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Systemic treatment with resiniferatoxin (RTX) induces small-fiber sensory neuropathy by damaging TRPV1-expressing pri-
mary sensory neurons and causes distinct thermal sensory impairment and tactile allodynia, which resemble the unique clini-
cal features of postherpetic neuralgia. However, the synaptic plasticity associated with RTX-induced tactile allodynia remains
unknown. In this study, we found that RTX-induced neuropathy is associated with a2d-1 upregulation in the dorsal root gan-
glion (DRG) and increased physical interaction between a2d-1 and GluN1 in the spinal cord synaptosomes. RNAscope in situ
hybridization showed that RTX treatment significantly increased a2d-1 expression in DRG neurons labeled with calci-
tonin gene-related peptide, isolectin B4, NF200, and tyrosine hydroxylase. Electrophysiological recordings revealed
that RTX treatment augmented the frequency of miniature excitatory postsynaptic currents (mEPSCs) and the ampli-
tude of evoked EPSCs in spinal dorsal horn neurons, and these effects were reversed by blocking NMDA receptors
with AP-5. Inhibiting a2d-1 with gabapentin, genetically ablating a2d-1, or targeting a2d-1–bound NMDA receptors
with a2d-1Tat peptide largely normalized the baseline frequency of mEPSCs and the amplitude of evoked EPSCs
potentiated by RTX treatment. Furthermore, systemic treatment with memantine or gabapentin and intrathecal injec-
tion of AP-5 or Tat-fused a2d-1 C terminus peptide reversed allodynia in RTX-treated rats and mice. In addition,
RTX-induced tactile allodynia was attenuated in a2d-1 knock-out mice and in mice in which GluN1 was conditionally
knocked out in DRG neurons. Collectively, our findings indicate that a2d-1–bound NMDA receptors at presynaptic
terminals of sprouting myelinated afferent nerves contribute to RTX-induced potentiation of nociceptive input to the
spinal cord and tactile allodynia.
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Significance Statement

Postherpetic neuralgia (PHN), associated with shingles, is a distinct form of neuropathic pain commonly seen in elderly and
immunocompromised patients. The synaptic plasticity underlying touch-induced pain hypersensitivity in PHN remains
unclear. Using a nonviral animal model of PHN, we found that glutamatergic input from primary sensory nerves to the spinal
cord is increased via tonic activation of glutamate NMDA receptors. Also, we showed that a2d -1 (encoded by Cacna2d1),
originally considered a calcium channel subunit, serves as an auxiliary protein that promotes activation of presynaptic NMDA
receptors and pain hypersensitivity. This new information advances our understanding of the molecular mechanism underly-
ing PHN and suggests new strategies for treating this painful condition.

Introduction
Postherpetic neuralgia (PHN) is a painful condition that occurs
most often in elderly and in immunocompromised individuals
and can last for months or years (Baron and Saguer, 1993;
Rowbotham and Fields, 1996; Truini et al., 2008). PHN results
from reactivation of the varicella-zoster virus, which predomi-
nantly infects and damages peripheral sensory neurons (Head et
al., 1997; Johnson and Rice, 2014). Because of small-fiber deaffer-
entation in many PHN patients (Rowbotham et al., 1996),
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temperature sensation is profoundly impaired, but light touch
triggers severe pain in the same affected dermatomes (Fields et
al., 1998; Pappagallo et al., 2000). Thus, tactile allodynia (cutane-
ous hypersensitivity) is a dominant clinical feature of PHN and of-
ten disrupts the lives of otherwise healthy individuals (Nurmikko
and Bowsher, 1990). In PHN, tactile allodynia may be initiated
and maintained by damaged myelinated nerves and/or aberrant
afferent synaptic reorganization at the spinal cord level (Baron
and Saguer, 1993). Current treatments for PHN remain unsatisfac-
tory, and the synaptic mechanism involved in the distinct tactile
allodynia in PHN remains unclear.

