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The superficial dorsal horn is the synaptic termination site for many peripheral sensory fibers of the somatosensory system. A wide range
of sensory modalities are represented by these fibers, including pain, itch, and temperature. Because the involvement of local inhibition
in the dorsal horn, specifically that mediated by the inhibitory amino acids GABA and glycine, is so important in signal processing, we
investigated regional inhibitory control of excitatory interneurons under control conditions and peripheral inflammation-induced
mechanical allodynia. We found that excitatory interneurons and projection neurons in lamina I and IIo are dominantly inhibited by
GABA while those in lamina IIi and III are dominantly inhibited by glycine. This was true of identified neuronal subpopulations:
neurokinin 1 receptor-expressing (NK1R�) neurons in lamina I were GABA-dominant while protein kinase C gamma-expressing
(PKC��) neurons at the lamina IIi–III border were glycine-dominant. We found this pattern of synaptic inhibition to be consistent with
the distribution of GABAergic and glycinergic neurons identified by immunohistochemistry. Following complete Freund’s adjuvant
injection into mouse hindpaw, the frequency of spontaneous excitatory synaptic activity increased and inhibitory synaptic activity
decreased. Surprisingly, these changes were accompanied by an increase in GABA dominance in lamina IIi. Because this shift in inhibi-
tory dominance was not accompanied by a change in the number of inhibitory synapses or the overall postsynaptic expression of glycine
receptor �1 subunits, we propose that the dominance shift is due to glycine receptor modulation and the depressed function of glycine
receptors is partially compensated by GABAergic inhibition.
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Introduction
Laminae I and II in the spinal cord dorsal horn receive input from
peripheral sensory fibers that convey information about noxious

mechanical, temperature, and chemical stimuli; warm and cold
temperatures; low-threshold mechanical stimuli; and itch. The
dorsal horn circuitry that allows these widely varied sensory mo-
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Significance Statement

Pain associated with inflammation is a sensation we would all like to minimize. Persistent inflammation leads to cellular and
molecular changes in the spinal cord dorsal horn, including diminished inhibition, which may be responsible for enhance excit-
ability. Investigating inhibition in the dorsal horn following peripheral inflammation is essential for development of improved
ways to control the associated pain. In this study, we have elucidated regional differences in inhibition of excitatory interneurons
in mouse dorsal horn. We have also discovered that the dominating inhibitory neurotransmission within specific regions of dorsal
horn switches following peripheral inflammation and the accompanying hypersensitivity to thermal and mechanical stimuli. Our
novel findings contribute to a more complete understanding of inflammatory pain.
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dalities to be perceived as distinct is not visually apparent when
simply observing the tightly packed neurons within this region in
an acutely prepared spinal cord slice. More than 90% of the neu-
rons in lamina I and II are relatively local interneurons with
�30% of these being inhibitory and the rest being excitatory
interneurons (Todd and Sullivan, 1990; Todd and Spike, 1993).
Inhibition in the dorsal horn influences, at a minimum, whether
mildly noxious stimuli are perceived as extremely painful (hyper-
algesia) or whether simple touch is perceived as painful (allo-
dynia; Zeilhofer et al., 2012). It is likely that inhibition in the
superficial dorsal horn will be shown to help control the separa-
tion of all these sensory modalities (Ross, 2011).

Fast synaptic inhibition in the dorsal horn of the spinal cord is
mediated by two amino acid neurotransmitters, GABA and glycine.
When these two transmitters are coreleased, the postsynaptic recep-
tors expressed below each release site determine which amino acid is
dominant in controlling inhibition at that synapse (Jonas et al.,
1998). Careful analysis of individual miniature IPSCs (mIPSCs) has
been used to establish whether a neuron receives glycinergic input,
GABAergic input, or both (Jonas et al., 1998; Chéry and de Koninck,
1999; Keller et al., 2001; Baccei and Fitzgerald, 2004; Mitchell et al.,
2007; Rajalu et al., 2009). The contribution of GABA-mediated and
glycine-mediated components are often identified using decay ki-
netics of the mIPSCs (Jonas et al., 1998; Chéry and de Koninck,
1999). We have taken a different approach to categorizing inhibition
by setting criteria for whether the overall inhibitory inputs a neuron
receives are GABA-dominant (GABA-d) or glycine-dominant
(Gly-d) without establishing the details of individual release sites
(Takazawa and MacDermott, 2010b). Using this approach, we pre-
viously showed that inhibitory neurons in laminae I and IIo mainly
receive GABA-d input while inhibitory neurons in laminae IIi and
III mainly receive Gly-d input (Takazawa and MacDermott, 2010b).

Here we elucidate the rules of inhibition in the superficial
dorsal horn that allow tight control of excitation in a lamina-
specific manner. Because inhibition in the dorsal horn is dimin-
ished following peripheral inflammation (Zeilhofer et al., 2012),
we have also investigated the changes in inhibitory control of
excitatory neurons that accompany peripheral inflammation.

Materials and Methods
Animals. All procedures used were approved by the Columbia University
Institutional Animal Care and Use Committee. The mice used were ho-
mozygous for enhanced green florescent protein (EGFP) transgene with
expression controlled by the mouse gad1 gene promoter (Oliva et al.,
2000). The mice, referred to as GFP-expressing inhibitory neuron (GIN)
mice, were obtained from The Jackson Laboratory and interbred at our
facility.

Spinal cord slice preparation. Postnatal male mice [postnatal day (P)
16 –P32] were anesthetized with isoflurane and decapitated. Than the
lumbar (L3–L5) region of the spinal cord was removed. Spinal cord slices
were prepared as described by Takazawa and MacDermott (2010b).
Briefly, spinal cords were cut into transverse slices (400 �m) with a
microtome (Leica VT1200S). After recovery, slices were transferred to an
upright microscope (BX51WI, Olympus) equipped with fluorescence for
identification of positive neurons and infrared differential interference
contrast (IR-DIC) for electrophysiological recordings. Slices were con-
tinuously perfused with oxygenated Krebs’ solution at a low flow rate of
2 ml/min. Recordings were made at 32 � 1°C. Krebs’ recording solution
saturated with 95% O2/5% CO2 had the following composition (in mM):

125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 25 glucose, 1 MgCl2, 2
CaCl2, pH 7.4.

Patch-clamp recording. Whole-cell patch recordings were made from
putative excitatory EGFP-negative (EGFP �) neurons. Recording elec-
trodes (3–5 M�) were pulled from borosilicate glass capillaries (0.86 mm
inner diameter, 1.5 mm outer diameter) using a P97 electrode puller
(Sutter Instrument). Intracellular solution included the following (in mM):
120 Cs-methanesulfonate, 10 Na-methanesulfonate, 10 EGTA, 1 CaCl2, 10
HEPES, 5 lidocaine N-ethyl bromide quaternary salt Cl, 0.5 NaGTP, 5
MgATP, 0.1% biocytin, pH adjusted to 7.2 with CsOH; 280 mOsm/l. Re-
cordings were made from 188 EGFP � neurons located in lamina I–III
under voltage-clamp control at 32°C. Among the 188 neurons, 116 were
judged to be adequate for further analysis based on the following criteria:
input resistance, �350 M�; access resistance, �40 M�; stable recording
for �25 min.

