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Large Projection Neurons in Lamina I of the Rat Spinal Cord
That Lack the Neurokinin 1 Receptor Are Densely Innervated
by VGLUT2-Containing Axons and Possess GluR4-
Containing AMPA Receptors
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Although most projection neurons in lamina I express the neurokinin 1 receptor (NK1r), we have identified a population of large
multipolar projection cells that lack the NK1r, are characterized by the high density of gephyrin puncta that coat their cell bodies and
dendrites, and express the transcription factor Fos in response to noxious chemical stimulation. Here we show that these cells have a very
high density of glutamatergic input from axons with strong immunoreactivity for vesicular glutamate transporter 2 that are likely to
originate from excitatory interneurons. However, they receive few contacts from peptidergic primary afferents or transganglionically
labeled A� nociceptors. Unlike most glutamatergic synapses in superficial laminas, those on the gephyrin-coated cells contain the GluR4
subunit of the AMPA receptor. A noxious heat stimulus caused Fos expression in 38% of the gephyrin-coated cells but in 85% of
multipolar NK1r-immunoreactive cells. These findings are consistent with the suggestion that there is a correlation between function and
morphology for lamina I neurons but indicate that there are at least two populations of multipolar neurons that differ in receptor
expression, excitatory inputs, and responses to noxious stimulation. Although there are only �10 gephyrin-coated cells on each side per
segment in the lumbar enlargement, they constitute �18% of the lamina I component of the spinothalamic tract at this level, which
suggests that they play an important role in transmission of nociceptive information to the cerebral cortex. Our results also provide the
first evidence that postsynaptic GluR4-containing AMPA receptors are involved in spinal nociceptive transmission.
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Introduction
Lamina I of the dorsal horn is innervated by nociceptive primary
afferents and contains many neurons that project to the brain.
Projection cells constitute �6% of lamina I neurons in midlum-
bar segments (Spike et al., 2003; Al-Khater et al., 2008), and
�80% of these express the neurokinin 1 receptor (NK1r) (Todd
et al., 2000). The NK1r (which is found on 45% of all lamina I
neurons) (Todd et al., 1998) is the main target for substance P
released by nociceptive afferents (Mantyh et al., 1995; Lawson et
al., 1997). We have shown that NK1r-expressing projection neu-
rons in lamina I are densely innervated by substance
P-containing primary afferents and that most upregulate Fos af-
ter noxious chemical or thermal stimulation (Todd et al., 2002,
2005).

Lamina I projection neurons in cat and monkey can be classi-
fied as multipolar, fusiform, or pyramidal (Zhang et al., 1996;
Zhang and Craig, 1997). It has been suggested that these have
distinctive functional properties, with pyramidal cells responding
to innocuous cooling, whereas multipolar and fusiform cells are
activated by noxious stimuli (Han et al., 1998). Although the
same classes of projection neuron have been identified in rat, we
found that most cells in each class expressed NK1r and that there
was no difference between morphological types of NK1r-
expressing projection neuron in either the density of contacts
from substance P-containing afferents or the percentage of cells
that upregulated Fos after noxious stimulation (Todd et al., 2002,
2005; Spike et al., 2003).

We have identified a population of large multipolar lamina I
projection neurons that lack NK1r but are activated by noxious
chemical stimuli (Puskár et al., 2001). These cells have dense
inhibitory input and can be identified by the numerous synapses
containing the glycine receptor-associated protein gephyrin that
coat their somata and dendrites. However, little is known about
their excitatory inputs. Glutamatergic synapses in dorsal horn are
associated with AMPA receptors (AMPArs), which underlie fast
excitatory synaptic transmission (Yoshimura and Jessell, 1990;
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Yoshimura and Nishi, 1992). The four AMPAr subunits (GluR1–
GluR4/GluRA–GluRD) are differentially expressed in dorsal
horn (Nagy et al., 2004; Polgár et al., 2008), with GluR4-
containing synapses being relatively scarce in superficial laminas
but present at high density on certain large lamina I cells. Based
on their size, we suggested that these may be projection neurons
(Polgár et al., 2008).

The aims of this study were (1) to identify excitatory inputs to
the large gephyrin-coated lamina I neurons, (2) to test the hy-
pothesis that they have a high density of GluR4-containing glu-
tamatergic synapses, and (3) to compare their responses to nox-
ious heat with those of multipolar NK1r-expressing neurons. In
addition, we estimated the number of these cells in a midlumbar
segment and investigated whether they belong to the spinotha-
lamic tract, an important route through which nociceptive infor-
mation is transmitted to the cerebral cortex. Our results suggest
that there are at least two populations of multipolar projection
neurons in lamina I that differ not only in NK1r expression but
also in excitatory inputs and responses to noxious stimulation.

Materials and Methods
Animals. Experiments were approved by the Ethical Review Process Ap-
plications Panel of the University of Glasgow and the Animal Ethics
Committee of the Faculty of Medicine and Health Sciences of the United
Arab Emirates University and were performed in accordance with the
United Kingdom Animals (Scientific Procedures) Act 1986.

Thirty-five adult male Wistar rats (220 –320 g; Harlan or United Arab
Emirates University) were used in this study. Twenty-one of these were
deeply anesthetized with pentobarbitone and perfused through the left
ventricle with a fixative consisting of 4% freshly depolymerized formal-
dehyde. Four animals were anesthetized with a mixture of ketamine and
xylazine (76 and 19 mg/kg, i.p., respectively, supplemented as necessary)
and received injections of 2 �l of 1% cholera toxin B subunit (CTb)
(Sigma) into each sciatic nerve. After a 3 d survival period, these animals
were reanesthetized with pentobarbitone and perfused with fixative as
described above. Five rats were anesthetized with urethane (1.7–2.2 g/kg,
i.p.) and had the left hindpaw immersed in water at 52°C for 45 s. They
were maintained under anesthetic for 2 h and then perfused with fixative
as described above. The remaining five rats were anesthetized with ket-
amine and xylazine (as above) or with isofluorane and received stereo-
taxic injections of 200 nl of 4% Fluorogold targeted on the posterior
triangular nucleus of the thalamus (PoT) (Gauriau and Bernard, 2004)
on the left side. Injections were made into PoT because we have shown
that virtually all lamina I spinothalamic neurons in the lumbar enlarge-
ment of the rat can be retrogradely labeled from this region (Al-Khater et
al., 2008). Three of these rats also received 200 nl of 1% CTb targeted on
the left lateral parabrachial area (LPb), because most of the large
gephyrin-coated lamina I neurons belong to the spinoparabrachial tract

(Puskár et al., 2001). All of these animals made
an uneventful recovery, and, after 3 d, they were
reanesthetized with pentobarbitone (300 mg,
i.p.) and perfused with fixative as described
above.