Our understanding of the mechanisms of neuropathic pain
relies mostly on information obtained from animal models using
traumatic nerve injury and chemotherapy, which generally
increase both thermal and mechanical sensitivity. Although
PHN is a common cause of neuropathic pain in patients, the
mechanisms of PHN are rarely studied because viral-infection-
induced animal models of PHN exhibit inconsistent sensory def-
icit, tissue lesions, and paralysis because of virus spread in the
CNS (Takasaki et al., 2000; Dalziel et al., 2004). Furthermore, the
varicella-zoster virus is highly contagious and must be handled
in a biological-safety facility. Resiniferatoxin (RTX) is an ultrapo-
tent agonist of transient receptor potential vanilloid subtype 1
(TRPV1; Szallasi and Blumberg, 1989). Systemic treatment with
RTX diminishes thermal sensitivity by depletion of TRPV1-
expressing primary sensory neurons, which results in a substantial
degeneration of C-fiber afferent terminals in the spinal lamina I/II
(Pan et al., 2003; Chen and Pan, 2005). Systemic RTX also induces
aberrant sprouting of myelinated afferent terminals onto lamina
I/II neurons (Pan et al., 2003; Wu et al., 2016). As a result, RTX
treatment induces paradoxical thermal sensory impairment and
tactile allodynia, which largely recapitulate the unique clinical fea-
tures of PHN. Although RTX-induced structural changes in the
peripheral nerve and spinal dorsal horn have been documented
(Pan et al., 2003; Hsieh et al., 2012), little is known about how
RTX-induced myelinated afferent nerve sprouting in the superfi-
cial dorsal horn initiates and sustains tactile allodynia.

Increased N-methyl-D-aspartate receptor (NMDAR) activity
at the spinal cord level plays a crucial role in neuropathic pain
caused by traumatic nerve injury and chemotherapy (Chen et al.,
2014b; Xie et al., 2016). Although the NMDAR antagonist keta-
mine reduces pain hypersensitivity in PHN patients (Eide et al.,
1994), nothing is known about whether and how synaptic
NMDARs are activated in the spinal cord in PHN. Furthermore,
a2d -1, originally considered a Ca21 channel subunit, is expressed
in the dorsal root ganglion (DRG) and spinal dorsal horn neurons
(Newton et al., 2001; Cole et al., 2005). Through its C-terminal do-
main, independent of its conventional role as a Ca21 channel sub-
unit, a2d -1 forms a protein complex with NMDARs to promote
synaptic trafficking of NMDARs in neuropathic pain (Chen et al.,
2018; 2019). However, it is unclear whether a2d -1 is involved in
nociceptive transmission in PHN. In the present study, using
RTX-induced neuropathy as a nonviral PHN model, we tested the
hypothesis that RTX treatment causes tactile allodynia by aug-
menting glutamatergic input to spinal dorsal horn neurons via
a2d -1–dependent potentiation of NMDAR activity. Findings
from our study advance a mechanistic understanding of synaptic
plasticity in PHN and suggest new strategies for the treatment of
this debilitating, painful condition.

Materials and Methods
Animal models. The experimental procedures and protocols were

approved by the Institutional Animal Care and Use Committee at the

University of Texas MD Anderson Cancer Center and conformed to
guidelines from the National Institutes of Health on the ethical use of
animals. Male Sprague Dawley rats (200–250 g; Harlan) were used in
this study. All rats were housed in groups of 2–3 per cage at 22°C on a
standard 12:12 h light-dark cycle and had access to food and water ad
libitum. RTX was administered in rats as described in our previous stud-
ies (Pan et al., 2003; Chen and Pan, 2005), except that a lower dose was
used to improve recovery and survival after RTX injection. RTX was dis-
solved in a solution of 10% ethanol and 10% tris-buffered saline (Tween)
80 in normal saline to a final concentration of 150mg/ml. Rats received a
single intraperitoneal administration of RTX (150mg/kg; LC Laboratories)
under 2% isoflurane-induced anesthesia. Rats in the control group were
injected with the same volume of the vehicle.

We purchased Grin1flox/flox mice from The Jackson Laboratory (stock
#005246). AdvillinCre/1 mice were kindly provided by Fan Wang (Duke
University; da Silva et al., 2011). AdvillinCre/1::Grin1flox/1 mice were
obtained by breeding the male AdvillinCre/1 mice with female Grin1flox/
flox mice. We crossed male AdvillinCre/1::Grin1flox/1 mice with female
Grin1flox/flox mice to generate AdvillinCre/1::Grin1flox/flox mice, referred
to as Grin1-conditional knock-out (Grin1-cKO) mice. Cre-negative lit-
termates (AdvillinCre/-::Grin1flox/flox) were used as wild-type (WT) control
mice. The a2d -1 (encoded by the Cacna2d1 gene) KO (Cacna2d1�/�)
mice were originally obtained from the Medical Research Council (stock
#6900) and were generated as described previously (Fuller-Bicer et al.,
2009). The WT (Cacna2d11/1) littermates were used as controls and
obtained by breeding the Cacna2d11/� heterozygous mice. Mice were
earmarked 3weeks after birth, and ear biopsies were used for genotyp-
ing. All the mice had a C57BL/6 genetic background and were housed
no more than 5 per cage. Equal numbers of male and female adult (8–
12weeks old) mice were used for final experiments. The data were
pooled because RTX produced similar effects in male and female mice.
We intraperitoneally injected mice with 25mg/kg of RTX because the
RTX dose at or higher than 50mg/kg unexpectedly killed the mice in
our pilot experiments. Mice in the control group were injected with the
same volume of the vehicle solution.

