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Neuropathic pain is characterized by mechanical allodynia induced by low-threshold myelinated Aβ-fiber 
activation. The original gate theory of pain proposes that inhibitory interneurons in the lamina II of the 
spinal dorsal horn (DH) act as “gate control” units for preventing the interaction between innocuous and 
nociceptive signals. However, our understanding of the neuronal circuits underlying pain signaling and 
modulation in the spinal DH is incomplete. Using a rat model, we have shown that the convergence of glycin-
ergic inhibitory and excitatory Aβ-fiber inputs onto PKCγ+ neurons in the superficial DH forms a feed-for-
ward inhibitory circuit that prevents Aβ input from activating the nociceptive pathway. This feed-forward 
inhibition was suppressed following peripheral nerve injury or glycine blockage, leading to inappropriate 
induction of action potential outputs in the nociceptive pathway by Aβ-fiber stimulation. Furthermore, 
spinal blockage of glycinergic synaptic transmission in vivo induced marked mechanical allodynia. Our 
findings identify a glycinergic feed-forward inhibitory circuit that functions as a gate control to separate 
the innocuous mechanoreceptive pathway and the nociceptive pathway in the spinal DH. Disruption of this 
glycinergic inhibitory circuit after peripheral nerve injury has the potential to elicit mechanical allodynia, 
a cardinal symptom of neuropathic pain.

Introduction

In 1965, Melzack and Wall proposed a well-known hypothesis, the 
gate theory of pain, which has been highly influential for nearly 
50 years (1). However, the theory remains primarily a matter of 
conjecture, due to insufficient evidence to substantiate the neural 
circuitry underlying pain signaling and modulation in the spinal 
dorsal horn (DH). The theory predicts that inhibitory interneu-
rons in the lamina II of the spinal DH act as “gate control” units 
for the interaction between innocuous and nociceptive signals (1). 
Mechanical allodynia — pain produced by normally nonpainful 
mechanical stimuli (e.g., light touch) — is a hallmark of neuro-
pathic pain. It has been proposed that information conveyed via 
the innocuous mechanoreceptive pathway may gain access to and 
excite nociceptive pathway in neuropathic pain conditions (2–6). 
The spinal DH is a relay station in which sensory information is 
received, integrated, and relayed to several brain regions. Terminals 
from different functional classes of primary afferents are segre-
gated in different laminae of the spinal DH: thinly myelinated Aδ 
and unmyelinated C fibers of most nociceptors and some mecha-
noreceptors innervate the superficial laminae I and II (7–11), 
whereas touch-sensing, heavily myelinated Aβ fibers of mechano-
receptors terminate in the laminae IIi to IV (3, 10–12). Accordingly, 
under normal physiological conditions, the innocuous and noci-
ceptive pathways are kept separated in the DH. However, pharma-
cological suppression of DH inhibitory neurons in vivo by antag-

onists of glycine or GABAA receptors induces tactile allodynia 
(3, 4, 13). In particular, reduced inhibition in the spinal DH after 
peripheral nerve injury contributes to the genesis of mechanical 
allodynia (14–16). Therefore, the inhibitory circuit in the spinal 
DH is believed to be critical for maintaining the separation of the 
innocuous and nociceptive pathways (2–5, 16).

Studies of pharmacological blockage of GABAergic and/or gly-
cinergic (Gly) synaptic transmission (disinhibition) in the spinal 
DH and trigeminal system have revealed a novel polysynaptic 
low-threshold Aβ fiber input onto lamina I nociceptive neurons 
(6, 14–19). These studies proposed that there is a preexisting con-
nection from the low-threshold mechanoreceptive pathway to the 
nociceptive pathway, which is normally under strong inhibitory 
control. Mechanical allodynia in neuropathic pain conditions 
may thus result from the activation of this preexisting connec-
tion, leading to a miscoding of tactile information by cells that 
normally only respond to painful stimuli (3, 5, 20).

How the input from mechanoreceptive sensory fibers is pro-
cessed by the nociceptive pathway in pathological conditions 
remains unclear, largely because knowledge of the neuronal cir-
cuits formed by inhibitory and excitatory interneurons within the 
spinal DH is at best fragmentary (3). The aims of the present study 
are (a) to define the circuitry formed by the identified spinal lam-
inae II/III neurons, (b) to examine the responses of the circuitry 
following Aβ-fiber stimulation, and (c) to further investigate the 
neural plasticity of the circuitry in a neuropathic pain condition. 
Using simultaneous “paired” patch-clamp recordings, together 
with anatomical approaches, we identified a specific preexisting 
excitatory connection from the low-threshold mechanoreceptive 
pathway to the nociceptive pathway in the spinal DH. This con-
nection is normally silent or ineffective, as it is under strong Gly 
inhibitory control of a feed-forward inhibitory circuit located in 
the junction of spinal laminae II/III. This feed-forward inhibition 
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was abrogated, as a result of spinal nerve injury or glycine block-
age, and, subsequently, activation of the low-threshold Aβ fibers 
evoked action potentials (APs) in the nociceptive pathway in a neu-
ropathic pain condition produced by spinal nerve ligation (SNL).

Results

Paired patch-clamp recordings identify synaptic connections of PKCγ+ 
neurons in the spinal laminae II/III. PKCγ-expressing (PKCγ+) inter-
neurons are restricted in lamina IIi and play a key role in the pro-
cessing of tactile inputs both in physiological and pathological 
conditions (12, 17, 21, 22). These PKCγ+ neurons are located right 
between the laminae in which low-threshold mechanoreceptive 
and nociceptive inputs terminate, respectively (3, 23). We first used 
simultaneous “paired” patch-clamp recordings, in combination 
with intracellular biocytin labeling and immunohistochemistry 
for PKCγ, to search for the synaptic connections of PKCγ+ neurons 
with neurons located in lamina III or lamina IIo from L5 spinal 
slices of naive rats. The experimental arrangement is shown in  
Figure 1. Details of the criteria we used to classify DH neurons 
and characterize the synaptic connections have been published 

previously (3, 7, 8, 24, 25). Fifty-one out of 242 neuron pairs 
(21%) evidenced synaptic connection in the naive rats. Mor-
phological and electrophysiological details were sufficiently 
complete to allow for identification of 16 pairs as inhib-
itory connections from lamina III Gly neurons to lamina 
IIi PKCγ+ neurons and 18 pairs as excitatory connections 
from PKCγ+ neurons to lamina IIo transient central (TC) 
neurons. The relative locations of the recorded pairs in the 
slices are shown in Supplemental Figure 1 (supplemental 
material available online with this article; doi:10.1172/
JCI70026DS1). The remaining 17 pairs (9 inhibitory and 8 
excitatory connections) were categorized into unidentified 
connections, because of insufficient morphological and/or 
electrophysiological details.