Data were recorded and acquired using an Axopatch 200B amplifier
and pClamp 9 software (Molecular Devices). Data were filtered at 2 kHz
and digitized at 10 or 20 kHz. After the recording was completed, images
of the recorded neurons were taken using a CCD camera to document the
laminar location of the neuron studied. Under IR-DIC optics, lamina II
appears translucent. If the cell body of the neuron was within this trans-
lucent area, it was judged to be in lamina II. Neurons located in lamina II
were further divided into IIi and IIo based on the images. If a neuron was
dorsal to the translucent band, it was considered to be in lamina I. If a
neuron was ventral to the translucent band, it was considered to be in
lamina III. The distance between the center of soma and the border of the
white and gray matter for most recorded neurons was also measured to
make sure there was a clear distinction among the sample of cells belong-
ing to different lamina (Chéry and de Koninck, 1999). The average dis-
tance for neurons obtained from mice during their third postnatal week
(3W) located in lamina I, IIo, IIi, and III was 18 � 4 �m (n 	 8), 51 � 4
�m (n 	 12), 96 � 5 �m (n 	 20), and 135 � 10 �m (n 	 10),
respectively. The distances for neurons obtained from mice during their
fifth postnatal week (5W) in lamina I, IIo, IIi, and III was 21 � 4 �m
(n 	 5), 49 � 6 �m (n 	 9), 101 � 7 �m (n 	 19), and 154 � 14 �m (n 	
4), respectively.

Recording from preidentified NK1R� lamina I neurons. The labeling of
NK1R� dorsal horn neurons with fluorescent dye has been described
previously (Labrakakis and MacDermott, 2003; Torsney and MacDer-
mott, 2006; Tong and MacDermott, 2014). In brief, spinal cord slices
were incubated in high-Mg 2� Krebs’ solution containing 20 – 40 nM

tetramethylrhodamine-conjugated substance P (TMR-substance P) for
20 –30 min at room temperature following 1 h of recovery at 36°C. After
unbound substance P was washed away for �20 min in an incubation
chamber containing oxygenated high-Mg 2� Krebs’ solution, slices were
transferred to the recording chamber. NK1R� neurons were identified
as expressing NK1R by clear, strong labeling with TMR-substance P. For
this identification, captured frames were integrated using Scion Image.
The number of frames for integration was usually �10 but it depended
upon the cell. A cell was considered positive for NK1R if the edge of its
soma was rimmed with NK1R immunoreactivity. Many of these cells also
had visible processes with NK1R immunoreactivity.

Electrophysiological data analysis. Spontaneous IPSCs (sIPSCs) were
recorded in normal Krebs’ recording solution and mIPSCs were recorded
with added tetrodotoxin (TTX; 0.5 �M). Both were detected and analyzed
using Mini Analysis software (Synaptosoft) off-line. The threshold for
detection of sIPSCs and mIPSCs was set at three times the root mean
square of the background noise, and each event was further confirmed by
visual inspection after detection. When analyzing the mIPSCs, two cri-
teria, the decay taus of mIPSCs and the effect of bicuculline on mIPSC
frequency, were used to divide putative excitatory, EGFP � neurons into
two distinct populations, which is similar to what was done in our pre-
vious study (Takazawa and MacDermott, 2010b). The percentage block
of mIPSC frequency by bicuculline was determined as the number of
mIPSCs within the last 2 min in the presence of TTX and bicuculline
divided by the number of mIPSCs within a 2 min window just before
bicuculline application in TTX.

CFA and behavior. Mice used in this study were P25–P32. Using a
50 ml Hamilton microsyringe with a 30 gauge needle, 30 �l of CFA or
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saline was injected into the plantar surface of the left hindpaw. Behavioral
assessments of thermal and mechanical hypersensitivity were made at 1,
2, 7, and 14 d after injection.

For testing heat sensitivity, hindpaw withdrawal latency was measured
in five unrestrained mice housed individually in plastic chambers (IITC
Life Science) as previously described (Udesky et al., 2005; Tibbs et al.,
2013). After acclimation, thermal stimulation from a movable infrared
heat source was applied through an aperture under the glass plate to the
hindpaw of the resting mouse. Withdrawal latency was measured as the
time from the onset of the light (heat) to the time of hindlimb movement.
This was repeated five times on each paw with a 1 min interval between
heat applications. Methods were the same as those described previously
(Tibbs et al., 2013).

For testing mechanical sensitivity, the mice were placed on an elevated
mesh floor and enclosed in the same covered plastic chambers men-
tioned above. Von Frey filaments were pushed up through the mesh
flooring and against each mouse’s hindpaw. A response to a filament was
identified as the withdrawal of the paw when pressure was applied for 1 s.
The von Frey filaments were applied in order of increasing pressure until
a paw withdrawal took place. Ipsilateral and contralateral paws were
sequentially tested with a single fiber, with fiber strengths of 0.05, 0.4, 0.6,
1.1, 2.5, 3.3, and 4 
 g tested from weakest to strongest. Then the value of
the filament’s bending force and that of the previous filament were aver-
aged to identify the final value of bending force that could be tolerated by
that individual mouse. Methods were the same as those described previ-
ously (Tibbs et al., 2013).

Immunohistochemistry. Lumbar spinal cord segments (L3–L6) were
obtained from P30 GIN mice anesthetized with ketamine/xylazene (ket-
amine: 100 mg/kg; xylazine: 10 mg/kg, i.p.), then perfused with cold 4%
formaldehyde in 0.1 M phosphate buffer (PB). Tissue was postfixed for
4 h then cryoprotected in 30% sucrose in 0.1 M PB before cryostat
sectioning.

NeuN-EGFP-GABA. For experiments designed to assess the percent-
age of EGFP � neurons that were GABAergic, transverse sections (40
�m) were collected and blocked (1 h) in 5% normal donkey serum
(NDS) in PBS with 0.3% Triton X-100. Antibody diluents contained 1%
NDS in PBS with 0.3% Triton X-100 (NDST). Triple immunostaining
was performed with sheep antiserum to GFP, mouse antiserum to neu-
ronal nuclei (NeuN), and rabbit antiserum to GABA with an overnight
incubation. Secondary antibodies, applied for 3 h, were Alexa 488-
conjugated anti-sheep IgG, Cy-5-conjugated anti-mouse IgG, and Cy-3-
conjugated anti-rabbit IgG. Colocalization of NeuN with EGFP and/or
GABA was assessed using a Nikon Eclipse TE2000E microscope (40

magnification) connected to EZ-C1 image acquisition system (Nikon).
For quantitative analysis, single sides of the dorsal horn from 7– 8 sec-
tions per animal were used for cell counting. All cells within 150 �m of
the dorsal edge of the gray matter were considered to be within laminae
I–III. Counts were averaged for each marker for each individual animal.
Three separate averages (n 	 3 animals) were expressed as the mean �
SEM to give final values.

