerebroventricular colchicine administration on the expression of
mRNAs for neuropeptides and neurotransmitter enzymes, with special
emphasis on galanin: an in situ hybridization study. Synapse 1990,
6:369-391.

67. Ju G, Hokfelt T, Brodin E, Fahrenkrug J, Fischer JA, Frey P, Elde RP,
Brown JC: Primary sensory neurons of the rat showing calcitonin gene-
related peptide immunoreactivity and their relation to substance P-,
somatostatin-, galanin-, vasoactive intestinal polypeptide- and
cholecystokinin-immunoreactive ganglion cells. Cell Tissue Res 1987,
247:417-431.

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

69. Brumovsky P, Mennicken F, O’Donnell D, Hokfelt T: Differential distribution
and regulation of galanin receptors- 1 and -2 in the rat lumbar spinal
cord. Brain Res 2006, 1085:111-120.

70. O’Donnell D, Ahmad S, Wahlestedt C, Walker P: Expression of the novel
galanin receptor subtype GALR2 in the adult rat CNS: distinct
distribution from GALR1. J Comp Neurol 1999, 409:469-481.

71. Parker EM, Izzarelli DG, Nowak HP, Mahle CD, Iben LG, Wang J,
Goldstein ME: Cloning and characterization of the rat GALR1 galanin
receptor from Rin14B insulinoma cells. Brain Res Mol Brain Res 1995,
34:179-189.

72. Waters SM, Krause JE: Distribution of galanin-1, -2 and -3 receptor
messenger RNAs in central and peripheral rat tissues. Neuroscience 2000,
95:265-271.

73. Malkmus S, Lu X, Bartfai T, Yaksh TL, Hua XY: Increased hyperalgesia after
tissue injury and faster recovery of allodynia after nerve injury in the
GalR1 knockout mice. Neuropeptides 2005, 39:217-221.

74. Xu XJ, Hokfelt T, Wiesenfeld-Hallin Z: Galanin and spinal pain mechanisms:
where do we stand in 2008? Cell Mol Life Sci 2008, 65:1813-1819.

75. Shi TJ, Hua XY, Lu X, Malkmus S, Kinney J, Holmberg K, Wirz S, Ceccatelli S,
Yaksh T, Bartfai T, Hokfelt T: Sensory neuronal phenotype in galanin
receptor 2 knockout mice: focus on dorsal root ganglion neurone
development and pain behaviour. Eur J Neurosci 2006, 23:627-636.

76. Villar MJ, Wiesenfeld-Hallin Z, Xu XJ, Theodorsson E, Emson PC, Hokfelt T:
Further studies on galanin-, substance P-, and CGRP-like
immunoreactivities in primary sensory neurons and spinal cord: effects
of dorsal rhizotomies and sciatic nerve lesions. Exp Neurol 1991,
112:29-39.

77. Ji RR, Baba H, Brenner GJ, Woolf CJ: Nociceptive-specific activation of ERK
in spinal neurons contributes to pain hypersensitivity. Nat Neurosci 1999,
2:1114-1119.

doi:10.1186/1744-8069-7-36
Cite this article as: Tiong et al.: Galanin-immunoreactivity identifies a
distinct population of inhibitory interneurons in laminae I-III of the rat
spinal cord. Molecular Pain 2011 7:36.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Tiong et al. Molecular Pain 2011, 7:36
http://www.molecularpain.com/content/7/1/36

Page 13 of 13

http://www.ncbi.nlm.nih.gov/pubmed/7538639?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7538639?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7538639?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2351764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2351764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2351764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1380014?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1380014?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6432858?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6432858?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6432858?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3839522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3839522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3839522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1705058?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1705058?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1705058?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1705058?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2434236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2434236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2434236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2434236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8783266?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8783266?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8783266?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16626647?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16626647?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16626647?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10379831?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10379831?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10379831?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8750821?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8750821?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10619483?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10619483?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15944015?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15944015?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15944015?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18500645?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18500645?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16487144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16487144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16487144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1707368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1707368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1707368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10570489?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10570489?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Animals
	Test for co-localisation of galanin with parvalbumin or nNOS
	Test for co-localisation of galanin with NPY
	Test for co-localisation of NPY and nNOS
	Proportion of neurons in laminae I-III that contain galanin
	Proportion of GABAergic boutons in laminae I-III that contain galanin
	Characterisation of antibodies

	Results
	Distribution of galanin in the dorsal horn
	Extent of co-localisation of galanin, NPY, nNOS and parvalbumin
	Proportion of neurons in laminae I-III that contain galanin
	Proportion of GABAergic boutons in laminae I-III that contain galanin

	Discussion
	Lack of co-localisation of galanin with NPY, nNOS or parvalbumin
	Sub-populations of inhibitory interneurons
	Functions of galanin-containing neurons

	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