Summary of the unidentified connections in the naive rats. In  
3 out of the 9 unidentified inhibitory pairs, the inhibitory 
postsynaptic potentials (IPSPs) were reversibly eliminated 
by the GABAA receptor antagonist bicuculline (10 μM) but 
unaffected by the glycine receptor antagonist strychnine  
(2 μM), indicative of a GABA-mediated synaptic transmis-
sion. In 2 GABAergic connections, the postsynaptic neuron 
alone was marked adequately to permit cell-type categoriza-
tion; both of these were TC neurons. The presynaptic cell 

alone was well labeled in 1 GABAergic pair and was identified as 
an islet cell type. The other 6 unidentified inhibitory connections 
were identified as Gly linkages. In 3 of the Gly connections, the 
postsynaptic neuron alone was marked adequately and was cate-
gorized as a PKCγ+ neuron in 2 pairs and a TC cell in 1 pair. The 
presynaptic cell alone was well labeled in 1 Gly pair and was identi-
fied as an islet cell type. Both neurons of the remaining 2 Gly pairs 
were not marked well enough to permit cell-type categorization.

In the 8 unidentified excitatory connections, the presynaptic 
cell alone was well labeled in 1 pair and was identified as a PKCγ+ 
neuron, the postsynaptic neuron alone was marked adequately 
in 3 pairs and was identified as a TC neuron, and both presynap-
tic and postsynaptic neurons were unidentified in 4 pairs. More 
data are needed to determine whether definitive patterns exist, 
although the examples noted are suggestive of a GABAergic pro-
jection and a Gly connection from lamina III to lamina II TC 
neurons. All of the synaptic connections we found in this study 
were unidirectional. We did not find any reciprocal connec-
tions in the present study, which is focused on the connections 
between lamina III and lamina II, although we have previously 

Figure 1
Illustration of paired patch-clamp recordings in sagittal spinal 

cord slices. (A) Diagram of the typical experimental paradigm. 

Sagittal spinal slices (400- to 600-μm thick) with an attached 

DR (8- to 10-mm long) were cut from the lumber spinal cord. 

Separate recording electrodes were used to make simultaneous 

whole-cell recordings from 2 neurons located in laminae IIo and 

IIi or laminae IIi and III. A suction electrode was used to stimulate 

DR to evoke synaptic responses in recorded neurons. C, caudal; 

D, dorsal; R, rostral; V, ventral. (B) Confocal image of 2 biocyt-

in-labeled pairs of the recorded neurons. (C) Immunostaining 

shows that PKCγ-positive neurons are mainly distributed in 

lamina IIi. The boundaries of PKCγ neuron plexus were used 

to de�ne lamina IIo, IIi, and III. (D) The overlay confocal image 

shows that 1 cell in pair 1 is PKCγ positive (arrow). Scale bar: 

100 μm. I, lamina I; IIo, lamina IIo; IIi, lamina IIi; III, lamina III.
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reported reciprocal connections in the same lamina (lamina II) 
sampled from mice (26).

A feed-forward inhibitory circuit gates the output of PKCγ+ neurons fol-
lowing low-threshold Aβ-fiber stimulation. We found that 16 pairs of 
neurons exhibited a common feature: an AP in 1 neuron evoked an 
IPSP in the other neuron of the pair (Figure 2A and Supplemental 

Figure 2). The evoked unitary 
IPSP had a shorter IPSP rise 
time (≈10 ms) and duration 
(50% decay ≈ 33 ms) when 
compared with GABAergic 
unitary IPSPs reported previ-
ously (rise time ≈ 35 ms, 50% 
decay ≈ 98 ms) (Table 1 and 
ref. 8). The IPSPs in all pairs 
were completely blocked by 
the Gly receptor antagonist 
strychnine (2 μM; n = 16;  
Figure 2A) but not affected by 
the GABAA receptor antago-
nist bicuculline, even at a high 
concentration (20 μM; n = 16; 
Figure 2A), indicative of a Gly-
mediated synaptic transmis-
sion. The presynaptic cells were 
located in the lamina III near 
or in the junction of laminae 
II/III (Figure 2B and Supple-
mental Figure 2) and regularly 
exhibited rather depolarized 
resting membrane potentials 
(RMPs; –50.7 ± 3.1 mV; n = 16) 
and tonic discharge pattern 
(Figure 2C and Supplemental 
Table 1). On the other hand, 
the postsynaptic neurons were 
all PKCγ positive and located 
in the lamina IIi (Figure 2B 
and Supplemental Figure 2), 
consistently had higher RMPs  
(–60.2 ± 2.7 mV; n = 16) than 
the presynaptic neurons, and 
had a high frequency and tran-
sient pattern of APs (Figure 2C 
and Supplemental Table 1). 
The inhibitory synaptic trans-
mission between Gly neurons 
and PKCγ+ neurons was gen-
erally reliable, as indicated by a 
relatively low rate of transmis-
sion failure (6% ± 3%; n = 16;  
Table 1), and exhibited short-
term potentiation following 
repetitive APs in 100-ms inter-
val (paired-pulse ratio: 1.6 ± 0.3;  
n = 16; Figure 2A, Supplemen-
tal Figure 2, and Table 1).

We next sought to identify 
the type of primary afferent 
input to Gly and PKCγ+ neu-

rons in the identified inhibitory circuitry using dorsal root (DR) 
stimulation. Simultaneous recording indicated that DR stimu-
lation evoked synaptic responses in both Gly and PKCγ+ neurons 
of the 16 pairs with inhibitory connections (Figure 2, D and E). 
Based on the stability of the response latency on repeated trials 
(Figure 2F), the DR-evoked responses were judged to be monos-

Figure 2
A feed-forward inhibitory circuit gates the output of PKCγ+ neurons following low-threshold Aβ-�ber stimula-

tion. (A) Gly unitary inhibitory connection between Gly and PKCγ+ neurons. The bottom trace shows the APs 

initiated by 3 successive depolarizing pulses in Gly neuron. Top traces show the evoked unitary IPSPs in 

PKCγ+ neuron. (B) Confocal images show 30-μm-thick optical stacks of the recorded neuronal pair. Arrows 

indicate the PKCγ+ cell; an arrowhead indicates putative axon. Insets show 1-μm-thick optical stacks of the 

PKCγ+ cell. Scale bar: 100 μm. (C) AP patterns of the recorded neurons. (D) Schematic diagram of the feed-

forward inhibitory circuit. (E) DR stimulation at Aβ-�ber strength evokes a biphasic response in the PKCγ+ 

cells (monosynaptic EPSPs and polysynaptic IPSPs) and EPSPs with APs in the Gly cells. (F) Repetitive DR 

stimulation (20 Hz) indicates the evoked EPSPs are monosynaptic. Arrows indicate the stimulus artifacts. 