GABA or glycine-IB4-PKC�. We performed triple immunofluores-
cence labeling to study the distribution GABAergic and glycinergic neu-

rons in laminae I–III. We used rabbit antiserum to GABA, glycine, anti-
guinea pig PKC�, and biotinylated isolectin B4 (IB4). Secondary labeling
was performed with Cy-3-conjugated anti-rabbit IgG, Cy-5-conjugated
anti-guinea pig IgG, and streptavidin-Alexa 488. IB4 and PKC� were
used as regional markers of the dorsal horn. Laminae I–III were divided
into six different divisions: A, lamina I (dorsal to the IB4 band); B, lamina
IIo (dorsal half of IB4 band); C, dorsal part of lamina IIi (ventral part of
IB4 band); D, ventral part of lamina IIi (dorsal half of PKC� band); E,
laminae IIi–III border (ventral half of PKC� band); and F, lamina III
(from ventral edge of PKC� to 150 �m ventral to the outer edge of lamina
I). Sections were imaged using a Nikon Eclipse TE2000E microscope
(40
 magnification) connected to an EZ-C1 confocal image acquisition
system (Nikon). For quantitative analysis, one side from each dorsal
horn, from seven to eight sections per animal, were used for cell count-
ing. All cells �150 �m from the dorsal edge of the gray matter were
considered laminae I–III. GABA or glycine-positive counts were aver-
aged for each division (A–F) within each histological section from each
animal. Three separate averages (n 	 3 animals) were expressed as the
mean � SEM to give final values.

Biocytin-NK1R or PKC�. To assess colabeling of biocytin-filled neu-
rons used in electrophysiology experiments, slices used for electrophys-
iology were fixed in 4% paraformaldehyde in 0.1 M PB overnight at 4°C
after the recording. Slices were immersed in blocking solution [0.1%
Triton X-100, 10% normal goat serum (NGS) in PBS] for 1 h at room
temperature; and then incubated with rabbit antiserum to PKC� or
NK1R overnight at room temperature. Slices were rinsed in PBS, and
incubated in secondary antibody diluents (1% BSA, 0.1% Triton X-100,
and 10% NGS in PBS) for 1 h at room temperature before incubation
with streptavidin-Alexa 568 (1:500; Zymed/Invitrogen) and Cy5-goat
anti-rabbit IgG for 3 h at room temperature. Fluorescent images were
captured with a confocal microscope (Nikon). Further analysis of
z-stacks was performed using Nikon EZ-C1 viewer software and Adobe
Photoshop (Adobe Systems).

Glycine R�1-vesicular GABA transporter-gephyrin. To count glyciner-
gic inhibitory synapses expressing glycine receptor �1 (GLR�1), spinal
cord sections were stained with guinea pig antiserum to vesicular GABA
transporter (VGAT) as a presynaptic marker, rabbit antiserum to GLR�1
as a glycine receptor-specific marker, and mouse antiserum to gephy-
rin as a postsynaptic inhibitory synapse marker, and incubated at 4°C
for 48 h. Secondary antibodies were Cy5-conjugated anti-mouse IgG,
Cy3-conjugated anti-rabbit IgG, and anti-guinea pig Alexa Fluor 488.
Puncta were imaged using 60
 magnification on a Zeiss image-
acquisition system. Four images were analyzed per animal per treat-
ment. Three animals each were used for saline and CFA treatment.
Puncta were counted between 100 and 150 �m (laminae IIi–III bor-
der) and 150 –200 �m (laminae III/IV) ventral to the border between
gray and white matter. Inhibitory synaptic puncta were scored if
gephyrin and VGAT puncta overlapped by �1 pixel. Density was
calculated across each 50 
 50 �m image. While synaptic density was
visibly variable within each image, overall density was averaged over
each of the 12 total images analyzed at each of the two lamina loca-
tions under each of the two conditions.

Table 1. Antibodies used in study

Primary
Antibody Species Dilution Source, catalogue number

Secondary
Antibody Dilution Source, catalogue number

GFP Sheep 1:500 Biogenesis, 4743 Donkey anti-sheep IgG Alexa Fluor 488 1:1000 Invitrogen, A-11015
NeuN Mouse 1:1000 Chemicon, MAB377 Donkey anti-mouse IgG Cy5 1:1000 Jackson Immunoresearch, 715-175-150
GABA Rabbit 1:5000 Sigma-Aldrich, A2052 Donkey anti-rabbit IgG Cy3 1:1000 Jackson Immunoresearch, 711-165-152
Glycine Rabbit 1:5000 David Pow Donkey anti-rabbit IgG Cy3 1:1000 Jackson Immunoresearch, 711-165-152
PKC� Guinea pig 1:15000 Strategic Biosolutions Donkey anti-guinea pig IgG Cy5 1:1000 Jackson Immunoresearch, 706-175-148
PKC� Rabbit 1:1000 Santa Cruz, SC-2 Goat anti-rabbit IgG Cy5 1:500 Jackson Immunoresearch, 111-175-144
IB4 Biotinylated 1:1000 Invitrogen, 121414 Streptavidin Alexa Fluor 488 1:1000 Invitrogen, S11223
NK1 Rabbit 1:500 Novas Biologicals, NB300-101 Goat anti-rabbit IgG Cy5 1:500 Jackson Immunoresearch, 111-175-144
VGAT Guinea pig 1:5000 Synaptic Systems, 131 004 Donkey anti-guinea pig IgG Cy5 1:1000 Jackson Immunoresearch, 706-175-148
GLR�1 Rabbit 1:100 Chemicon, AB15012 Donkey anti-rabbit IgG Cy3 1:1000 Jackson Immunoresearch, 711-165-152
Gephyrin Mouse 1:1000 Synaptic Systems, 147 021 Donkey anti-mouse Alexa Fluor 488 1:1000 Jackson Immunoresearch, 715-545-150
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All antibodies used in this study are listed in Table 1 for easy
referencing.

Statistics. Results are presented as mean � SEM. Statistical tests
were performed using Prism software (GraphPad). Differences be-
tween groups are considered significant for p � 0.05.

Results
Identification of putative excitatory neurons in the spinal
cord slice preparations
The spinal cord dorsal horn has multiple polysynaptic excitatory
pathways that drive output projection neurons and are con-
trolled by inhibitory interneurons (Torsney and MacDermott,
2006; Miraucourt et al., 2007; Ross et al., 2010; Wang et al., 2013).
We have previously shown that inhibitory interneurons in the
spinal cord dorsal horn, representing �30% of the neurons there,
are themselves subject to lamina-specific inhibitory control
(Takazawa and MacDermott, 2010b). The neurons that are nei-
ther inhibitory nor projection neurons, which comes to �70% of
the neurons in laminae I–III of the dorsal horn, are assumed to be
glutamatergic interneurons (Todd, 2010). In this study we spe-
cifically focus on these excitatory interneurons using transgenic
GIN mice, first described by Oliva et al. (2000), to allow us to
identify our neurons of interest.