Drug administration. Gabapentin (Tocris Bioscience), memantine
(Tocris Bioscience), 2-amino-5-phosphonopentanoic acid (AP-5; Hello
Bio), Tat-fused a2d -1 C terminus peptide (VSGLNPSLWSIFGLQF
ILLWLVSGSRHYLW), and Tat-fused scrambled control peptide
(FGLGWQPWSLSFYLVWSGLILSVLHLIRSN; Bio Basic) were diluted
with normal saline and injected intraperitoneally or intrathecally.
Intrathecal injection was performed using a lumbar puncture technique,
as previously described (Sun et al., 2019). Briefly, rats were anesthetized
with 2% isoflurane and placed in a prone position with a tube under the
abdomen to extend the lumbar vertebral space between L5 and L6.
Lumbar puncture was performed using a small needle (30 gauge) con-
nected to a 50-ml Hamilton syringe. Successful intrathecal injection
(10ml of drug solution) was indicated by brisk tail movement.

Nociceptive behavioral tests. To measure cutaneous hypersensitivity,
we detected the paw withdrawal threshold of the animals with von Frey
filaments, as described previously (Chen and Pan, 2005). A series of cali-
brated von Frey filaments were applied perpendicular to the plantar
surface of the hindpaw with sufficient force to bend the filament for
6 s. The tactile stimulus producing a 50% likelihood of withdrawal
was determined using the up-down method as described previously
(Chaplan et al., 1994). To quantify the mechanical nociceptive
threshold, we tested paw withdrawal thresholds using a Randall-
Selitto analgesiometer (Ugo Basile), as described previously (Pan et
al., 2003; Chen and Pan, 2005). A constantly increasing force was
applied to the hindpaw. When the animal displayed a withdrawal
response, the device was immediately stopped, and the nociceptive
threshold was registered. In addition, to assess cutaneous thermal
sensitivity, we measured the paw withdrawal latency using a thermal
testing apparatus (IITC Life Science), as described previously (Pan
et al., 2003; Chen and Pan, 2005). Animals were placed individually
on a glass surface maintained at 30°C. A mobile radiant heat stimu-
lus was applied to the plantar surface of the hindpaw until the ani-
mal displayed a withdrawal response or paw licking. All behavioral
tests were done between 9:00 A.M. and 6:00 P.M.
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Quantitative PCR. The DRG and dorsal spinal cord tissues were rap-
idly removed from rats deeply anesthetized with isoflurane. Total RNA
was extracted from the tissue using Trizol/chloroform, and cDNA was
prepared by using a RevertAid RT Reverse Transcription Kit (catalog
#K1691, Thermo Fisher Scientific). Quantitative PCR was performed
using SYBR Green PCR Master Mix (catalog #4913914001, Applied
Biosystems) with QuantStudio 7-Flex Real-Time PCR System software
(Thermo Fisher Scientific). The thermal cycling conditions used were
the following: 1 cycle at 95°C for 5min, 40 cycles at 95°C for 15 s, and
60°C for 45 s. The following primers were used: Cacna2d1 forward,
GGACCTATTCAGTGGATGGCTTG; Cacna2d1 reverse, CCATTGG
TCTTCCCAGAACATCTAGA; Grin1 forward, GGATAAGACATG
GGTTCGGTATCAGG; Grin1 reverse, TGTGTCGCTTGTAGGCGAT
CTC; Gapdh forward, GACATGCCGCCTGGAGAAAC; Gapdh reverse,
AGCCCAGGATGCCCTTTAGT; NeuN (encoded by Rbfox3), forward,
CACCACTCTCTTGTCCGTTTGC; NeuN reverse, GGCTGAGCATA
TCTGTAAGCTGC. The relative mRNA amount of target gene in each
sample was calculated using the 2�DDCT method, normalized to the level
of Gapdh or NeuN, and then normalized to its expression level in vehi-
cle-treated rats.