Tissue processing and immunocytochemistry.
Lumbar spinal cord segments (L2–L5) from all
animals were removed and stored in the same
fixative at 4°C for 5–18 h. Selected segments
were then cut into horizontal or transverse 60-
�m-thick sections with a Vibratome. The
brains from the five rats that received stereo-
taxic injections were also removed and cryo-
protected, and regions containing the injection
sites were cut into 100 �m coronal sections with
a freezing microtome.

In all cases, spinal cord sections were im-
mersed in 50% ethanol for 30 min before im-
munoreaction to enhance antibody penetration
and were then processed for immunofluores-

cence staining according to one of the protocols described below. In
those experiments in which antibodies against the GluR4 and/or GluR3
subunits were used, antigen retrieval with pepsin was performed before
immunostaining to expose these subunits at glutamatergic synapses
(Watanabe et al., 1998). The antigen retrieval was performed as described
previously (Nagy et al., 2004; Polgár et al., 2008), except that, in some
cases, the concentration of pepsin was reduced from 1 to 0.5 mg/ml.
Tyramide signal amplification (TSA) was used in some reactions, either
because two of the primary antibodies were raised in the same species or
to stabilize one type of immunoreaction before antigen retrieval with
pepsin (Nagy et al., 2004). The amplification was performed with a TSA
kit (tetramethylrhodamine; PerkinElmer Life Sciences) according to the
instructions of the manufacturer. Details of the primary antibodies used,
their sources, and concentrations are given in Table 1. Species-specific
secondary antibodies were raised in donkey and conjugated to Rhoda-
mine Red, cyanine 5.18 (Cy5) (1:100; both from Jackson ImmunoRe-
search) or Alexa 488 (1:500; Invitrogen). Incubations in primary anti-
bodies were for 1–3 d, whereas those in secondary antibodies were for 1 d.
Antibodies were diluted in PBS containing 0.3% Triton X-100. On com-
pletion of the reactions, sections were mounted in anti-fade medium
(Vectashield; Vector Laboratories) and stored at �20°C.

Sections from unoperated animals were reacted according to one of
the following protocols: (1) incubation in mouse monoclonal antibody
(mAb) against gephyrin (mAb 7a), which was detected with TSA, fol-
lowed by incubation in mouse monoclonal anti-neurofilament 200
(NF200) combined with rabbit anti-NK1r, rabbit antibody against vesic-
ular glutamate transporter 2 (VGLUT2), or guinea pig antibody against
calcitonin gene-related peptide (CGRP) and then secondary antibodies
conjugated to Alexa 488 and Cy5; (2) incubation in rabbit anti-NK1r,
guinea pig anti-VGLUT2, and sheep anti-CGRP, followed by secondary
antibodies conjugated to Alexa 488, Rhodamine Red, and Cy5; (3) incu-
bation in mAb 7a, which was detected with TSA, followed by pepsin
treatment and incubation in goat anti-GluR3 and rabbit anti-GluR4 and
then in Alexa 488- and Cy5-conjugated secondary antibodies; (4) pepsin
treatment followed by incubation in mAb 7a, goat anti-GluR3, and rabbit
anti-GluR4 and then in Alexa 488-, Rhodamine Red-, and Cy5-
conjugated secondary antibodies; or (5) incubation in guinea pig anti-
VGLUT2, which was detected with TSA, and then pepsin treatment and
incubation in mAb 7a and rabbit anti-GluR4, followed by Alexa 488- and
Cy5-conjugated secondary antibodies. All of these immunostaining pro-
tocols were performed on horizontal sections, and, in addition, trans-
verse sections were reacted according the first protocol (the combination
with rabbit anti-NK1r). Horizontal sections from the rats that received
CTb injections into the sciatic nerves were reacted with mAb 7a (detected
with TSA) and then with mouse anti-NF200 and goat anti-CTb (detected
with secondary antibodies conjugated to Alexa 488 and Cy5). Horizontal
sections from rats that received the noxious heat stimulus were reacted
with mAb 7a, rabbit antibody against Fos, and guinea pig anti-NK1r,
which were revealed with secondary antibodies conjugated to Alexa 488,

Table 1. Antibodies used in this study

Antibody Species Dilution Source

CGRP Guinea pig 1:10,000 Bachem
CGRP Sheep 1:5000 (1:50,000) Biomol International
CTb Goat 1:5000 List Biological
Fos Rabbit 1:5000 Santa Cruz Biotechnology
Fluorogold Guinea pig 1:500 Protos Biotech
Gephyrin, mAb 7a Mouse 1:1000 (1:100,000) Synaptic Systems
GluR3 Goat 1:500 M. Watanabe
GluR4 Rabbit 1:100 –1:300 Lab Vision Products
GluR4 Rabbit 1:500 Upstate
NF200, clone N52 Mouse 1:500 –1000 Sigma
NK1r Rabbit 1:10,000 Sigma
NK1r Guinea pig 1:1000 Biomol International
VGLUT2 Guinea pig 1:5000 (1:50,000) Millipore Bioscience Research Reagents
VGLUT2 Rabbit 1:5000 Synaptic Systems

Numbers in parentheses indicate the dilutions of primary antibodies when these were revealed with the tyramide signal amplification method.
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Rhodamine Red, and Cy5. Spinal cord sections
from rats that had received stereotaxic brain in-
jections were incubated in mAb 7a, guinea pig
antibody against Fluorogold, and, for those that
received CTb injection, goat antibody against
CTb. They were then placed in secondary anti-
bodies conjugated to Alexa 488, Rhodamine
Red, and Cy5. CTb injection sites in these ani-
mals were revealed with an immunoperoxidase
method (Al-Khater et al., 2008), whereas the
Fluorogold sites were viewed with an epifluo-
rescence microscope.