In previous studies, nearly all inhibitory neurons within the
superficial laminae of the dorsal horn were reported to be
GABAergic while glycine is coexpressed with GABA in a subpop-
ulation of those neurons (Todd and Sullivan, 1990; Polgár et al.,
2013). In GIN mice, not all GABAergic neurons express EGFP
(Heinke et al., 2004; Dougherty et al., 2005, 2009). It follows that
the absence of EGFP expression does not necessarily mean a neu-
ron is excitatory. GAD67-driven EGFP expression in GABAergic
neurons of this transgenic line has been shown to vary with age or
location. In one study, one-third of lamina II GABAergic neurons
were EGFP� in adult mice (Heinke et al., 2004), while in another

study, two-thirds of lamina I GABAergic neurons were EGFP� in
P14 mice (Dougherty et al., 2005). To establish this relationship
in laminae I–III of �P30 mice, we have performed triple fluores-
cence imaging using antibodies to the pan-neuronal marker,
NeuN, to the inhibitory transmitter, GABA, and to transgenically
expressed EGFP (n 	 3 animals; Fig. 1A–D). The total number of
neurons in each field was defined as all cells expressing NeuN
(Fig. 1E). The total number of neurons with colocalized GABA,
the total number of neurons with colocalized EGFP, and the total
number of neurons with both GABA and EGFP are shown in
Figure 1E. Based on these results, we calculated the ratio of
EGFP� neurons within the total population of GABAergic neu-
rons (Fig. 1F, black bars; 55 � 5, 62 � 4, and 50 � 5%) and the
ratio of GABAergic neurons within the total population of
EGFP� neurons (Fig. 1F, white bars; 76 � 2, 73 � 3, and 63 �
3%). Furthermore, we found that nearly 90% of neurons without
EGFP are not GABAergic neurons (Fig. 1F, gray bars 87 � 2, 89 �
1, and 88 � 2%). Therefore, we recorded from EGFP� neurons
as a way of enriching for excitatory neurons. We will call these
neurons putative excitatory neurons.

Two distinct populations of EGFP � neurons defined by
synaptic inhibitory inputs
Excitatory neurons in the dorsal horn are known to be heteroge-
neous in their neurochemistry, firing properties, and afferent in-
puts they receive. They thus may also be heterogeneous in how
their excitability is regulated. We have previously shown that
inhibitory dorsal horn neurons are inhibited in a region-specific
manner. The neurons at the lamina II–III border receive synapses
that are predominantly glycinergic while the neurons at laminae I
and IIo receive synapses that are predominantly GABAergic
(Takazawa and MacDermott, 2010b). To determine whether dif-
ferent subpopulations of putative excitatory neurons are regu-

Figure 1. Identification of excitatory neurons in spinal cord slice preparations obtained from GAD67 GIN mice. A–C, Lamina I–III dorsal horn neurons from adult (P29) GIN mice (n 	 3) were
stained with antibodies against NeuN (A, pseudo color), EGFP (B), and GABA (C). D, Merged images of NeuN, EGFP, and GABA immunoreactivity. Scale bar, 50 �m. Dorsal top, medial left in each
panel. E, Total number of neurons expressing NeuN (cyan bars), EGFP (green bars), GABA (red bars), and EGFP with GABA (gray bars) in lamina I–III dorsal horn of adult (P29) GIN mice (n 	 3).
Neurons located in a single plane were counted. F, The ratio for GABA with EGFP over total GABA (black bars), EGFP with GABA over total EGFP (white bars), and non-EGFP without GABA over total
non-EGFP (gray bars). These results suggest that most (�90%) non-EGFP neurons are excitatory. G, The percentage of EGFP and GABA-positive neurons, and GABA with EGFP neurons, as a function
of total NeuN-positive neurons. The numbers and ratios shown here are averaged values obtained from eight slices for each animal. Results are presented as means � SEM.
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lated differently by inhibition in a lamina-specific manner similar
to inhibitory neurons, we first analyzed mIPSCs recorded from
EGFP� neurons. Mice in their third and fifth postnatal weeks
(3W and 5W; 3W: n 	 31; range, P16 –P18; mean, P16.6 � 0.1;
5W: n 	 28; range, P29 –P31; mean P30.2 � 0.1) were used.
Neurons were voltage clamped at 0 mV for recording mIPSCs.

mIPSC frequency was measured for each neuron tested in the
presence of TTX, then with added bicuculline. Strychnine was
added at the end of each experiment to confirm that all mIPSCs
were GABA-mediated or glycine-mediated. Figure 2A,B shows
data from a neuron in which the mIPSC frequency (after TTX)
was only slightly changed by bicuculline. Figure 2C,D shows data
from a neuron in which mIPSC frequency was strongly affected
by bicuculline.

Based on inhibitory synaptic properties, including the effect of
bicuculline on mIPSC frequency and on mean decay tau of

mIPSCs, putative excitatory neurons were readily divided into
two distinct populations, either Gly-d or GABA-d. We did not fit
the decay phase of individual mIPSCs using an exponential func-
tion while defining GABA-d and Gly-d neurons because mIPSCs
could theoretically exhibit up to four decay components if the
underlying GABAA receptor and glycine receptor components of
the mIPSCs were both double-exponential (Mitchell et al., 2007).
Gly-d neurons (3W: n 	 18; 5W: n 	 16) had mIPSCs with
relatively fast decay taus, where tau was defined as the time to
decay to 33% of the peak amplitude and by low sensitivity to
bicuculline (Fig. 2A,B,E, inset). In contrast, GABA-d neurons
(3W: n 	 13; 5W: n 	 12) had mIPSCs with relatively slow decay
taus and high sensitivity to bicuculline (Fig. 2C,D,E, inset). Gly-d
neurons had decay taus �13 ms while GABA-d neurons were
defined as having mIPSC decay taus �13 ms (Fig. 2E). Neurons
with �76% decrease in frequency in bicuculline were considered

Figure 2. Excitatory neurons in the spinal cord dorsal horn have regionally distinct properties of synaptic inhibitory input. A, C, Representative current traces obtained from a neuron having
bicuculline (BIC; 10 �M)-resistant mIPSCs with relatively fast kinetics (A) and from a neuron having BIC-sensitive mIPSCs with relatively slow kinetics (C). Holding membrane potential was 0 mV. B,
D, Histograms for mIPSC frequency corresponding to left traces. E, Excitatory neurons from mouse dorsal horns at 3 and 5 weeks (3W and 5W) of age could be divided into two distinct populations,
Gly-d and GABA-d, on the basis of the property of inhibitory synaptic inputs. Filled and open circles indicate individual neurons at 3W and 5W, respectively. The inset shows the typical averaged trace
for the mIPSC of Gly-d (pink; decay taus, 5.0 ms, averaged from 36 events in same neuron as A and B) and GABA-d (blue; decay taus, 20.0 ms, averaged from 92 events in same neuron as C and D)
neurons. F, H, Soma locations of Gly-d (pink circles) and GABA-d (blue circles) neurons at P16 –P18 (3W; F ) and at P29 –P32 (5W; H ). Right and top of the schematic diagram shows lateral and dorsal
edge of the dorsal horn, respectively. Laminae I, II, and III are separated by dotted lines. G, I, In both populations corresponding to F and H, Gly-d neurons were the major population at the lamina
II–III border (3W: n 	 19; 5W: n 	 12), while GABA-d neurons (blue bars) were the major population in laminae I and IIo (3W: n 	 12; 5W: n 	 14; p � 0.01 for both at 3W and 5W, Fisher’s exact
test). Bars indicate incidence of neurons located in laminae I and IIo, and at the lamina II–III border.
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Gly-d neurons while neurons with �76% decrease of mIPSC
frequency in bicuculline were considered GABA-d neurons (Fig.
2E). The two criteria of decay tau and bicuculline sensitivity of
mIPSC frequency independently separated the same two popu-
lations of neurons. These criteria are the same as those used pre-
viously for inhibitory dorsal horn neurons (Takazawa and
MacDermott, 2010b).