Spinal cord synaptosome preparation. The dorsal spinal cord was
harvested and homogenized in 10 volumes of ice-cold HEPES-buffered
sucrose (0.32 M sucrose; 4 mM HEPES; and 1 mM EGTA, pH 7.4) in the
present of the protease inhibitor cocktail (Sigma). The homogenate was
centrifuged at 1000 � g at 4°C for 10min to remove the sediment, and
the supernatant was centrifuged again at 12 000 � g for 15min to obtain
the crude synaptosomal fraction. The crude synaptosomes were incu-
bated in RIPA lysis buffer with a protease inhibitor cocktail for 1 h on
ice and then centrifuged at 13,000 rpm for 15min to obtain the synapto-
somal fraction (Zhou et al., 2009; Xie et al., 2016; Chen et al., 2018;
2019). After the protein concentration was measured, 30mg of protein
was used for immunoblotting. Postsynaptic density protein 95 (PSD95),
a known 95 kDa synaptic protein, was used as an internal loading con-
trol. The following antibodies were used for immunoblotting: mouse
anti–a2d -1 (1:1000; catalog #SC-271697, Santa Cruz Biotechnology),
rabbit anti-GluN1 (1:1000; catalog #G8913, Sigma), and mouse anti-
PSD95 (1:1000; catalog #75–348, NeuroMab). The amount of a2d -1 and
GluN1 in the spinal cord synaptosomes was normalized to that of PSD-
95 on the same gels.

Immunoblotting. Proteins were extracted from the DRG and dorsal
spinal cord of rats using RIPA lysis buffer (Thermo Fisher Scientific) in
the presence of a mixture of proteinase inhibitors (Sigma). The samples
with lysis buffer were placed on ice for 30min after sonication. Lysates
were centrifuged at 12 000 � g for 15min at 4°C, and the supernatant
was carefully collected. A total of 30mg of protein was loaded and sepa-
rated by SDS-PAGE with 4%–12% gel (Invitrogen). The resolved pro-
teins were transferred to a polyvinylidene difluoride membrane. The
membrane was incubated with 5% nonfat dry milk in Tris-buffered sa-
line–Tween 20 (TBST) at 25°C for 1 h and then incubated with primary
antibodies diluted with TBST containing 3% bovine serum albumin
overnight at 4°C. The primary antibodies included mouse anti-a2d -1
(1:1000; catalog #SC-271697, Santa Cruz Biotechnology), rabbit anti-
GluN1 (1:1000; catalog #G8913, Sigma), rabbit anti-GAPDH (1:7000;
catalog #5174S, Cell Signaling Technology), mouse anti-PSD95 (1:1000;
catalog #75-348, NeuroMab), rabbit anti-NeuN (1:1000; catalog #12 943,
Cell Signaling Technology), and mouse anti-synaptophysin (1:1000; cat-
alog #4329, Cell Signaling Technology). The membrane was washed
three times and then incubated with horseradish peroxidase conjugated
anti-rabbit IgG (1:10,000; catalog #7074S, Cell Signaling Technology) or
anti-mouse IgG (1:10,000; catalog #7076S, Cell Signaling Technology)
for 1 h at 25°C. The protein bands were revealed with an ECL detection
kit (Thermo Fisher Scientific). The protein band intensity was visualized
and quantified using an Odyssey Fc Imager (LI-COR Biosciences). The
amount of target proteins in each sample was first normalized to the
level of GAPDH, synaptophysin, or NeuN and then normalized to its
expression level in vehicle-treated rats.

Coimmunoprecipitation. Dorsal spinal cord tissues were collected
and homogenized using immunoprecipitation lysis buffer (Thermo
Fisher Scientific) in the presence of a proteinase inhibitor cocktail

(Sigma). The protein lysis was incubated at 4°C overnight with protein
G beads (catalog #16–266, MilliporeSigma) prebound to rabbit anti-
GluN1 antibodies (catalog #G8913, Sigma). Protein G beads prebound
to IgG were used as a control. All samples were washed three times with
immunoprecipitation buffer and then immunoblotted. The following
antibodies were used for immunoblotting: mouse anti-a2d -1 (1:1000;
catalog #SC-271697, Santa Cruz Biotechnology) and rabbit anti-GluN1
(1:1000; catalog #G8913; Sigma). We used anti-mouse IgG (1:10,000; cat-
alog #7076S, Cell Signaling Technology) and TrueBlot anti-rabbit IgG
(1:10,000; catalog #18–8816-33, Rockland Immunochemicals) as the sec-
ondary antibody. The amount of the a2d -1 protein was normalized to
that of GluN1 on the same gel.