The monoclonal antibody N52 recognizes
both phosphorylated and nonphosphorylated
forms of neurofilaments with a molecular
weight of 200 kDa, and the two CGRP antibod-
ies detect both � and � forms of the peptide.
The rabbit NK1r antibody was raised against a
peptide corresponding to amino acids 393– 407
of the rat receptor conjugated to keyhole limpet
hemocyanin, and staining with this antibody is
absent in the brains of NK1r knock-out mice
(Ptak et al., 2002). Staining with the guinea pig
NK1r antibody is abolished by pretreatment
with the immunizing peptide (Polgár et al.,
1999). The affinity-purified GluR4 antibodies
were both raised against a peptide correspond-
ing to the C-terminal region of the subunit, and
both recognize bands of �105 kDa in Western
blots of rat brain extracts (the specifications of
the manufacturers). The GluR3 antibody was
raised against glutathione S-transferase (GST)
fused to residues 830 – 862 of the mouse GluR3
subunit and staining with this antibody is ab-
sent in spinal cords from GluR3 knock-out
mice (Polgár et al., 2008). The rabbit anti-
VGLUT2 was raised against a GST fusion pro-
tein containing amino acids 510 –582 of rat
VGLUT2 and recognizes a single protein band
of �65 kDa in rat brain membrane fractions. The
guinea pig VGLUT2 antibody was raised against a
peptide from rat VGLUT2, and we have shown
that it stains identical structures to the rabbit
VGLUT2 antibody in sections of rat spinal cord
(Todd et al., 2003). The Fos antibody recognizes a
band of �62 kDa in A-431 cells stimulated with
phorbol-ester or epidermal growth factor (the
specification of the manufacturer).

Confocal microscopy and analysis. All sections
were scanned with a Radiance 2100 confocal
microscope (Bio-Rad). Sequential scanning
was used to minimize fluorescent bleed
through. All of the analysis was performed on
confocal image stacks obtained with a 40� or
60� oil-immersion lens, apart from the counts
of the gephyrin-coated neurons and the inves-
tigation of Fos expression, which were per-
formed with a 20� objective lens.

We have shown previously that certain
large dorsal horn neurons contain NF200
(Polgár et al., 2007), and, during the course of this study, we found
that the large gephyrin-coated lamina I neurons were invariably
NF200 positive. The NF200 immunoreactivity revealed the dendritic
morphology of these cells and allowed the identification of contacts
from different neurochemical types of axonal boutons onto all parts
of their dendritic trees. This was necessary because, although gephy-
rin puncta coat the cell bodies and proximal dendrites of these neu-
rons, they do not reliably outline distal dendrites. In addition, gluta-
matergic boutons are not directly apposed to the gephyrin puncta,

and the NF200 revealed the surfaces of cell bodies and dendrites
between these puncta.

To examine the morphology of these cells, horizontal sections from
four unoperated rats that had been reacted with antibodies against
gephyrin, NF200, and NK1r were examined, and 15 cells were selected
(two to five cells per rat). These were scanned through a 40� lens to
produce z-series at 1 �m z-separation. The tissue was scanned so as to
include as much of the dendritic tree as could be followed, and, in some
cases, dendrites from a single cell were scanned in more than one Vi-

Figure 1. Immunostaining for gephyrin, NF200, and the NK1 receptor in horizontal and transverse sections. a– d, Confocal
images through part of a large lamina I cell (asterisk) in a horizontal section, scanned to reveal gephyrin (red), NF200 (green), and
NK1r (blue), together with a merged image. The soma and dendrites of this neuron are coated with gephyrin puncta but are not
NK1r immunoreactive. The cell contains NF200 immunoreactivity, which is relatively weak in the cell body and strong in the
dendrites. Numerous axons with strong NF200 immunoreactivity are seen in the white matter in the upper part of the field. e– h,
Confocal images scanned through a large lamina I cell (asterisk) in a transverse section. Again, the cell body and dendrites are
NF200 positive, NK1r negative and have numerous gephyrin puncta on them. Two NK1r-immunoreactive dendrites that also
contain NF200 (arrowheads), belong to a lamina I neuron, although the soma of this cell is not present in this field. The arrow
shows the dendrite of a neuron from the deeper part of the dorsal horn that is immunoreactive for both NK1r and NF200. Images
are made from projections of 26 (a– d) or 18 (e– h) optical sections at 1 �m z-spacing. Scale bar, 50 �m.
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bratome section. Dendritic trees of these cells were drawn with Neurolu-
cida for Confocal software (MicroBrightField).

Because the most lateral part of lamina I is difficult to identify in
horizontal sections, counts of the gephyrin-coated lamina I cells were
performed by examining uninterrupted series of between 36 and 48 60-
�m-thick transverse sections from the L4 segment of three rats. These
sections had been reacted with antibodies against gephyrin, NF200, and
NK1r and were mounted in serial order. Care was taken to ensure that
cells with somata at the cut surfaces of the Vibratome sections were not
double counted. The mean number of cells per side in each series was
divided by the length of the spinal cord analyzed (estimated from the
number of sections in the series) and expressed per 2.5 mm (the average
length of the L4 segment) (Polgár et al., 2004).