GABA-d and Gly-d putative excitatory neurons are in
different regions of the superficial dorsal horn
Identification of two populations of putative excitatory neurons
based on inhibitory synaptic input raises the question of whether
these neurons have distinct locations within the dorsal horn or
are mixed randomly throughout laminae I–III. To investigate this
question, the location of each recorded neuron categorized as
Gly-d and GABA-d from 3W animals was plotted as shown in
Figure 2F. From visual inspection, it is evident that Gly-d neurons
are mainly located somewhat deeper in the superficial dorsal
horn while GABA-d neurons are generally located more superfi-
cially. To quantify the distribution of Gly-d and GABA-d neu-
rons, the percentage of each type of neuron located in laminae I
and IIo (laminae I/IIo) and in lamina IIi and the dorsal border of
III (lamina II–III border) is plotted in Figure 2G. It is clear that
excitatory Gly-d neurons (pink bars) are the major population at
the lamina II–III border (n 	 19) while EGFP� GABA-d neurons
(blue bars) are the major population in laminae I/IIo (n 	 12;
p � 0.01, Fisher’s exact test).

We next determined whether region specificity of synaptic
inhibitory input changed developmentally. We recorded inhibi-
tory inputs to putative excitatory neurons obtained from animals
during their fifth postnatal week (5W). Again, those neurons
could be divided into two distinct populations based on synaptic
inhibitory input properties using the same definition as neurons
obtained from 3W animals. Gly-d neurons (pink bars) were
prominent at the lamina II–III border (n 	 12) and GABA-d
neurons (blue bars) were a major population in laminae I/IIo
(n 	 14; Fig. 2H, I; p � 0.01, Fisher’s exact test), suggesting that
region specificity of synaptic inhibitory input onto putative ex-
citatory neurons was preserved after maturation was complete. In
addition, regional properties for synaptic inhibitory input were
the same, no matter what the type of neuron (i.e., excitatory or
inhibitory).

The distribution of neurons expressing glycine or GABA in
the superficial dorsal horn
Gly-d or GABA-d synaptic transmission can be due to the relative
amounts of glycine or GABA released at synapses, to the compo-
sition of the receptors expressed at postsynaptic sites, or to both.
Neurons inhibitory to other lamina II neurons are distributed
within the same dorsoventral dimension relative to those neu-
rons (Kato et al., 2009; Yasaka et al., 2010). Thus, the laminar
distribution of inhibitory neurons expressing glycine or GABA
may be similar to the distribution of Gly-d and GABA-d neurons.
To investigate this possibility, we performed immunostaining for
glycine and GABA. We used antibodies against IB4 and PKC� to
standardize the empirical definition of laminae in superficial dor-
sal horn (see Materials and Methods). The regions stained with
IB4 and PKC� antibody were clearly separated (Fig. 3A,B). The
distribution pattern of glycine-positive (Fig. 3A,D) and GABA-
positive (Fig. 3 B, D) neurons in laminae I–III showed that
glycine-expressing neurons are more prominent at the lamina
IIi–III border whereas GABA-expressing neurons are more
prominent near laminae I/IIo. These results show that the loca-

tion of glycinergic inhibitory neurons at the lamina II–III border
is consistent with the dominance of glycinergic synaptic control
of excitatory neurons in that region. The more dorsal lamina I
and IIo inhibitory neurons were mainly GABAergic, which is
consistent with the finding that putative excitatory neurons in
that region received synapses that were predominantly GABA-d.
These findings imply that the presence of both transmitter and
receptor is important for determining which inhibitory amino
acid transmitter is dominant in different regions of the dorsal
horn.

The distribution of Gly-d and GABA-d neurons was
independent of recording conditions, including membrane
holding potential
We used low-Cl�-containing pipette solution combined with
voltage-clamping membrane potential at 0 mV to investigate in-
hibitory control of putative excitatory dorsal horn neurons in
most of our experiments. However, under these strongly depo-
larized conditions, it is likely that Ca 2� enters the neuron
through voltage-gated Ca 2� and NMDA receptors. This Ca 2�

may result in modification of glycine and GABAA receptor func-
tion, influencing our assessment of neurons as Gly-d and
GABA-d. To rule out this possibility, we used a pipette solution
containing a high concentration of Cl�, shifting the Cl reversal
potential close to 0 mV. Under these conditions, neurons could
be voltage-clamped at �70 mV and mIPSCs seen as inward cur-
rents. Recording in the presence of antagonists for both AMPA
and NMDA receptors enabled us to isolate inhibitory synaptic
currents during whole-cell patch-clamp recording at �70 mV.
Nineteen neurons obtained from 3W GIN mice were divided into
Gly-d and GABA-d neurons (Fig. 4A–E) using the same defini-
tion as was used previously. Among 19 neurons, 11 were defined
as Gly-d, while 8 were defined as GABA-d. As shown in Figure
4F,G, the distribution pattern of Gly-d and GABA-d neurons was
similar to that of neurons recorded at 0 mV (Fig. 2F,G), suggest-
ing that the effect of recording membrane potential on the inter-
pretation of whether a neuron was GABA-d and Gly-d was
negligible.

Inhibition of specific subtypes of excitatory neurons
Many projection neurons in lamina I express receptors for sub-
stance P, the NK1 receptors (Cameron et al., 2015). We have
previously shown that lamina I, NK1R� neurons receive high-
threshold (A�/C fiber) monosynaptic and/or polysynaptic inputs
under control conditions (Torsney and MacDermott, 2006).
However, blockade of local glycinergic and GABAergic inhibition
by applying antagonists to these receptors revealed significant
polysynaptic A fiber input to the lamina I NK1R� neurons. This
revealed input was predominantly A� fiber mediated, suggesting
that polysynaptic low-threshold input onto lamina I, NK1R�
neurons may be an underlying component of the hypersensitivity
present in chronic pain states (Torsney and MacDermott, 2006;
Tong and MacDermott, 2014). Despite this observation, we do
not know whether glycinergic or GABAergic neurons synapse
directly onto NK1R� neurons and suppress their neuronal ex-
citability. To address this issue, whole-cell patch-clamp record-
ings were performed after prelabeling NK1R� neurons in spinal
cord slices incubated with TMR-substance P (see Materials and
Methods; Labrakakis and MacDermott, 2003; Torsney and Mac-
Dermott, 2006). Figure 5A shows an example of an NK1R� neu-
ron identified in lamina I from which a recording was made.
Immunostaining of the recorded neurons, as indicated by stain-
ing for biocytin (Fig. 5B), was performed to confirm that the

Takazawa et al. • Synaptic Inhibition of Dorsal Horn Neurons J. Neurosci., March 1, 2017 • 37(9):2336 –2348 • 2341



prelabeled and recorded neurons were immunopositive for anti-
body to NK1R. Pink pixels show immunoreactivity to NK1R in
the recorded neuron (Fig. 5C). We used mIPSCs to investigate
the type of inhibitory synaptic input received by lamina I,
NK1R� neurons obtained from 3W GIN mice. The neuron
shown in Figure 5A–C was GABA-d neurons as shown in Figure
5G. Six of seven NK1R� neurons were GABA-d (Fig. 5I).