RNAscope in situ hybridization. Single-molecule RNA signals can be
visualized in individual cells by the use of a unique probe design strategy
and a hybridization-based signal amplification system to amplify signals
and suppress backgrounds. In the RNAscope assay, conventional fluo-
rescent dyes can be applied to tissue sections for multiplex analysis (Li
and Kim, 2015). We thus performed RNAscope in situ hybridization
and immunofluorescence labeling to detect a2d -1 mRNA and NeuN (a
neuronal marker) in the DRG from three vehicle-treated and three RTX-
treated rats 5weeks after treatment. Animals were deeply anesthetized
with 5% isoflurane and transcardially perfused with sterile PBS and then
4% paraformaldehyde. Lumbar DRGs were removed and postfixed in
4% paraformaldehyde overnight and then treated with 30% sucrose in
PBS until the tissue settled at the base of the tube. Tissue was then em-
bedded in M-1 embedding matrix (catalog #501951, Thermo Fisher
Scientific) and kept at �80°C. The tissues were cut to 15mm sections
using a cryostat (catalog #CM1860, Leica Biosystems), mounted directly
onto Superfrost Plus slides (catalog #22–178-277, Thermo Fisher
Scientific), and kept frozen until the RNA in situ hybridization assay.
The RNAscope Intro Pack for Multiplex Fluorescent Reagent Kit (cata-
log #323137, Advanced Cell Diagnostics) was applied to the slides. The
RNAscope target-specific oligonucleotide probes for a2d -1 were
designed by Advanced Cell Diagnostics (catalog #818271). Opal 620
(catalog #FP1495001KT, Akoya Biosciences) was used to develop the
horseradish peroxidase-C1 signal. The sections were then rinsed with
Tris-buffered saline and incubated with Alexa Fluor 488 conjugated to
isolectin B4 (IB4; (1:100; catalog #121411, Thermo Fisher Scientific) for 2
h at 22°C or the primary antibodies, including rabbit anti-NeuN (1:200;
catalog #ab177487, Abcam), mouse anti-neurofilament (NF)200 (1:100;
catalog #N0142, Sigma), goat anti-calcitonin gene-related peptide (CGRP;
1:100; catalog #ab36001, Abcam), and rabbit anti-tyrosine hydroxylase
(1:200; catalog #NB300-10, Novus Biologicals), diluted in PBS solution
containing 3% bovine serum albumin and 0.3% Triton X-100 overnight at
4°C. Subsequently, sections were rinsed in 0.1 M PBS and incubated with
Alexa Fluor 488 conjugated to the secondary antibodies, including Alexa
Fluor 488 conjugated to donkey anti-rabbit IgG (catalog #A-21 206,
Thermo Fisher Scientific), goat anti-mouse IgG (catalog #A28175,
Thermo Fisher Scientific), and donkey anti-goat IgG (catalog #ab150129,
Abcam), at 1:200 concentrations for 1 h. The sections were then rinsed,
mounted on slides, dried, and covered with coverslips.

Images were examined on a fluorescence microscope and acquired
with a confocal laser-scanning microscope (Zeiss) with a 40� objective.
For imaging analysis, we randomly selected two section images (40�)
from each DRG and 4–5 DRGs from each group. RNAscope signal was
identified as punctate staining with little or no background. We first
counted the number of a2d -1 mRNA punctate signals for each image
and then compared the difference between vehicle- and RTX-treated
groups. We classified neurons into small (,30mm), medium (30–
50mm), and large (.50mm) groups based on diameter and quantified
the a2d -1 mRNA punctate signals per cell in each group. The quantita-
tive analysis was performed using the National Institutes of Health
ImageJ Cell Counter Plugin.