(G) Strychnine blocks the Aβ-�ber strength–evoked polysynaptic IPSPs and generates long-lasting EPSPs 

with APs in PKCγ+ neurons. (H) The C-�ber strength stimulation does not recruit C-�ber inputs in both PKCγ+ 

and Gly neurons in the presence of strychnine.
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ynaptic. The latency of the evoked responses for any given pair was 
very close (variations <0.2 ms) for the presynaptic and postsynaptic 
cells (Figure 2F). The calculated conduction velocity (CV) of the DR 
fibers evoking the first phase of these responses was 4.61 ± 0.3 m/s  
in the presynaptic cells and 4.60 ± 0.2 m/s in the postsynaptic 
cells (P > 0.05, n = 16). This CV is consistent with that of rodent 
Aβ fibers recorded at 22°C to 25°C (27, 28). Furthermore, consis-
tent with the homogeny of the latency and CV, the threshold for 
the DR-evoked response in both neurons was also very close (0.2 ± 
0.02 V; n = 16). A biphasic response was evoked in the PKCγ+ cells, 
characterized by monosynaptic excitatory postsynaptic potentials 
(EPSPs) and polysynaptic IPSPs (n = 16; Figure 2E). The amplitudes 
of the monosynaptic EPSPs were relatively small, because the IPSPs 
appeared at the earlier rising phase of the EPSPs. Notably, the IPSPs 
were eliminated by strychnine (n = 8; Figure 2G) but not by bicucul-
line (n = 8; Figure 2E). In the presence of strychnine, the Aβ-fiber 
strength DR stimulation generated long-lasting EPSPs and, con-
sequently, repetitive APs in PKCγ+ neurons (n = 16; Figure 2G); the 
C-fiber strength stimulation did not recruit C-fiber inputs in both 
PKCγ+ and Gly neurons (n = 16; Figure 2H). Notably, the Gly neu-
ron type that we characterized here had islet cell–like morphology 
and a tonic firing pattern. A recent study reported that most par-
valbumin-expressing inhibitory neurons concentrated in laminae 
IIi and III have islet cell–like morphology and receive inputs from 
myelinated afferents (29). These parvalbumin cells are a possible 
source of inhibitory presynaptic input onto myelinated primary 
afferents and may play an important role in the development of 
tactile allodynia. Further study is needed to characterize the Gly 
cells and their relationship with parvalbumin cells.

These results indicate the existence of a feed-forward inhibitory 
circuit in the junction of spinal laminae II/III, in which the Gly 
inhibitory interneurons and their target PKCγ+ neurons are acti-
vated by the same excitatory input from low-threshold Aβ fibers 
(Figure 2D). The PKCγ+ neurons are normally under strong Gly 
inhibitory control. Upon activation of the low-threshold Aβ fibers, 
the PKCγ+ neurons receive 2 types of input, excitatory input (EPSP) 

from Aβ fibers and inhibitory input (IPSP) from 
Gly interneurons. Under the control of the inhib-
itory input, the excitatory input cannot elicit AP 
output in the PKCγ+ neurons. But this feed-for-
ward inhibition is attenuated by blocking the Gly 
synaptic transmission. As a result of this disinhi-
bition, activation of the low-threshold Aβ fibers 
evokes AP output in PKCγ+ neurons.

Feed-forward excitatory connections from PKCγ+ 
neurons to nociceptive TC neurons are normally silent 
after Aβ-fiber stimulation. Next, we examined the 
postsynaptic targets of PKCγ+ neurons in the lam-
ina II. In 18 pairs that we identified using paired 
patch-clamp recordings, induction of AP in 1 cell 
evoked a prompt unitary EPSP, with constant 
latency in the other (Figure 3A and Supplemen-
tal Figure 3). In all cases, the AMPA glutamate 
receptor antagonist CNQX (20 μM) essentially 
blocked the evoked postsynaptic response (data 
not shown), indicating a glutamate-mediated 
synaptic transmission. The presynaptic neurons 
were all PKCγ+ and located in lamina IIi (Figure 
3B and Supplemental Figure 3). Their physiolog-
ical and morphological features — including the 

RMPs, pattern of APs, soma sizes, and dendritic characteristics 
— closely fit that of the PKCγ+ neurons in the above-mentioned 
Gly-PKCγ+ connections. Of note, the postsynaptic neurons were 
all located in the lamina IIo (Figure 3B and Supplemental Fig-
ure 3). These neurons exhibited transient firing in response to 
sustained depolarizing current (Figure 3C). The physiological 
and morphological features of the postsynaptic neurons in all 
18 pairs closely match those of lamina II TC neurons identified 
previously (7, 8, 24, 26, 30, 31). The excitatory synaptic transmis-
sion from PKCγ+ neurons to TC neurons was less reliable, as indi-
cated by a relatively high rate of transmission failure (23% ± 5%;  
n = 18; Table 1), and exhibited short-term depression induced by 
repetitive APs in 100-ms intervals (paired-pulse ratio: 0.6 ± 0.2, n = 
18; Figure 3A, Supplemental Figure 3, and Table 1).

The primary afferent input to PKCγ+ and TC neurons that forms 
the excitatory connection was also identified using DR stimula-
tion. Simultaneous recording revealed that DR stimulation at Aβ-
fiber strength (0.2 ± 0.02 V) evoked a biphasic synaptic response 
in PKCγ+ neurons, monosynaptic EPSPs and polysynaptic IPSPs 
(n = 18), the same as demonstrated in the Gly-PKCγ+ linkages (Fig-
ure 3E). The CV of the DR fibers evoking EPSPs in PKCγ+ cells was 
4.60 ± 0.3 m/s (n = 18). However, the intensity of Aβ-fiber stim-
ulation (0.2 ± 0.02 V) (or even a higher one that can activate Aδ 
fibers, 1.3 V) failed to evoke any synaptic response in TC cells (Fig-
ure 3, E and F). Only when the stimulus intensity was increased 
to the range of high-threshold C-fiber intensity (6.1 ± 0.3 V;  
n = 18) were long-latency monosynaptic EPSPs recruited in the 
TC cells (Figure 3G). The CV of the DR fibers evoking EPSPs 
in the TC cells was 0.31 ± 0.02 m/s (n = 18), in alignment with 
the range of rodent high-threshold C fibers at 22°C to 25°C  
(8, 27, 28). However, in the presence of strychnine, but not bicu-
culline (Figure 3E), DR stimulation at Aβ strength (0.2 V) — which 
normally failed to evoke any synaptic response in TC neurons — 
generated Aβ-fiber–mediated EPSPs and repetitive APs both in 
TC neurons and PKCγ+ neurons (n = 18; Figure 3H). The strych-
nine application did not recruit additional C-fiber inputs, except 