PKC�� neurons receive innocuous input via A� fibers at the
lamina IIi–III border (Neumann et al., 2008; Peirs et al., 2014).
They are part of a local excitatory circuit that mediates dynamic
mechanical allodynia after loss of glycinergic inhibitory control
(Miraucourt et al., 2007; Lu et al., 2013). These studies suggested
that glycinergic inhibition of PKC�� neurons normally closes a
gate for a low-threshold pathway to lamina I. This pathway opens
following injury, producing dynamic mechanical allodynia.
However, evidence directly showing how PKC�� neurons are
inhibited is still lacking. To address this issue, we recorded from
randomly chosen putative excitatory neurons. Following record-
ing, spinal cord slices were immunostained using antibody
against PKC�. Twenty-seven neurons were successfully filled
with biocytin and, of those, four (two lamina IIi, two lamina III)
had PKC� immunoreactivity. Figure 5D–F shows one of those
neurons recognized as PKC��. Among four PKC�� neurons,
three were defined as Gly-d neurons (Fig. 5I).

These data demonstrate that NK1R� neurons predominantly
received GABAA receptor-mediated synaptic inhibitory inputs
and that PKC�� neurons predominantly received glycine

receptor-mediated synaptic inhibitory inputs. This is consistent
with our earlier results showing that the neurons at laminae I and
IIo receive synapses that are predominantly GABAergic while the
neurons at the lamina IIi–III border receive synapses that are
predominantly glycinergic (Fig. 2).

Change from Gly-d to GABA-d following CFA-induced
paw inflammation
Thermal and mechanical hypersensitivity develop following
CFA-induced peripheral inflammation and it has been suggested
that this is due to diminished glycinergic inhibition (Müller et al.,
2003; Harvey et al., 2004). Because glycinergic inhibition of ex-
citatory interneurons is dominant in lamina IIi and suppression
of glycinergic inhibition in this region results in mechanical allo-
dynia (Miraucourt et al., 2007), we hypothesized that inflamma-
tion may decrease glycinergic dominance in the lamina IIi–III
border and alter the balance between excitatory and inhibitory
synaptic activity. To test this, recordings were made from neu-
rons located in the lamina IIi–III border taken from mice injected
with saline or CFA 2–3 d earlier. After establishing that both
thermal and mechanical hypersensitivity developed in the CFA-
injected animals (Fig. 6A,B), spontaneous excitatory and inhib-
itory synaptic events were recorded. There was an increase in the
frequency of excitatory activity and a decrease in inhibitory ac-
tivity, producing an overall increase in excitation over inhibition
(Fig. 6C). At the same time, there was an increase in the ampli-
tude of excitatory synaptic events with no significant change de-

Figure 3. The distribution of neurons with glycine and GABA immunoreactivity. A, B, Lamina I–III dorsal horn neurons from adult (P28) GIN mice (n 	 3) were stained with antibodies against
glycine (A) and GABA (B). C, Illustration showing divisions for counting number of stained neurons determined by IB4 and PKC� immunoreactivity. D, The percentage of glycine-positive (pink) and
GABA-positive (blue) neurons in each division was calculated as a function of the total number of glycine-positive and GABA-positive neurons counted in all divisions, respectively. Scale bars, 50 �m.

2342 • J. Neurosci., March 1, 2017 • 37(9):2336 –2348 Takazawa et al. • Synaptic Inhibition of Dorsal Horn Neurons



tected in the amplitude of inhibitory events (Fig. 6D). Thus, the
excitatory charge transfer was increased in excitatory neurons in
lamina IIi following exposure to CFA (Fig. 6E).

To determine whether there is a change in Gly-d under CFA
conditions, we compared mIPSCs in lamina IIi from saline-
injected and CFA-injected animals. The overall mIPSC frequency
was decreased in lamina IIi of CFA-injected animals (Fig. 7A).
These mIPSCs were subjected to the same analysis as described
earlier to reveal whether the neurons were GABA-d and Gly-d.
The analysis using bicuculline sensitivity and mean decay tau
showed a similar clustering into the two types of synaptic physi-
ology (Fig. 7B). Interestingly, however, the excitatory neurons in
lamina IIi shifted to a more GABA-d phenotype following CFA
injection (Fig. 7C–E).

The change from mainly Gly-d to more GABA-d following
CFA could be due to an alteration in inhibitory synapse number,
decreased glycine receptor expression at existing synapses, or a

change in functioning of existing receptors. To address this ques-
tion, we performed immunohistochemistry with antibodies to
three elements in the inhibitory synapses: presynaptic VGAT
(Fig. 8A), postsynaptic GABA and glycine receptor-associated
scaffolding protein gephyrin (Fig. 8B), and the GLR�1 (Fig. 8C).

Glycine receptors are pentameric ligand-gated ion channels
composed of � and � subunits assembled in a 2:3 stoichiometry
(i.e., 2�3�). Initially, the �1/� heteromer was considered the
dominant glycine receptor isoform at adult synapses in the spinal
cord. Later, the presence of �3 subunit containing glycine recep-
tors in laminae I and II and their role in inflammatory pain were
reported (Harvey et al., 2004; Lynch and Callister, 2006). More
recently, Graham et al. explored the presence of various glycine
receptor subunits in this region using spasmodic mouse, which
has a naturally occurring mutation (A52S) in the �1 subunits of
the glycine receptor (Graham et al., 2011). They found that the
response to exogenously applied glycine was reduced in �75% of

Figure 4. The distribution of Gly-d and GABA-d excitatory neurons at 3 weeks of age did not change when using high-chloride-containing internal solution. A, C, Representative current traces
obtained from a neuron having bicuculline (BIC; 10 �M)-resistant mIPSCs with relatively fast kinetics (A), and a neuron having BIC-sensitive mIPSCs with relatively slow kinetics (C). Holding
membrane potential was �70 mV. B, D, Histograms for mIPSCs frequency correspond to left traces. E, Excitatory neurons from mouse dorsal horn could be divided into two distinct populations,
Gly-d or GABA-d, on the basis of the property of inhibitory synaptic inputs. Filled circles indicate individual neurons. The inset shows the typical averaged trace for the mIPSC of Gly-d (pink; decay taus,
9.4 ms, averaged from 41 events in same neuron as A and B) and GABA-d (blue; decay taus, 32.3 ms, averaged from 58 events in same neuron as C and D) neurons. F, Soma locations of Gly-d (pink
circles) and GABA-d (blue circles) neurons. Right and top of the schematic diagram show lateral and dorsal edge of the dorsal horn, respectively. Laminae I, II, and III are separated by dotted lines.
G, Gly-d neurons were the major population at the lamina II–III border (n 	 10), while GABA-d neurons (blue bars) were the major population in laminae I and IIo (n 	 8; p � 0.05, Fisher’s exact
test). Bars indicate incidence of neurons located in laminae I and IIo, and at the lamina II–III border.
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neurons tested in the spasmodic sample, suggesting that these
neurons contained either �1-� or even �1/�3-� isoforms while
the remaining neurons showed normal glycinergic responses.
These data suggest that most glycine receptors in the mouse lam-
inae I/II contain �1 subunits. Thus, using antibody to GLR�1 to
assess synapses with glycine receptors reflects the majority of gly-
cinergic synapses.

High-resolution confocal imaging was used to identify indi-
vidual puncta with each immunolabel (Fig. 8A–G). Colocaliza-
tion of VGAT� and gephyrin� puncta was used to estimate the

total number of inhibitory synapses in the lamina IIi–III border
region (Fig. 8E–G; see Materials and Methods). Overlap of
VGAT� and gephyrin�, together with GLR�1 puncta, enabled
us to estimate the number of synapses that included a GLR�1
glycinergic component. Figure 8D shows an example of a triple-
labeled spinal cord dorsal horn at low resolution. Figure 8E–G
shows the puncta observed at higher resolution.