All of the remaining analysis was performed on horizontal sections. To
investigate the density of contacts that the gephyrin-coated cells received
from different types of glutamatergic axon, we examined sections from
unoperated rats that had been reacted with mAb 7a and anti-NF200,
together with either VGLUT2 or CGRP antibodies. CGRP is a marker for
peptidergic primary afferent terminals (Ju et al., 1987), whereas VGLUT2
is expressed by most (if not all) excitatory interneurons in the superficial
dorsal horn, as well as by A� nociceptors (Oliveira et al., 2003; Todd et al.,
2003; Alvarez et al., 2004; Cheng et al., 2004; Maxwell et al., 2007; Schnei-
der and Walker, 2007). The density of contacts from VGLUT2- and
CGRP-immunoreactive boutons was determined for 12 of the large
gephyrin-coated lamina I neurons (four cells from each of three rats for
each axonal marker). The cells (and the regions of dendritic tree to be
analyzed; see below) were selected before visualizing the VGLUT2 or
CGRP immunoreactivity to avoid the possibility of bias. They were ini-
tially scanned through the 40� lens to reveal gephyrin and NF200, and
the resulting confocal image stacks were used to reconstruct their den-
dritic trees with Neurolucida. Selected regions of the dendritic tree were
then scanned for all three types of immunoreactivity through the 60�
lens with a z-separation of 0.5 �m. These regions were viewed with
Neurolucida, and the positions of contacts from immunoreactive bou-
tons were plotted. Surface areas of these regions of dendrite were esti-
mated from their diameters and lengths, based on the assumption that
the dendrites were cylindrical, and the density of contacts per 1000 �m 2

of dendritic surface area was then calculated. To determine whether there
was a difference in contact density between proximal and distal den-
drites, these were analyzed separately, with regions of dendritic tree lo-
cated �150 �m from the soma being classed as proximal and the remain-
der as distal. For each cell, at least 100 �m of both proximal and distal
dendrites was analyzed. A similar method was used to analyze the density
of contacts between VGLUT2-immunoreactive boutons and the den-
drites of large multipolar NK1r-immunoreactive lamina I cells (12 cells,
four each from three rats). Again, the selection of cells and regions of
dendritic tree to be analyzed was made before the VGLUT2 immunore-
activity was viewed. To determine whether the large gephyrin-coated
cells received significant input from A� primary afferent axons in lamina
I that were transganglionically labeled with CTb, 16 of these neurons
(two to five cells from each of the four rats that had received sciatic nerve
injections) were selected from areas in which there were numerous CTb-
labeled boutons in lamina I. Sections were scanned and analyzed as de-
scribed above, although no distinction was made between proximal and
distal dendrites for this part of the study, because the density of contacts
was found to be very low in most cases. All of the analyses of contacts were
performed on optical sections through regions of the tissue in which
there was good penetration of immunostaining.

The expression of synaptic AMPAr subunits was examined in sections
that had been processed for antigen retrieval with pepsin. Fourteen cells
from four unoperated rats (three to five from each rat) were selected
from sections reacted with antibodies against gephyrin, GluR3, and
GluR4 (protocols 3 and 4, above). Because synaptic labeling with AMPAr
subunit antibodies is generally limited to the superficial regions within
Vibratome sections (Nagy et al., 2004), cells were only examined if parts
of their dendritic trees were close to the section surface, and only these
regions were scanned and analyzed. To determine whether synapses were
present at the contacts between VGLUT2-immunoreactive boutons and
dendrites of the large gephyrin-coated cells, we looked for punctate

GluR4 staining at these contacts. Four cells (two each from two rats) were
selected from sections reacted with antibodies against VGLUT2, gephy-
rin, and GluR4 (protocol 5). Again, regions of dendrite near the section
surface were scanned with the confocal microscope.

Expression of Fos was investigated on the ipsilateral (left) side of the L5
segment from the five rats that been stimulated with hot water. Initially,
the region of lamina I that contained Fos-positive nuclei was determined,
and then all of the large gephyrin-coated cells that were present within
this region were identified and scanned to reveal gephyrin, NK1r, and Fos
immunoreactivity. For comparison, multipolar NK1r-immunoreactive
lamina I cells in these scans were also examined. The presence or absence
of Fos immunoreactivity in the nuclei of the selected cells was
determined.

Horizontal sections from the L5 segments of the rats that had received
stereotaxic tracer injections were scanned, and large gephyrin-coated
lamina I cells on the contralateral (right) side were identified. The pro-
portion of these cells that were retrogradely labeled with Fluorogold
and/or CTb was then determined, as well as the total number of lamina I
neurons that were retrogradely labeled from the contralateral thalamus.

Results
NF200 expression and morphology of large gephyrin-coated
lamina I neurons
Cells that belonged to this population were identified in horizon-
tal sections immunostained for gephyrin, NK1r, and NF200 by

Figure 2. Drawings of 8 of the 15 large gephyrin-coated neurons for which dendritic mor-
phology was analyzed. All of the cells were viewed in horizontal sections through lamina I that
had been reacted with antibodies against gephyrin, NF200, and NK1r, and, in some cases, they
were reconstructed from confocal images from more than one Vibratome section. The cells were
drawn with Neurolucida for Confocal software based on their NF200 immunoreactivity. In each
case, the rostrocaudal axis is horizontal and the mediolateral axis is vertical. The cell marked
with the asterisk is the one that appears in Figure 1a– d. Scale bar, 100 �m.
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the high density of gephyrin-
immunoreactive puncta that surrounded
their cell bodies and proximal dendrites
(Fig. 1a– d). As described previously
(Puskár et al., 2001), these cells were either
unstained or very weakly stained with the
NK1r antibody. All of these cells showed
NF200 immunoreactivity, which was
sometimes faint in the cell body (Fig. 1b,d)
but was strong in the dendrites, and this
allowed the dendritic morphology of these
cells to be examined in more detail than
was possible previously. All of the 15 se-
lected cells were multipolar, with between
four and nine primary dendrites, and ex-
amples are illustrated in Figure 2. The den-
drites generally remained in lamina I or
the overlying white matter without pene-
trating ventrally into deeper laminas. Den-
dritic trees could be followed for 540 �
131 �m (mean � SD) in the rostrocaudal
axis and 272 � 51 �m in the mediolateral
axis, with the maximum length of dendrite
(measured from the soma) varying from
247 to 430 �m.