Table 1

Comparison of unitary postsynaptic potentials between naive and SNL rats

 Normal (L5) SNL (L4) SNL (L5)

 Mean ± SEM n Mean ± SEM n Mean ± SEM n

Gly→PKCγ IPSPs

Amplitude (mV) 2.5 ± 0.4 16 2.3 ± 0.5 6 0.9 ± 0.3A 9

Rise time (ms) 10.1 ± 2.6 16 11.2 ± 2.4 6 11.6 ± 3.1 9

50% decay (ms) 33 ± 5.9 16 34 ± 6.2 6 33 ± 4.7 9

Failure rate (%) 6 ± 3 16 7 ± 4 6 30 ± 7A 9

Paired-pulse ratio 1.6 ± 0.3 16 1.4 ± 0.3 6 0.7 ± 0.2A 9

PKCγ→TC EPSPs

Amplitude (mV) 1.7 ± 0.4 18 1.6 ± 0.5 6 1.5 ± 0.4 7

Rise time (ms) 9.8 ± 3.1 18 9.6 ± 4.2 6 9.7 ± 4.7 7

50% decay (ms) 36.1 ± 7.8 18 35.4 ± 8.7 6 36.8 ± 6.9 7

Failure rate (%) 23 ± 5 18 21 ± 6 6 9 ± 3A 7

Paired-pulse ratio 0.6 ± 0.2 18 0.7 ± 0.3 6 1.9 ± 0.3A 7

Values are representative of inhibitory synaptic transmission from Gly neurons to PKCγ+ 

neurons, as measured by IPSP amplitude (Gly→PKCγ IPSPs), and excitatory connec-

tions from PKCγ+ neurons to TC neurons, as measured by EPSP amplitude (PKCγ→TC 

EPSPs). ASigni�cantly different from controls (P < 0.01). n, number of measurements.
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Figure 3
Feed-forward excitatory connections from PKCγ+ neurons to nociceptive TC neurons are normally silent after Aβ-�ber stimulation. (A) Unitary 

excitatory connection between PKCγ+ and TC neurons. post, postsynaptic; pre, presynaptic. (B) Confocal images show 30-μm-thick optical stacks 

of the recorded neuronal pair. Arrows indicate the PKCγ+ cell, and the arrowhead indicates putative axon. Insets indicate 1-μm-thick optical stacks 

of the PKCγ+ cell. Scale bar: 100 μm. (C) AP patterns of the recorded neurons. (D) Schematic diagram of the excitatory connection and the feed-

forward inhibitory circuit. (E and F) DR stimulation at Aβ- or Aδ-�ber strength evokes a biphasic synaptic response in PKCγ+ neurons but fails to 

evoke a synaptic response in TC cell. (G) DR stimulation at C-�ber strength evokes monosynaptic C-�ber EPSPs in TC cell. The inset shows 

the consistent latency and lack of synaptic failure during 1-Hz trials. (H) Strychnine blocks the DR-evoked polysynaptic IPSPs and generates 

long-lasting EPSPs with APs in PKCγ+ neurons and recruits polysynaptic Aβ-�ber EPSPs in TC cells. The inset shows the variation of the latency 

and synaptic failure during 20-Hz trials. (I) Application of strychnine does not recruit additional C-�ber inputs, aside from the original C-�ber 

inputs in TC neurons. (J) Capsaicin evokes marked increases in mEPSC frequency in TC neurons but has no effect on PKCγ+ and Gly neurons.
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for the original C-fiber inputs in TC neurons (n = 18; Figure 3I). 
These EPSPs were polysynaptic in TC neurons and monosynap-
tic in PKCγ+ neurons, as evidenced by repeated trials with 20-Hz 
stimuli (n = 18; Figure 3H).

Previous studies have defined an explicit circuit in the laminae I 
and IIo, in which particular combinations of neurons form mod-
ules to modify and transmit sensory information from nociceptive 

primary C fibers (7, 8, 32, 33). The TC neuron is the centerpiece of 
this nociceptive pathway and receives high-threshold C-fiber input 
from TRPV1 (26) and Mrgprd (34) nociceptors. Consistent with 
these prior findings, the TRPV1 agonist capsaicin (1 μM) evoked 
sharp increases in miniature excitatory postsynaptic current 
(mEPSC) frequency in TC neurons (287% ± 46%; n = 8; Figure 3J)  
but had no effects on mEPSC frequency of PKCγ+ neurons (98% ± 5%;  

Figure 4
The feed-forward inhibition is impaired after spinal nerve injury. (A) Gly unitary inhibitory connection between Gly and PKCγ+ neurons recorded 

from a SNL rat. (B) Confocal images show 30-μm-thick optical stacks of the recorded neuronal pair. Arrows indicate the PKCγ+ cell, and an 

arrowhead indicates putative axon. Insets show 1-μm-thick optical stacks of the PKCγ+ cell. Scale bar: 100 μm. (C) AP patterns of the recorded 

neurons. (D) Schematic diagram of the feed-forward inhibitory circuit. (E) DR stimulation evokes Aβ-�ber EPSPs in both Gly and PKCγ+ neurons. 

The amplitudes of the evoked EPSPs in Gly neurons were signi�cantly smaller than those recorded in naive rats. The polysynaptic inhibitory 

components revealed in the naive slices almost completely disappeared after SNL. (F) Repetitive DR stimulation (20 Hz) indicates the evoked 

EPSPs are monosynaptic. Arrows indicate the stimulus artifacts. (G) DR stimulation at C-�ber strength fails to recruit additional Aδ- or C-�ber 

inputs to PKCγ and Gly neurons.



research article

4056 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 9   September 2013

n = 8; Figure 3J) and Gly neurons (101% ± 3%; n = 7; Figure 3J).
These data show that PKCγ+ neurons, which normally receive Aβ-

fiber input, make direct excitatory synaptic connections to TC neu-
rons that are part of a C-fiber–mediated nociceptive pathway. This 
synaptic connection, however, is inefficient in normal physiological 
conditions, such that Aβ-fiber activation fails to evoke AP output 
in PKCγ+ neurons, because of a strong feed-forward inhibitory con-

trol from Gly neurons. Removal of 
the Gly inhibition (disinhibition) 
can convert this ineffective path-
way into an efficient one, yielding 
evoked APs in nociceptive TC neu-
rons following Aβ fiber activation. 
The proposed circuit is summa-
rized in Figure 3D.