Analysis of these immunohistochemical data are shown in
Figure 8H, I. There was no change in the density of inhibitory
synapses near the lamina IIi–III border (100 –150 �m) or in lam-

Figure 5. Properties of inhibitory synaptic inputs onto NK1R� and PKC�� neurons. A–C, Identification of an NK1R� neuron in spinal cord slice preparation. A, Optical image for TMR
substance-P-labeled neuron obtained before electrophysiological recording. B, C, Confocal images obtained from same neuron as A following fix and staining for biocytin-filled recorded neuron and
with anti-NK1R. D–F, Confocal images for PKC��, biocytin-filled recorded neuron, and merged image. G, H, Histograms for mIPSC frequency corresponding to neurons shown in A–C and D–F,
respectively. I, NK1� and PKC�� neurons could be divided into two distinct populations, Gly-d or GABA-d, on the basis of the property of inhibitory synaptic inputs. NK1� and PKC�� neurons
were indicated by squares and circles, respectively. The inset shows the typical averaged trace for the mIPSC of PKC�� neurons (pink; decay taus, 10.5 ms, averaged from 54 events in same neuron
as D, E, and H ), and NK1R� neurons (blue; decay taus, 16.6 ms, averaged from 74 events in same neuron as A–C and G). J, Soma locations of NK1R� (squares) and PKC�� (circles) neurons. Right
and top of the schematic diagram show lateral and dorsal edge of the dorsal horn, respectively. Laminae I, II, and III are separated by dotted lines. Scale bars: A, B, D–F, 20 �m; C, 10 �m.
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inae III/IV (150 –200 �m) with saline or CFA injection as seen in
Figure 8H. Similarly, there was no change in the percentage of
inhibitory synapses with detectable levels of GLR�1 (Fig. 8I). The
absence of immunohistochemical support for detectable changes
in inhibitory synapses in the lamina IIi–III border region while

there was a sharp shift from Gly-d to GABA-d inhibition of ex-
citatory interneurons suggests the possibility that modification of
receptor properties is the most likely explanation for the domi-
nance shift.

Discussion
Selective recordings from putative excitatory neurons
The heterogeneous populations of excitatory and inhibitory in-
terneurons in the spinal cord dorsal horn have important roles in
normal sensory processing and in the generation of pathological
pain. In an early effort to understand their differential contri-
butions to dorsal horn circuitry, a scheme to functionally dis-
tinguish excitatory and inhibitory neurons within lamina II
classified them mainly by their somatodendritic morphology
(Grudt and Perl, 2002) and functional connectivity (Lu and Perl,
2005; Zheng et al., 2010). More recently, considerable progress
has been made using genetic markers to identify subpopulations
of neurons contributing to specific circuitries within this small
region of the CNS (Duan et al., 2014; Peirs et al., 2015). We have
used GIN mice and recorded from EGFP� neurons to study the
broader population of putative excitatory neurons within the
dorsal horn, enabling us to search for regional differences in in-
hibitory control.

One issue of concern is how representative the EGFP� neu-
rons are of the entire excitatory neuron population in laminae
I–III. We demonstrate here that we improved the odds of record-
ing from excitatory neurons to �90% using EGFP� neurons.
This calculation assumed that glycinergic neurons coexpress
GABA, and therefore GAD, in mouse dorsal horn (Polgár et al.,

Figure 6. The balance between synaptic excitatory and inhibitory inputs on excitatory neu-
rons located in laminae IIi and III in the spinal cord was changed after peripheral inflammation.
A, B, CFA injection to hindpaw of mice significantly decreased the nociceptive escape threshold
for thermal (A) and mechanical (B) stimuli (Tukey’s post hoc test). Hargreave’s and von Frey
tests were performed before and 2 h, 24 h, 48 h, 7 d, and 14 d after the injection. C, The
frequency of sEPSCs was greater in CFA-injected mice (filled yellow bar, n 	 21) than in saline-
injected mice (filled blue bar, n 	 17). The frequency of sIPSCs was smaller in CFA-injected mice
(open yellow bar, n 	 21) than in saline-injected mice (open blue bar, n 	 17). D, The ampli-
tude of sEPSCs was greater in CFA-injected mice (filled yellow bar, n 	 21) than in saline-
injected mice (filled blue bar, n 	 17). E, After being normalized by cell capacitance, total
excitatory charge transfer was greater in CFA-injected mice (filled yellow bar, n 	 21) than in
saline-injected mice (filled blue bar, n 	 17). Data are shown as means � SEM. *p � 0.05,
***p � 0.001.

Figure 7. Synaptic inhibition of excitatory neurons located in lamina IIi changed after pe-
ripheral inflammation. A, The frequency of mIPSCs recorded from excitatory neurons located in
lamina IIi from CFA-injected mice was lower than that in saline-injected mice (n 	 15 and 12,
respectively; p � 0.05, unpaired t test). B, Excitatory neurons located in lamina IIi could be
divided into two distinct populations, Gly-d or GABA-d, on the basis of the property of inhibitory
synaptic inputs. Blue and yellow triangles indicate individual neurons recorded from saline-
injected and CFA-injected mice, respectively. C, D, Soma locations of Gly-d (pink circles) and
GABA-d (blue circles) neurons in saline-injected and CFA-injected mice (n 	 12 and 15, respec-
tively). E, The percentage of Gly-d and GABA-d neurons changed after CFA injection ( p � 0.05,
Fisher’s exact test).
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2013). An alternative approach to ours was to directly identify
excitatory neurons using EGFP driven by the vGluT2 promoter.
However, study of vGluT2::EGFP bacterial artificial chromo-
some (BAC) transgenic mice revealed only about one-third of all
excitatory dorsal horn neurons express EGFP under these condi-
tions (Punnakkal et al., 2014). With our approach, despite inclu-
sion of some glycinergic neurons, our EGFP� neurons were a
highly enriched excitatory population of dorsal horn neurons.

Mixed glycine and GABAA receptors mediated mIPSCs
Estimates of the dominance of glycine and GABA as fast inhibi-
tory transmitters in the dorsal horn have traditionally depended
upon analysis of recorded mIPSCs. In our analysis, mIPSC decay
taus and sensitivity of mIPSC amplitudes to bicuculline were
used to define dominance. We found putative excitatory neurons
to be GABA-d in laminae I/IIo and to be Gly-d in laminae IIi and
III. A few neurons showed purely glycinergic or GABAergic
mIPSCs and these localized with Gly-d and GABA-d neurons
respectively, which is similar to findings from our previous stud-
ies with inhibitory neurons in GIN mice (Takazawa and MacDer-
mott, 2010b). In another study, more than half of neurons that
were EGFP� excitatory neurons in the vGluT2::EGFP BAC P17–
P28 mice received mixed GABAA receptor-mediated and glycine
receptor-mediated polysynaptic inputs driven by primary affer-

ent stimulation. However, �25% of the remaining neurons re-
ceived exclusively glycinergic input (Punnakkal et al., 2014).
While these recordings were made in laminae I and II, we would
predict they were mainly in the lamina II–III border area as that is
where Gly-d neurons are prominent in our experiments.