These cells were readily identified in
transverse sections by the presence of
NF200 and the numerous gephyrin puncta
on their cell bodies and primary dendrites
(Fig. 1e– h). Cell bodies of these neurons
were seen throughout the mediolateral ex-
tent of lamina I and were generally located
in its most superficial part or within the
dorsal columns just above the medial half
of the lamina. Between 8 and 12 cells of this
type were seen on either side in each of the
series of sections through the L4 segments
from the three rats analyzed in this part of
the study, and this corresponded to a mean
value of 10.5 cells (range of 9.6 –11.4) on
each side per 2.5 mm length of spinal cord.
In both horizontal and transverse sections,
NF200 immunoreactivity was also ob-
served in the cell bodies and dendrites of
some of the larger NK1r-positive lamina I
cells, as well as in axons in the dorsal col-
umns, whereas in transverse sections, it
was seen in the dorsal dendrites of cells in
deeper laminas, some of which were NK1r
immunoreactive (Fig. 1e– h), as we re-
ported previously (Polgár et al., 2007).

Contacts between glutamatergic axons
and lamina I neurons
All of the large gephyrin-coated lamina I
neurons were found to receive numerous
contacts from boutons with strong
VGLUT2 immunoreactivity. These con-
tacts were invariably present on cell bodies and on both proximal
and distal dendrites (Fig. 3a– h). The contacts from VGLUT2-
immunoreactive boutons, which were located between the
gephyrin puncta, were so numerous that they outlined the cell
bodies and much of the dendritic trees of these cells. The mean

densities of VGLUT2 contacts per 1000 �m 2 on the proximal and
distal dendrites of these cells were 115 � 21 (mean � SD) and
163 � 72, respectively. The NK1r-expressing lamina I cells also
received contacts from VGLUT2-immunoreactive boutons
(26 � 7 and 37 � 14 contacts per 1000 �m 2 for proximal and

Figure 3. Contacts between VGLUT2-immunoreactive axons and lamina I cells in horizontal sections. a– d show confocal
images scanned to reveal gephyrin (red), VGLUT2 (green), and NF200 (blue) through the cell body and a proximal dendrite of a
large lamina I neuron. The cell, which contains NF200, is coated with gephyrin puncta and receives numerous contacts from
boutons with strong VGLUT2 immunoreactivity. e– h show part of a dendrite belonging to this cell that is located �150 �m from
the soma, scanned to reveal the same types of immunoreactivity. Again, the dendrite has numerous gephyrin puncta and is
outlined by numerous contacts from VGLUT2-positive boutons. i–l, Confocal scans (NK1r, red; VGLUT2, green; CGRP, blue) through
a distal dendrite belonging to an NK1r-positive lamina I cell. The dendrite receives a single contact from a bouton with strong
VGLUT2 immunoreactivity (arrow) and several contacts from CGRP-immunoreactive boutons (arrowheads), some of which show
weak VGLUT2 labeling. Images are projections from two (a– d) or three (e– h, i–l ) optical sections at 0.5 �m z-separation. Scale
bars, 10 �m.

Figure 4. Contacts between CGRP-containing or CTb-labeled primary afferents and dendrites of large gephyrin-coated lamina
I cells in horizontal sections. a– d, Confocal images scanned to reveal gephyrin (red), CGRP (green), and NF200 (blue) show part of
a dendrite that is coated with gephyrin, contains NF200, and receives a few contacts from CGRP-immunoreactive boutons (3 of
which are labeled with arrowheads). e– h were scanned to reveal gephyrin (red), CTb (green), and NF200 (blue) from a rat in
which CTb had been injected into the sciatic nerve 3 d previously. Part of a dendrite that contains NF200 and is coated with
gephyrin puncta is shown, and this receives contacts from CTb-labeled varicosities (2 shown with arrowheads). All images are
projections from four optical sections at 0.5 �m z-separation. Scale bar, 10 �m.
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distal dendrites, respectively). Two-way ANOVA with post hoc all
pairwise multiple comparisons (Holm–Sidak method) revealed
that the large gephyrin-coated cells received significantly more
contacts from VGLUT2 axons per 1000 �m 2 than the NK1r-
immunoreactive neurons ( p � 0.001) and that the gephyrin-
coated cells had a significantly higher density of contacts on distal
than on proximal dendrites ( p � 0.01). The sections that were
used to analyze VGLUT2 contacts on the NK1r cells had also been
immunostained for CGRP, and we found that, although some of
the boutons that contacted these cells showed strong VGLUT2
immunoreactivity and lacked CGRP, many of them were weakly
labeled for the transporter and were also CGRP immunoreactive
(Fig. 3i–l). This is consistent with previous reports that only weak
VGLUT2 immunoreactivity is observed in CGRP-containing
boutons in the superficial dorsal horn (Todd et al., 2003; Alvarez
et al., 2004).

The gephyrin-coated lamina I neurons also received contacts
from CGRP-immunoreactive boutons, but these were at a very
low density (3 � 2 and 7 � 3 contacts per 1000 �m 2 for proximal
and distal dendrites, respectively) and were never arranged in
such a way as to outline parts of the dendritic trees of the cells

(Fig. 4a– d), as occurs with CGRP contacts on the dendrites of
NK1r-immunoreactive lamina I neurons (Fig. 3i–l) (Todd et al.,
2002, their Fig. 5).

In the sections from rats that had received injections of CTb
into the sciatic nerve, CTb-immunoreactive boutons were ob-
served in lamina I on both sides. Fourteen of the 16 gephyrin-
coated cells that were analyzed in these sections received very few
contacts from CTb-immunoreactive boutons (�2 contacts per
1000 �m 2), whereas the remaining two cells had a moderate
density of contacts (8 and 12 contacts per 1000 �m 2) (Fig. 4e– h).