Identification of synaptic connec-
tions of PKCγ+ neurons after spinal 
nerve injury. To further investigate 
the functional role of this gate 
control system in neuropathic 
pain conditions, we used the same 
searching strategy to identify 
the synaptic connections of the 
PKCγ+ neurons in L5 or L4 spinal 
slices from rats with neuropathic 
pain following ipsilateral L5 SNL. 
We prepared L4 and L5 spinal 
cord slices separately 2 weeks after 
SNL, when mechanical allodynia 
is fully developed in this model. 
Forty-four out of 221 neuronal 
pairs (19.9%) evidenced synaptic 
connection in the slices from the 
SNL rats. Nine and six neuron 
pairs were identified as having 
inhibitory connections (from Gly 
neurons to PKCγ+ neurons) in 
the L5 and L4 spinal segments, 
respectively. Seven and six pairs 
were identified as having excita-
tory connections (from PKCγ+ 
neuron to TC neuron) in the L5 
and L4 spinal segments, respec-
tively. The remaining 16 pairs 
(9 inhibitory and 7 excitatory 
connections) were not included 
in this report, because of insuffi-
cient morphological and/or elec-
trophysiological details. The elec-
trophysiological features (RMPs, 
AP patterns, and AP frequency) 
of Gly, PKCγ+, and TC neurons 
sampled from both L4 and L5 
spinal segments of SNL rats did 
not differ from those sampled 
from naive rats (P > 0.05; Supple-
mental Table 1), suggesting that 
nerve injury has little effect on 
the intrinsic excitability of Gly, 
PKCγ+, and TC neurons, which is 

consistent with previous studies (35, 36). Thus, it is unlikely that 
mechanical allodynia in animals with SNL is a result of changes in 
membrane excitability or discharge pattern of these neurons.

The feed-forward inhibition is impaired after spinal nerve injury. The 
inhibitory synaptic transmission from Gly neurons to PKCγ+ neu-
rons in L5 segments became less effective after SNL, as indicated 
by a decrease in IPSP amplitude (0.9 ± 0.3 mV; n = 9; P < 0.01, com-

Figure 5
The excitatory connections from PKCγ+ neurons to TC neurons are enhanced after nerve injury. (A) Uni-

tary excitatory connection between PKCγ+ and TC neurons recorded from a SNL rat. (B) Confocal images 

show 30-μm-thick optical stacks of the recorded neuronal pair. Arrows indicate the PKCγ+ cell. Insets show 

1-μm-thick optical stacks of the PKCγ+ cell. The axon of the PKCγ+ cell was not well labeled. Scale bar:  

100 μm. (C) AP patterns of the recorded neurons. (D) Schematic diagram of the excitatory connection 

and the feed-forward inhibitory circuit. (E) DR stimulation evokes Aβ-�ber EPSPs in both PKCγ+ and TC 

neurons after SNL. (F) Repetitive DR stimulation (20 Hz) indicates the evoked EPSPs are monosynaptic in 

PKCγ neurons and polysynaptic in TC cell. (G) DR stimulation at C-�ber strength fails to recruit additional 

Aδ- or C-�ber inputs to TC neurons, aside from the original C-�ber inputs. (H) Capsaicin increases mEPSC 

frequency in TC neurons but not in PKCγ+ neurons.
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pared with control; Figure 4A, Supplemental Figure 4, and Table 1) 
and an increase in transmission failure (30% ± 7%; n = 9; P < 0.001, 
compared with control; Table 1). The inhibitory connections also 
underwent dynamic alteration from short-term potentiation to 
short-term depression after spinal nerve injury, as demonstrated 
by the paired-pulse ratio (0.7 ± 0.2; n = 9; P < 0.01, compared with 
control; Figure 4A, Supplemental Figure 4, and Table 1). How-
ever, the IPSP amplitude (2.3 ± 0.5 mV; n = 6; P > 0.05), transmis-
sion failure rate (7% ± 4%; n = 6; P > 0.05), and paired-pulse ratio  
(1.4 ± 0.3; n = 6; P > 0.05) sampled from L4 segments were not dif-
ferent from those of the controls following the L4 DR stimulation  
(Table 1), indicating that plastic changes only occur in the injured 
segment (L5) but not in the adjacent intact segment (L4). It 
remains to be investigated whether stimulation of the L5 DR will 
modulate synaptic transmission in the L4 segment in control and 
nerve-injured animals.

The excitatory connections from PKCγ+ neurons to TC neurons are 
enhanced after nerve injury. The excitatory connections from PKCγ+ 
neurons to TC neurons in the L5 segments became more effective 
after spinal nerve injury, as indicated by lower transmission failure 
(9% ± 3%; n = 7; P < 0.01, compared with control; Figure 5A, Supple-
mental Figure 5, and Table 1), and exhibited dynamic alteration from 
short-term depression to short-term potentiation after spinal nerve 
injury, as demonstrated by the paired-pulse ratio (1.9 ± 0.3; n = 7;  
P < 0.01, compared with control; Figure 5A, Supplemental Figure 5, 
and Table 1). However, the EPSP amplitude (1.6 ± 0.5 mV; n = 6; P > 0.05),  
transmission failure rate (21% ± 6%; n = 6; P > 0.05), and paired-pulse 

ratio (0.7 ± 0.3; n = 6; P > 0.05) sampled from L4 segments did not 
differ when compared with those of the controls (Table 1).

Activation of low-threshold Aβ fibers evokes AP output of nociceptive 
pathway after spinal nerve injury. We next examined the plasticity 
of the primary inputs to the gate control circuit after SNL. DR 
stimulation at Aβ strength (0.2 ± 0.02 V) evoked monosynaptic 
EPSPs in Gly neurons (RMPs, –50.2 ± 2.7 mV; n = 9) recorded from 
the L5 slices of the SNL rats (n = 9; Figure 4, E and F). The ampli-
tudes of the DR-evoked EPSPs in Gly neurons (9.5 ± 2.1 mV; n = 9;  
Figure 4E) were significantly smaller (P < 0.01) than those recorded 
in naive rats (19.3 ± 3.2 mV; n = 16; Figure 2E). DR stimulation 
at the same strength evoked monosynaptic EPSPs superimposed 
with APs in all PKCγ+ neurons, and the polysynaptic inhibitory 
components revealed in the naive slices (Figure 2E) almost com-
pletely disappeared after SNL (n = 16; Figure 4E and Figure 5E). 
DR stimulation at Aβ strength (0.2 ± 0.02 V) recruited polysynap-
tic EPSPs in all 7 nociceptive TC neurons (Figure 5, E and F), 5 out 
of 7 vertical neurons (Figure 6, A–E), and 6 out of 9 lamina I sub-
stance P–sensitive neurons (Figure 6, F–K). The vertical and lamina 
I substance P–sensitive neurons normally only receive nociceptive 
Aδ- and C-fiber input, respectively (7, 8). Recording at RMPs, all 
of these Aβ-fiber–mediated polysynaptic EPSPs were superim-
posed with APs (Figure 6, C and H), indicating that AP outputs 
were evoked by Aβ-fiber activation. As the TC, vertical, and NK-1–
expressing lamina I neurons (substance P–sensitive; Figure 6K)  
are part of a nociceptive pathway identified in the superficial 
DH (7, 8, 26, 33, 34, 37), these results indicate that activation of 

Figure 6
Activation of low-threshold Aβ �bers evokes AP output of the noci-

ceptive pathway after spinal nerve injury. (A and F) Confocal images 

of morphology and location of the recorded (A) vertical cell and  

(F) lamina I cell. Arrows point out the recorded cells. Scale bar: 100 μm. 