GABA-d and Gly-d synaptic input consistent with density of
GABAergic and glycinergic neurons
Excitatory neurons in the dorsal horn are known to be heteroge-
neous in their neurochemistry, afferent inputs, and firing prop-
erties and thus are likely to be heterogeneous in how their
excitability is regulated (Yasaka et al., 2010; Punnakkal et al.,
2014). Glycine and GABAA receptors are both present on many
postsynaptic membranes in spinal cord dorsal horn, although
some synapses have exclusively either glycine or GABAA recep-
tors (Todd et al., 1996). Immunohistochemical studies show that
expression of GLR�1 subunits gradually increases from dorsal to
ventral in the dorsal horn (Harvey et al., 2004), while GABAA

receptor �3 subunits are most dense in laminae I and II (Todd et
al., 1996), although the distribution pattern of GABAA receptors
varies with the different GABAA receptor subunits (Bohlhalter et
al., 1996).

Inhibitory neurons synapse mostly on other neurons within
the same laminar location in the spinal cord dorsal horn (Kato et

Figure 8. Spinal cord dorsal horns from GIN P26 mice (saline and CFA injected) were stained with antibodies to show inhibitory synapses with and without GLR�1. A–C, Anti-VGAT (A, blue),
anti-gephyrin (B, green), and anti-GLR�1 (C, red) were used. Unstained EGFP is also apparent as green fluorescence in B. D, Merged images with the three antibodies. Scale bar, 100 �m. E–G,
Images at high resolution for counting synapses. Colocalization of VGAT�and gephyrin puncta, evidence of inhibitory synapses, were marked with arrows in G. Inhibitory synapses with and without
GLR�1 immunoreactivity were indicated by red and white arrows, respectively. Scale bar, 2 �m. H, Average density of inhibitory synapses (colocalization of VGAT� and gephyrin puncta) within
the regions counted. I, Average percentage of inhibitory synapses that are GLR�1 (�) from both lamina levels counted are plotted for both saline-injected (n 	 3) and CFA-injected (n 	 3) mice.
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al., 2009). We show that glycinergic neurons are located promi-
nently in the lamina II–III border. This distribution of glycine
immunoreactivity is similar to that reported in rats (Todd and
Sullivan, 1990) and mice (Polgár et al., 2013; Punnakkal et al.,
2014). The Gly-d we demonstrate here in the lamina II–III border
codistributes with the glycinergic neurons there. GABAergic neu-
rons are more prominent in lamina I, lamina IIo, and the dorsal
portion of lamina IIi and this is consistent with the general
GABA-d of synaptic input demonstrated here.

Postsynaptic receptor modification resulting in a shift from
Gly-d to GABA-d
Following peripheral inflammation, we show a shift from Gly-d
of inhibition of putative excitatory neurons in the lamina II–III
border area to GABA-d. This was accompanied by enhanced ex-
citatory charge transfer and an overall decrease in mIPSC fre-
quency. These prominent changes in inhibition raise the question
of whether they reflect a loss of glycinergic inhibitory input, an
enhancement of GABA input, a shift in transmitter receptor ex-
pression, or inflammation-associated modulation of GABA or
glycine receptor function.

During peripheral inflammation, many chemical mediators, in-
cluding cytokines and prostanoids, are released into the spinal cord.
One of the inflammatory mediators, prostaglandin E2 (PGE2), selec-
tively inhibits glycinergic neurotransmission (Ahmadi et al., 2002).
Glycine receptor �3 (GLR�3) subunit is known as a target for such
PGE2-induced modulation of glycinergic transmission (Ahmadi et
al., 2002). GLR�3 is predominantly expressed in lamina II and over-
laps with GLR�1, the latter of which becomes the predominant
subunit expressed ventral from lamina II (Harvey et al., 2004). At
the lamina II–III border, many synapses express both glycine re-
ceptor subunits (Harvey et al., 2004). Besides, proinflammatory
cytokines, including IL-1� and IL-6, reportedly reduced glycin-
ergic inhibition on dorsal horn neurons (Kawasaki et al., 2008).
Therefore, the shift to GABA-d in that region may be, in part, due
to inhibition of glycine receptors.

Synaptic inhibition mediated by GABAA receptors in lamina
II is markedly increased by activation of endogenous neurosteroid-
based antinociceptive control during peripheral inflammation
(Poisbeau et al., 2005). Decay time constants of GABAergic
mIPSCs recorded from inflamed animals were significantly
longer than those of saline-injected controls. Also, a reduction
occurs in the proportion of glycinergic mIPSCs replaced by
mixed GABAergic/glycinergic mIPSCs (Poisbeau et al., 2005).
These observations may help explain the inflammation-
induced changes in mIPSCs we report here because enhance-
ment and prolongation of the GABAergic component of
mIPSCs is expected to contribute to the shift to GABA-d at the
lamina II–III border with inflammation.

Using our morphological analysis, we were unable to detect
any changes in inhibitory synapses caused by CFA-induced in-
flammation. This is consistent with the idea that synaptic inhibi-
tion was modulated after peripheral inflammation through a
change in functioning of existing glycine and GABAA receptors
but not morphological changes.

How could this impact behavior?
Spontaneous excitatory inputs onto putative excitatory neurons
located at the lamina II–III border was greater in CFA-injected
mice than that in saline-injected mice while inhibition was less.
The excitatory PKC� neurons at the lamina II–III border area
receive inputs from myelinated low-threshold afferents associa-
tion with touch (Neumann et al., 2008). These could be the be-

ginning of a circuitry associated with mechanical allodynia in that
they receive touch input but can drive excitation up toward lam-
ina I nociceptive output neurons. Increased excitability of
PKC�� neurons in the lamina II–III border was shown to induce
excitability in transient central neurons at lamina IIo (Lu et al.,
2013). Thus, excitatory synaptic drive was observed to flow from
the lamina II–III border dorsally across lamina II toward lamina
I via neurons with long ventral dendrites called vertical neurons.
These transient central and vertical neurons receive high-
threshold A�-fiber and C-fiber inputs and normally respond to
noxious mechanical and thermal stimuli (Lu and Perl, 2005;
Maxwell et al., 2007; Kato et al., 2009; Takazawa and MacDer-
mott, 2010a; Todd, 2010). Thus, depression of mIPSC frequency
in the lamina II–III border where PKC� neurons are located
accompanies the shift of inhibition from Gly-d to GABA-d and
may contribute to mechanical allodynia associated with periph-
eral inflammation.

Although we did not test whether excitability of neurons in
lamina IIo changed after CFA-induced inflammation, the en-
hanced excitation of neurons in lamina II–III border due to local
disinhibition could drive lamina IIo neurons to fire action poten-
tials. TRPV1� afferent fibers, which terminate in laminae I and
IIo, are responsible for heat and mechanical pain sensitivity
(Cavanaugh et al., 2009; Duan et al., 2014). This suggests that
increased excitation of neurons in lamina IIo could result in a
hypersensitivity to both heat and mechanical pain. Therefore,
hyperexcitability of neurons at the lamina II–III border due to
paw inflammation could be sufficient to induce both thermal
hyperalgesia and mechanical allodynia as shown in our behav-
ioral tests. However, further studies to clarify changes in inhibi-
tory inputs onto dorsal horn neurons other than lamina II–III
border neurons are necessary to fully understand the mecha-
nisms underlying abnormal nociception after peripheral
inflammation.
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