AMPAr expression by gephyrin-coated cells
In sections processed for antigen retrieval to reveal synaptic
AMPAr subunits, both GluR3 and GluR4 antibodies gave a punc-
tate pattern of immunolabeling, as described previously (Nagy et
al., 2004; Polgár et al., 2008). Penetration of GluR3 staining was
generally limited to regions within �5 �m of the section surface,
although punctate GluR4 staining was often seen in deeper parts
of the sections. Dendrites of the large gephyrin-coated cells were
seen to be associated with clusters of GluR4 puncta that also
outlined them and were interspersed between the gephyrin

Figure 5. AMPAr subunit expression on large lamina I gephyrin-coated cells in horizontal sections. All images are from horizontal sections that had undergone antigen retrieval with pepsin. a
shows a large lamina I neuron scanned for gephyrin (red). The gephyrin puncta on this cell outline the soma and dendrites. The region in the box includes part of the dendritic tree of this cell and is
shown in b and b�. These images have been scanned to reveal both gephyrin and GluR4 (green) (b) and GluR4 alone (b�). This part of the dendritic tree is also outlined by numerous GluR4-
immunoreactive puncta. c shows the cell body of another gephyrin-coated neuron. d–f, A dendrite (marked by arrowheads) that belongs to the cell shown in c. The part of this dendrite to the right
of the field was relatively deep within the section and has numerous gephyrin puncta. The region of dendrite to the left of the field approached the section surface and shows large numbers of GluR3
(blue) and GluR4 (green) puncta. The areas in the boxes in e and f are shown at higher magnification in the insets. Note the alignment of GluR3 and GluR4 puncta on either side of the dendritic shaft.
a was obtained from five confocal image stacks each consisting of between 20 and 41 optical sections at 0.5 �m z-spacing; b and b� were from two image stacks (30 and 36 optical sections at 0.5
�m z-spacing); c was from two image stacks (28 and 32 optical sections at 0.5 �m z-spacing); d–f are projections of 22 optical sections at 0.5 �m z-spacing and the insets are from single optical
sections. Scale bar, 20 �m.
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puncta (Fig. 5a,b). In all cases examined, those dendrites that lay
close to the section surface were outlined by puncta that were
immunostained for both GluR3 and GluR4 (Fig. 5c–f), and at
least 30 such puncta were identified on each of the 14 cells ana-
lyzed. In some cases, particularly when TSA was not used to reveal
gephyrin, the gephyrin staining became weaker near the section
surface. However, it was still possible to find regions of dendrite
that had both gephyrin and GluR3/GluR4 puncta (Fig. 5d–f).

In sections that had been reacted with antibodies against
VGLUT2, gephyrin, and GluR4, numerous VGLUT2-
immunoreactive boutons were apposed to dendrites that be-
longed to large gephyrin-coated lamina I cells. On the parts of
these dendrites that lay close to the section surface, large numbers
of GluR4 puncta were found between the gephyrin puncta, and
both of these types of immunoreactivity outlined the dendritic
shafts. Many of the VGLUT2-immunoreactive boutons that were
adjacent to these dendrites were directly apposed to GluR4
puncta on the dendrites of these cells (Fig. 6), and at least 100
such appositions were observed for each of the four cells
examined.

Fos in response to noxious heat
In the rats that had received noxious heat stimulation, large num-
bers of Fos-positive nuclei were detected in the superficial dorsal
horn on the ipsilateral side. Between five and seven of the large
gephyrin-coated neurons and between 10 and 14 multipolar
NK1r-immunoreactive cells were identified within the area of Fos
expression in lamina I from each of these five rats. The propor-
tions of these cells that had Fos-positive nuclei varied from 29 to
57% (mean of 38%) for the gephyrin-coated neurons and from
80 to 90% (mean of 85%) for the NK1r cells, and examples of
labeling are shown in Figure 7. Analysis of the pooled data
showed that this difference was highly significant ( p � 0.001, z
test). We also observed that, although some of the NK1r cells had
nuclei that were strongly labeled for Fos (Fig. 7b– d), only weak or
moderate labeling was present in the nuclei of the gephyrin-
coated cells (Fig. 7e– g).

Thalamic projection of large gephyrin-coated lamina I cells
In all five stereotaxic injection experiments, the PoT was com-
pletely filled with Fluorogold, which also spread into surround-
ing regions of the thalamus as well as into adjacent areas such as
the anterior pretectal and deep mesencephalic nuclei (Fig. 8f,g).
However, there was no spread of Fluorogold into the hypothala-
mus, periaqueductal gray matter, or parabrachial area. In the
three rats that also received CTb injections, the tracer filled the
LPb with some spread into the medial parabrachial, cuneiform,
and Kolliker–Fuse nuclei (Fig. 8e). In one case, there was also
slight spread of CTb into the periaqueductal gray matter.

In these five experiments, between 6 and 12 (mean of 8.4)
large gephyrin-coated lamina I cells were identified on the right
side of the L5 segment, and between one and five (mean of 3.2) of
these were retrogradely labeled with Fluorogold (Fig. 8a,c,d). The
total numbers of Fluorogold-labeled lamina I neurons that were
identified on the right side in these experiments varied from 13 to
22 (mean of 17.6). In the three experiments in which CTb was
injected into the LPb, 86 – 89% of the large gephyrin-coated lam-
ina I cells were retrogradely labeled with CTb (Fig. 8a,b,d).

Discussion
The main findings of this study are (1) that the large gephyrin-
coated lamina I neurons have a very high density of synaptic
input from glutamatergic boutons that contain VGLUT2 but ap-

parently receive few contacts from peptidergic or A� nociceptive
primary afferents, (2) that these cells possess AMPArs that con-
tain both GluR3 and GluR4 at their glutamatergic synapses, (3)
that they are significantly less likely than NK1r-expressing mul-
tipolar cells in lamina I to upregulate Fos in response to noxious
thermal stimulation, and (4) that they constitute �18% of the
lamina I spinothalamic neurons in the L5 segment.