(B and G) AP �ring patterns of vertical and lamina I neurons. (C and H) 

DR stimulation at Aβ strength recruits polysynaptic EPSPs with APs in 

(C) vertical and (H) lamina I neurons. (D and I) The EPSPs are polysyn-

aptic, as demonstrated by the varied latency and synaptic failure during 

20-Hz stimulation. (E and J) DR stimulation at C-�ber strength fails to 

recruit additional Aδ- or C-�ber inputs to vertical and lamina I neurons, 

aside from their original Aδ- and C-�ber inputs. (K) Substance P (SP) 

(1 μM) evokes inward current in lamina I neurons.
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low-threshold Aβ fibers is able to evoke AP output in the spinal 
nociceptive pathway after SNL. DR stimulation at C-fiber strength 
(6–8 V) failed to recruit additional Aδ- or C-fiber inputs to PKCγ  
(n = 16; Figure 4G and Figure 5G), Gly (n = 9; Figure 4G), TC (n = 7;  
Figure 5G), vertical (n = 7; Figure 6E), and lamina I neurons (n = 9;  
Figure 6J), except the original Aδ- and C-fiber inputs to vertical 
and lamina I neurons (Figure 6, E and J). These results indicate 
that nerve injury or glycine blockade can only recruit Aβ fibers, but 
not Aδ or C fibers, to the nociceptive pathway.

Activation or blockade of spinal Gly synaptic transmission differentially mod-
ulates mechanical allodynia. SNL induced rapid (<1 d) and persistent 
(>28 d) mechanical allodynia, a reduction in paw withdrawal thresh-
old (Figure 7A), and heat hyperalgesia, a reduction in paw withdrawal 
latency (Figure 7B), in rats. The SNL-induced mechanical allodynia 

was attenuated by intrathecal injection of glycine (10 μg in 10 μl), 
and this effect could be blocked by strychnine (3 μg; Figure 7C),  
in alignment with previous studies (38–40). But the same dose of 
glycine had no effects on the heat hyperalgesia (Figure 7D). To deter-
mine whether strychnine is sufficient to induce pain hypersensitiv-
ity in naive animals, we tested dose-dependent effects of strychnine  
(0.1, 1.0, 3.0, and 10.0 μg). Higher doses of strychnine (>10.0 μg) may 
cause seizure. Consistent with previous studies (13, 17, 41, 42), intra-
thecal strychnine induced marked mechanical allodynia in a dose-de-
pendent manner (Figure 7E). However, only the highest subconvulsive 
dose of strychnine (10 μg) induced thermal hyperalgesia (Figure 7F).  
These in vivo results strongly support our conclusion that disinhibi-
tion of spinal Gly inhibitory circuit after peripheral nerve injury may 
open the gate to elicit mechanical allodynia.

Figure 7
Blockage or activation of spi-

nal Gly synaptic transmission 

differentially regulates mechan-

ical allodynia. (A and B) SNL 

induced (A and C) mechanical 

allodynia and (B and D) thermal 

hyperalgesia manifested as a 

lowered threshold of mechani-

cal or thermal withdrawal in rats. 

Ten rats were included in each 

group. (C and D) The SNL-in-

duced mechanical allodynia was 

attenuated by intrathecal gly-

cine, and this effect was blocked 

by strychnine. The same dose 

of glycine had no effect on the 

SNL-induced thermal hyperal-

gesia. Six rats were included in 

each group. (E and F) Intrathecal 

injection of strychnine induced 

robust mechanical allodynia but 

mild thermal hyperalgesia in 

naive rats. Six rats were included 

in each group. (*P < 0.05,  

**P < 0.01, compared with vehicle 

or sham controls, 1-way ANOVA 

with Bonferroni post-hoc test).
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such as allodynia (5, 6, 14, 17–19, 50). Microglia-released mediators, 
such as BDNF, have also been shown to increase the excitability 
of lamina I neurons, due to attenuation of GABAergic and/or Gly 
inhibition induced by downregulation of the chloride transporter 
KCC2 (51, 52). Glia-produced proinflammatory cytokines, such as 
IL-1β and IL-6, were also shown to suppress GABAergic and Gly 
transmission in the DH (53). However, the nature of the conven-
tional whole-cell recordings in the present study prevented us from 
seeing functional consequences of impaired chloride homeostasis.

Our previous studies have reported that substantial inhibitory 
synapses in the lamina II are mediated by GABA only (7, 8, 26). 
The present study suggested that most of the inhibitory syn-
apses from lamina III to lamina II are mediated by glycine only. 
We did not find any inhibitory synapse in the superficial DH that 
was mediated by both glycine and GABA. This finding contra-
dicts some earlier reports but is also supported by recent reports. 
Immunohistochemical studies indicate that within laminae I–III, 
glycine immunoreactivity is largely restricted to GABA-containing 
cells (3, 4). This suggests that many inhibitory interneurons core-
lease GABA and glycine, whereas others release only GABA. How-
ever, electrophysiological studies have identified synapses in this 
region that are purely Gly (3, 54, 55). Although these may involve 
axons that originate from Gly neurons located outside laminae 
I–III, in many cases the lack of a GABAergic component prob ably 
results from the absence of GABAA receptors at these synapses 
(3). Glycine receptor α3 subunit (GlyRα3) is distinctly expressed 
in spinal lamina IIi overlapping with PKCγ neurons and is pro-
posed to be selectively involved in pathological pain states (56). 
These studies thus support our findings that lamina III Gly neu-
rons are critical for gating pathological pain. The spinal long-term 
depression has been recently reported to regulate GABAergic neu-
ron-mediated disinhibition and the development of neuropathic 
pain (57). The present study suggests that Gly neuron-mediated 
disinhibition may also be involved in the development of long-
term depression, because the amplitudes of the DR-evoked EPSPs 
in Gly neurons after spinal nerve injury were significantly smaller 
than those recorded in naive rats. Further investigation is needed 
to examine the cause of Gly neuron-mediated disinhibition.

It is worth mentioning that some Aδ and C primary afferent neu-
rons projecting to the spinal lamina II convey information about 
innocuous thermal and mechanical events (9). The central termi-
nals of physiologically characterized hair follicle afferents have 
also been shown to contact PKCγ–positive neurons in the rat (12). 
Our previous electrophysiological study also suggested that spinal 
lamina II contains a modular circuit that undergoes interaction 
between low-threshold and high-threshold primary C fibers (8). 
A recent genetic labeling study (10) further confirmed that spinal 
lamina II receives some projections from low-threshold Aδ- and 
C-fiber mechanoreceptors. Notably, lamina II TC cells have been 
revealed, in the present and previous studies (7, 8), to receive pro-
jection from high-threshold primary C fibers.

The key contribution of the gate control theory is the emphasiz-
ing of a central neural mechanism of pain control via interactions 
between excitatory and inhibitory neurons (58). Although some 
points of the theory have been found to reflect an oversimplifica-
tion of the central nervous system or to even be plainly wrong as 
to the organization of the peripheral input to the spinal cord, the 
gate theory has had a profound impact on the pain research and 
has helped to draw attention to previously unrecognized aspects of 
pain modulations (59). It is now clear that the specificity theory of 

Discussion

Our findings identified a preexisting, but normally silent, excita-
tory linkage from the low-threshold mechanoreceptive pathway 
to the nociceptive pathway in the spinal DH. This connection is 
normally under strong Gly inhibitory control via a feed-forward 
inhibitory circuit located at the junction of spinal laminae II/III,  
but, strikingly, this feed-forward inhibition is abrogated after 
peripheral nerve injury or glycine blockage, and, as a consequence, 
polysynaptic Aβ-fiber inputs are recruited to evoke AP outputs 
in the nociceptive pathway. We also demonstrated that blockage 
of spinal Gly synaptic transmission induces marked mechanical 
allodynia. These results suggest that nerve injury-induced disin-
hibition of the Gly inhibitory circuit may lead to the development 
of mechanical allodynia in neuropathic pain conditions. The pres-
ent study thus provides strong evidence that this Gly feed-forward 
inhibitory circuit is the prime determinant maintaining separa-
tion between the innocuous mechanoreceptive pathway and the 
nociceptive pathway, serving as a gate control (Figure 8). Mechan-
ical allodynia in neuropathic pain conditions may thus result from 
the activation of the preexisting connection between the innocu-
ous mechanoreceptive pathway and the nociceptive pathway, lead-
ing to a miscoding, with cells that normally respond to noxious 
stimuli being activated by tactile input. In addition, other circuits 
such as GABAergic circuit may also contribute to the gate control, 
as we have found some GABAergic inhibitory connections in this 
region. Sprouting of Aβ afferents dorsally into laminae IIo and I, 
the area that normally receives nociceptive input, was also impli-
cated in nerve injury-induced mechanical allodynia (43–47), but 
several latter studies argue against the hypothesis of Aβ afferent 
sprouting (12, 48, 49).

Previous studies using single patch-clamp recordings or anatom-
ical approaches have proposed that pharmacological inhibition of 
GABAergic and GABAergic/Gly systems may activate a preexisting 
pathway (polysynaptic) from deep to superficial laminae in the spi-
nal DH or trigeminal system, leading to abnormal pain sensations, 

Figure 8
Working hypothesis of the “gate control” circuit for the generation of 

mechanical allodynia after nerve injury. There is a preexisting but normally 

silent excitatory linkage from PKCγ+ cell to TC cell. This connection is nor-

mally under strong Gly control of a feed-forward inhibitory circuit. Nerve 

injury results in disinhibition of PKCγ+ neurons and allows the low-thresh-

old mechanoreceptive signals to activate the nociceptive pathway.
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Surgery. To produce SNL, rats were anesthetized with isoflurane, and 

the right side L5 transverse process was removed to expose the L4 and L5 

spinal nerves. The L5 spinal nerve was then isolated and tightly ligated 

with 6-0 silk thread. Sham surgery (exposure of the spinal nerves without 

ligation) was used as control (65).

Pharmacological agents and administration. Stock solutions of strychnine 

(Sigma-Aldrich), bicuculline (Sigma-Aldrich), CNQX (Tocris), capsaicin 

(Sigma-Aldrich), substance P (Sigma-Aldrich), TTX (Sigma-Aldrich), and 

glycine were diluted in ACSF just before being used for bath application or 

intrathecal injection. The drug doses were selected on the basis of previous 

reports and our preliminary experiments. Strychnine and glycine were deliv-

ered intrathecally (in a volume of 10 μl) into cerebral spinal fluid through 

lumbar puncture made by a 27-gauge needle between L5 and L6, under a 

brief anesthesia with isoflurane. A successful spinal puncture was evidenced 

by a brisk tail-flick when the needle entered into the subarachnoid space. 

Other agents were bath applied during electrophysiological recordings.

Behavioral analysis. All behavioral tests were performed by a blinded 

observer. The preoperative testing began 3 days prior to surgery and was 

used to establish baseline behavior. To measure mechanical threshold, 

rats were placed in plastic chambers on a mesh floor. After acclimatization  

(30 minutes), mechanical nociceptive thresholds were determined by paw 

withdrawal to stimulation of the glabrous surface of the paw. Calibrated 

von Frey filaments (Stoelting; 1, 1.5, 2, 4, 6, 8.3, 11.1, 16.5, and 26 g) were 

applied with enough force to cause buckling of the filament. The 50% paw 

withdrawal threshold to elicit a robust withdrawal response was determined 

using Dixon’s up-down method. To measure the thermal latency, rats were 

placed in plastic chambers on the surface of a 2-mm-thick glass plate and 

allowed 30 minutes for habituation before examination. Heat sensitivity 

was tested by radiant heat using Hargreaves apparatus (IITC Life Science) 

and expressed as paw withdrawal latency. The latency was determined as the 

duration from the beginning of heat stimuli to the occurrence of a hind paw 

withdrawal reflex, with a cutoff time of 20 seconds to prevent tissue damage.

Immunohistochemistry. The avidin-biotin complex reaction with a fluo-

rescent label was used to visualize the biocytin-marked cells. After com-

pletion of the electrophysiological observations, the spinal slice was fixed 

by immersion in 4% paraformaldehyde/phosphate buffer overnight. The 

sections were blocked with 10% normal goat serum in Tris-Triton (TT) 

buffer and incubated for 72 hours with rabbit anti-PKCγ (1:500 in TT buf-

fer; Santa Cruz Biotechnology Inc.). After wash in TT buffer, sections were 

incubated for 24 hours with a cocktail of goat anti-rabbit IgG coupled to 

Alexa Fluor 488 (1:800; Molecular Probes) and Streptavidin Avidin coupled 

to Texas Red (1:800; Vector Laboratories). The fluorescent images were 

taken using a confocal microscope (Leica SP2).