AMPAr expression by large gephyrin-coated lamina I cells
AMPAr subunits at glutamatergic synapses are not reliably de-
tected with conventional immunocytochemistry, because
fixation-induced crosslinking of synaptic proteins prevents ac-

Figure 6. Appositions from VGLUT2-immunoreactive axons are associated with GluR4-
containing puncta on the dendrites of a gephyrin-coated lamina I neuron. a– c show part of a
horizontal section that had been reacted to reveal VGLUT2 with the tyramide signal amplifica-
tion method, processed for antigen retrieval with pepsin and then incubated in antibodies
against gephyrin and GluR4. A stretch of dendrite that belongs to a large gephyrin-coated
lamina I neuron is outlined by both GluR4 (green) and gephyrin (blue) puncta and is associated
with VGLUT2-immunoreactive boutons (red). The merged image (d) shows that several of the
VGLUT2 boutons are directly apposed to GluR4 puncta on the dendrite, and some of these are
indicated with arrowheads. Some of these appositions are shown at higher magnification in the
four images at the bottom of the figure (numbers refer to those in d). The images are projections
of three confocal images at 0.5 �m z-separation. Scale bar, 10 �m.
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cess of antibodies. After antigen retrieval with pepsin AMPAr
antibodies give punctate staining, and we have provided several
lines of evidence to confirm that these puncta correspond to
postsynaptic receptors (Nagy et al., 2004; Polgár et al., 2008): (1)
staining with antibodies against GluR1–GluR3 is absent in tissue
from the corresponding knock-out mice, (2) the puncta are as-
sociated with each neurochemical type of glutamatergic axon ter-
minal throughout the spinal cord, (3) punctate AMPAr staining
is colocalized with that for postsynaptic density protein PSD-95,
and (4) puncta are found to be located at postsynaptic sites with
electron microscopy.

In a recent study, we reported that GluR4 was present at
23% of AMPAr-containing puncta in lamina I and �10% of
those in lamina II (Polgár et al., 2008). In lamina I, these
formed dense clusters that outlined dendritic shafts of certain
neurons, and, based on their size, we suggested that these were
projection cells. Here we confirm this by showing that at least
some of the clusters of GluR4-containing synapses are associ-
ated with dendrites of the large gephyrin-coated lamina I pro-
jection neurons. Polgár et al. (2008) reported that the GluR4-
containing puncta in lamina I were also immunoreactive for
GluR2 and GluR3. We have shown previously that GluR2 is
present at virtually all AMPAr-containing synapses in the spi-
nal cord (Nagy et al., 2004), whereas GluR4 and GluR1 are not
colocalized in lamina I (Polgár et al., 2008). This suggests that
synaptic AMPArs on the gephyrin-coated lamina I neurons
contain GluR2, GluR3, and GluR4, but not GluR1. This is
the first population of dorsal horn neurons for which the sub-
unit composition of postsynaptic AMPArs has been
determined.

Subunit composition determines physiological properties

of AMPArs. For example, GluR1 sub-
units at synapses in superficial dorsal
horn can undergo (PKA-dependent)
phosphorylation at the S845 residue af-
ter noxious stimulation (Nagy et al.,
2004), and there is growing evidence that
insertion of GluR1-containing receptors
into dorsal horn synapses plays a signif-
icant role in inflammatory pain states
(Galan et al., 2004; Katano et al., 2008;
Larsson and Broman, 2008). GluR4, like
GluR1, can undergo PKA-mediated
phosphorylation and activity-dependent
insertion (Esteban et al., 2003), and it is
possible that these mechanisms contrib-
ute to central sensitization of the large
gephyrin-coated projection neurons.

Although GluR4-containing synapses
are relatively uncommon in the superficial
laminas, they are not restricted to this pop-
ulation of cells, because we found that they
are also present on dorsal dendrites of
NK1r-expressing lamina III projection
neurons and on some large NK1r-
immunoreactive neurons in lamina I (A. J.
Todd, unpublished observations). This
suggests that GluR4-containing AMPArs
may be restricted to projection cells in su-
perficial dorsal horn and indicates that
they have a significant role in nociceptive
transmission.

Glutamatergic inputs to the gephyrin-coated neurons
We have previously identified these cells by the presence of
numerous gephyrin puncta, which represent inhibitory axo-
somatic and axodendritic synapses (Puskár et al., 2001). Here,
we show that cells of this type receive a very large number of
contacts from VGLUT2-immunoreactive boutons and that
these were far more numerous than those between VGLUT2
boutons and large multipolar NK1r-immunoreactive lamina I
neurons. Because the VGLUT2 contacts on the gephyrin-
coated cells were associated with GluR4-containing puncta,
we can be confident that these represent glutamatergic syn-
apses. This method of identifying synaptic contacts is far less
labor intensive than electron microscopy, and therefore allows
a much larger sample to be analyzed.

Although VGLUT2 is expressed by A� nociceptive primary
afferents in lamina I (Todd et al., 2003), results after CTb injec-
tion into the sciatic nerve indicate that these afferents are unlikely
to be a major source of monosynaptic input to the gephyrin-
coated cells. The cells also received few contacts from CGRP-
immunoreactive boutons [3–7/1000 �m 2 on proximal and distal
dendrites compared with 23/1000 �m 2 on the dendrites of NK1r-
immunoreactive projection neurons (Todd et al., 2002)], sug-
gesting that they do not have strong direct input from peptidergic
primary afferents. Some non-peptidergic unmyelinated afferents
terminate in lamina I (Dhaka et al., 2008) and may innervate the
gephyrin-coated cells. However, there is no evidence that central
terminals of these afferents express high levels of VGLUT2. The
main source of the numerous VGLUT2-immunoreactive bou-
tons that synapse onto the gephyrin-coated cells is likely to be
excitatory interneurons in the dorsal horn because these express
VGLUT2 (Todd et al., 2003; Alvarez et al., 2004; Cheng et al.,