Classification criteria of superficial DH neurons. Details of criteria we used 

to classify superficial DH neurons were published previously (3, 7, 8, 24). 

Identification of cells in this report is based on the following: TC neurons 

have somata located in or near the lamina IIo–lamina IIi junction, discharge 

promptly but briefly to maintained step depolarization, receive monosyn-

aptic DR C-fiber input, and have dendritic arbors distributed principally 

rostrocaudally for 150 to 275 μm, with only small dorsoventral and medi-

olateral extensions. Vertical neurons have soma in lamina II and are distin-

guished by the following: frequent mEPSCs (5–7 Hz), a delayed discharge of 

APs to step depolarization, a monosynaptic DR input from Aδ fibers, and 

dendrites extensively distributed dorsoventrally (150–200 μm) as well as 

rostrocaudally. Lamina I neurons have a soma that is distinctly larger than 

adjacent lamina II cells, dendrites distributed extensively rostrocaudally and 

mediolaterally in the lamina I–II interface partially capping the SDH, and a 

monosynaptic DR C-fiber input and show a gap or persisting discharge to 

maintained depolarization. Islet neurons have a relatively large soma, often 

located near the center of lamina II; have an RMP of usually less than –50 mV;  

pain emphasizes the role of nociceptors in the mediation of noci-
ceptive pain in normal physiological conditions (60–62), and the 
gate theory emphasizes the contribution of altered central process-
ing to pain hypersensitivity in pathological conditions (62). Our 
study found a novel “gate” in the spinal DH, with definite morpho-
logical and functional details, in which activation of low-threshold 
nonnoxious Aβ fibers in the neuropathic pain condition “opens” 
the gate to mechanical allodynia, a neuropathic pain symptom.

Methods

Animals and spinal slice preparation. Male Sprague-Dawley rats (6 weeks old) 

were used for this study. Parasagittal spinal slices were prepared as previ-

ously described (refs. 7, 8, and Figure 1). Animals were deeply anesthetized 

with urethane (1.5 g/kg, i.p.) and then perfused transcardially for 2 minutes 

with ice-cold sucrose-substituted ACSF (sucrose ACSF: 75 mM sucrose;  

80 mM NaCl; 2.5 mM KCl; 0.5 mM CaCl2; 1.2 mM MgCl2; 1.25 mM 

NaH2PO4; 25 mM NaHCO3; 1.3 mM ascorbate; and 3.0 mM pyru-

vate). The lumbosacral spinal cord with DRs (>10-mm long) attached 

was quickly removed and placed in ice-cold sucrose ACSF. Parasagittal  

(400- to 600-μm-thick) lumbar spinal cord (L5 or L4) slices with attached 

DRs were prepared in ice-cold sucrose ACSF using a vibrating microtome. 

The slices were then maintained and studied at room temperature 

(22°C–25°C) in regular ACSF equilibrated with 95% O2 and 5% CO2 (ACSF: 

125 mM NaCl; 2.5 mM KCl; 2 mM CaCl2; 1 mM MgCl2; 1.25 mM NaH2PO4; 

26 mM NaHCO3; 25 mM D-glucose; 1.3 mM ascorbate; and 3.0 mM pyru-

vate). To study the plastic changes of DH circuits in the neuropathic pain 

condition, the spinal slices were made 2 weeks after SNL when mechanical 

allodynia was fully developed (Figure 7A).

Electrophysiological recordings. The electrophysiological recording proce-

dures, labeling, and identification of neuronal types were described previ-

ously (7, 8). Whole-cell recordings were obtained simultaneously from 2 DH 

neurons using infrared guidance (visualized by a CCD camera). Careful note 

was made of the locus of each recorded cell relative to landmarks on the slice. 

At most, 2 pairs of neurons were studied in a slice (Figure 1). In our patch-

clamp recordings, the firing pattern of each neuron was determined by 1-s 

depolarizing pulses from the holding potential of –60 mV. Each neuron of a 

simultaneously recorded pair was stimulated with 10-ms rectangular 0.1- to 

20-Hz current pulses to generate APs in the search for synaptically evoked 

responses in the other cell. The whole-cell recording electrodes contained 

biocytin (0.5% in an internal solution consisting of the following: 130 mM 

K-gluconate, 5 mM KCl, 4 mM Mg-ATP, 10 mM phosphocreatine, 0.3 mM 

Li-GTP, and 10 mM HEPES, pH 7.3, 300 mOsm).

Graded 0.1- to 0.5-ms pulses delivered through a suction electrode were 

used to initiate afferent volleys in the DR (8- to 10-mm long from the tip 

of the suction electrode to the recording site). The CVs of primary affer-

ent fibers evoking monosynaptic EPSPs were estimated from the latency 

of the evoked response and the conduction distance. The DR-evoked post-

synaptic potentials were elicited by graded intensity to recruit Aβ, Aδ, and  

C fibers. Classification of whether synaptic responses were from Aβ, Aδ, and 

C fibers was based on a combination of response threshold and CV. A- or 

C-fiber–evoked EPSPs were judged to be monosynaptic if they had a con-

stant latency and absence of failures in 20- or 1-Hz repetitive trials (7, 8, 63, 

64). In a separate experiment, the response thresholds and CVs for Aβ, Aδ, 

and C fibers were determined under our recording conditions (Supplemen-

tal Figure 6). The DR was stimulated orthodromically (0.1 ms for A fiber, 

0.5 ms for C fiber) and compound APs were recorded extracellularly at its 

central end. The stimulus intensities for activation of Aβ, Aδ, and C fibers 

were determined at 0.1 to 0.5 V, 0.6 to 1.3 V, and 2 to 10 V in our record-

ing conditions. The methods for electrophysiological data acquisition and 

analysis of synaptic responses were performed as previously described (7, 8).
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give a tonic discharge to maintained depolarization; receive monosynaptic 

input from DR C fibers; and are characterized by an extended (>400 μm), 

often dense, dendritic arborization oriented rostrocaudally.

Statistics. Results were reported as mean ± SEM. Statistical analysis of the 

data was performed using a Student’s t test (unpaired) or 1-way ANOVA 

followed by Bonferroni post-hoc test (GraphPad Prism). Statistical signif-

icance was set at P < 0.05.

Study approval. All the experimental procedures were approved by the 

Institutional Animal Care and Use Committee of the Fourth Military Med-

ical University in accordance with guidelines set forth by the university for 

animal research.
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