Figure 7. Fos expression seen 2 h after immersion of one hindpaw in water at 52°C for 45 s. a– d show a field from a horizontal
section through lamina I that had been reacted to reveal gephyrin (green), NK1r (blue,) and Fos (red). A large gephyrin-coated cell
(arrowhead) and a multipolar NK1r-immunoreactive neuron (arrow) are both visible. Several nuclei (including that of the NK1r-
immunoreactive neuron) are labeled with the Fos antibody, but the nucleus of the gephyrin-coated cell is Fos negative. e shows
another gephyrin-coated lamina I cell. f and g are scans through this cell that reveal weak Fos staining in its nucleus. Images are
projections of 12 (a– d), 15 (e), and 4 (f, g) optical sections at 1 �m z-spacing. Scale bar, 20 �m.
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2004; Maxwell et al., 2007; Schneider and
Walker, 2007), and many of them give rise
to substantial axonal arborizations in lam-
ina I (Maxwell et al., 2007). Most of the
excitatory input to these cells therefore
probably arrives through polysynaptic
pathways, and this differs from the ar-
rangement for NK1r-expressing projec-
tion neurons, which receive a strong syn-
aptic input from both peptidergic primary
afferents (Todd et al., 2002) and local ex-
citatory interneurons (Olave and Maxwell,
2003). At present, the types of interneuron
presynaptic to the gephyrin-coated cells
are not known, but these could include
stalked/vertical cells in lamina II (Gobel,
1978; Lu and Perl, 2005). One conse-
quence of the strong polysynaptic input to
the gephyrin-coated cells is that it may
widen the range of primary afferents that
can activate them. Lu and Perl (2005) pro-
posed that much of the A� input to lamina
I projection neurons is transmitted
through vertical cells in lamina II, which is
consistent with the report by Yasaka et al.
(2007) that most vertical cells received
monosynaptic A� input. In addition, these
polysynaptic inputs may be subjected to
strong modulatory influences, for example
by monoamines (Lu and Perl, 2007).

Morphology and function of multipolar
lamina I projection neurons
As reported previously (Puskár et al.,
2001), we found that most gephyrin-
coated lamina I cells were multipolar,
and it has been shown that approxi-
mately one-third of NK1r-expressing
lamina I projection neurons in the rat
are also multipolar (Spike et al., 2003).
The great majority of cells in both of
these populations project to the LPb and
most of those in each class (87% of
gephyrin-coated cells, 79% of multipo-
lar NK1r-expressing cells) showed Fos
immunoreactivity after subcutaneous
injection of formalin (Puskár et al., 2001;
Todd et al., 2002), consistent with the
report that multipolar cells have noci-
ceptive receptive fields (Han et al.,
1998).

However, there are also important differ-
ences between the gephyrin-coated cells and
NK1r-immunoreactive multipolar lamina I
neurons. We showed previously that �60%
of multipolar NK1r projection neurons up-
regulated Fos in response to immersion of
the ipsilateral hindlimb in water at 52°C for
20 s. With the longer (45 s) stimulus used
here, a higher proportion (85%) of multipolar NK1r-
immunoreactive lamina I neurons were Fos positive. However, with
this stimulus, only 38% of gephyrin-coated neurons expressed Fos,
and these cells were never strongly labeled. This suggests that, al-

though some are activated by noxious heating, this is a relatively
ineffective stimulus for the gephyrin-coated cells. Our results sup-
port the suggestion that there is a functional/morphological correla-
tion, because virtually all of the large gephyrin-coated neurons are

Figure 8. Retrograde labeling of large gephyrin-coated lamina I cells. a– d show part of a horizontal section through the contralateral
sideoftheL5segmentfromaratthathadreceivedinjectionsofCTbintothelateralparabrachialareaandofFluorogoldcenteredonthePoT
nucleus of the thalamus. a– d have been scanned to reveal gephyrin (green), CTb (blue), and Fluorogold (FG, red). This field contains three
of the large gephyrin-coated cells (arrows). All of these are retrogradely labeled with CTb, as are numerous other smaller neurons in lamina
I.AlthoughonlyasmallnumberofcellsarelabeledwithFluorogold,theseincludetwoofthegephyrin-coatedcells(theonesontheleftand
right of the field). e, The CTb injection site. f, g, Epifluorescent and bright-field micrographs through the thalamic injection site (interaural
�4.2). a– d are projections of 15 optical sections at 1 �m z-spacing. Scale bars: a– d, 50 �m; e– g, 1 mm.
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multipolar. However, they show that the situation is more complex
than that proposed by Han et al. (1998), because there are at least two
classes of multipolar neuron in lamina I that differ in NK1r expres-
sion, synaptic inputs, and responses to noxious stimuli.

We have estimated that there are �6200 lamina I neurons/
side in the rat L4 segment, of which �400 (6%) are projection
cells (Spike et al., 2003; Al-Khater et al., 2008). However, the
number of spinothalamic neurons in this lamina is far lower
(Lima and Coimbra, 1988; Burstein et al., 1990; Marshall et al.,
1996). We have reported recently that L4 contains �15 lamina
I spinothalamic cells per side (Al-Khater et al., 2008), and in
this study we found a similar number (mean of 17.6) in L5.
Therefore, although the gephyrin-coated neurons make up
only 0.2% of the total neuronal population and �2.5% of
projection neurons in lamina I, they constitute a much higher
proportion (�18%) of the spinothalamic population. Given
the importance of the spinothalamic tract, it is likely that,
despite the small number of these cells, they play a significant
role in transmission of nociceptive information to cortical
areas involved in pain perception. Because these cells lack
NK1r, they will survive intrathecal treatment with substance P
conjugated to saporin (Mantyh et al., 1997) and may therefore
contribute to the normal responses to acute noxious stimuli
that are observed in this model.
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