Whole-cell patch-clamp recordings in spinal cord tissue slices. All
electrophysiological recordings in spinal cord slices were conducted 5–
6weeks after treatment with RTX or vehicle. The lumbar spinal cord was
obtained through laminectomy in animals anesthetized with 3% isoflur-
ane, and transverse slices 400mm thick were cut using a vibratome. To
measure quantal glutamate release from presynaptic terminals,
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miniature excitatory postsynaptic currents (mEPSCs) were recorded
from lamina II outer neurons in the presence of 0.5 mM tetrodotoxin at a
holding potential of –60mV using whole-cell voltage-clamp techniques,
as we described previously (Li et al., 2002; Chen et al., 2014a). To mea-
sure glutamate release from primary afferent nerves, the dorsal root was
electrically stimulated at 0.6mA, 0.5ms, and 0.1Hz, and monosynaptic
EPSCs were identified based on the constant latency and the absence of
conduction failure of evoked EPSCs in response to a 20 Hz (lasting 1 s)
electrical stimulation (Li et al., 2002; Zhou et al., 2010). For the electrical
stimulation intensity used in our study, both A and C fibers can be acti-
vated (Kohno et al., 1999; Li et al., 2002; Zhou et al., 2010). To determine
the paired-pulse ratio (PPR), two EPSCs were evoked by a pair of stimuli
given at 50 ms intervals. The PPR was expressed as the ratio of the am-
plitude of the second synaptic response to the amplitude of the first syn-
aptic response.

To record postsynaptic NMDAR and AMPAR currents, we puffed
100 mM NMDA or 20 mM AMPA directly onto the lamina II outer neu-
ron using a positive pressure system (Toohey Company, Fairfield, NJ).
The distance between the tip of the puff pipette and the recorded neuron
was 150mm (Chen et al., 2014a; Huang et al., 2019). The internal solu-
tion used for recording electrodes contained the following (in mM): 110
Cs2SO4, 2 MgCl2, 0.5 CaCl2, 5 EGTA, 10 HEPES, 0.3 Na2-GTP, 2
Mg-ATP, and 10 QX314 (280–300 mOsm, pH 7.2–7.4). To minimize
the Mg21 block of NMDARs at negative holding potentials, MgCl2 was
replaced with CaCl2 in the extracellular solution during recording of
puff NMDAR currents. Tetrodotoxin citrate and AP-5 were purchased
from Hello Bio.

Study design and data analysis. We did not use any statistical
means to predetermine sample sizes for each experiment, but our
sample sizes were similar to those generally used in the field (Zhou
et al., 2009; Xie et al., 2016; Chen et al., 2018). Only 1 neuron was
recorded in each spinal cord slice, and four animals were used for
each recording protocol. The amplitude and frequency of mEPSCs
were analyzed using the MiniAnalysis peak detection program
(Synaptosoft). The evoked EPSCs were analyzed using Clampfit 10.0
software (Molecular Devices), and the amplitude of currents was
quantified by averaging six consecutive currents. Puff NMDA and
AMPA currents were analyzed using Clampfit 10.0 software, and the
amplitude of currents was quantified by averaging three consecutive
currents. The investigators performing behavioral tests, biochemical
assays, and electrophysiological recordings were blinded to the
treatment and mouse genotypes. For the electrophysiological and
biochemical data, a two-tailed Student’s t test was used to compare
two groups. One-way ANOVA followed by Tukey’s post hoc test or
repeated-measures ANOVA followed by Dunnett’s post hoc test was
used to compare more than two groups. For behavioral data analy-
sis, two-way ANOVA followed by Tukey’s post hoc test was used to
compare between treatment groups or within subjects. Data are
expressed as means 6 SEM and were statistically analyzed using
Prism software version 8 (GraphPad). Differences were considered
significant when p , 0.05.

Results
RTX treatment leads to impaired thermal sensitivity and
tactile allodynia
A single intraperitoneal administration of 150mg/kg RTX caused
a profound increase in the paw withdrawal latency in response to
a noxious heat stimulus in all rats within 3 d of injection (p ,
0.001, F(3,48) = 88.16, n= 9 rats; Fig. 1A). This diminished ther-
mal sensitivity lasted for at least 5weeks. In contrast, RTX treat-
ment had no significant effect on the paw withdrawal threshold
in response to a noxious pressure stimulus in these rats (p = 0.72,
F(6,96) = 0.61; Fig. 1B). Intraperitoneal injection of the vehicle
had no effect on the thermal or pressure withdrawal threshold in
all rats tested (Fig. 1A,B).

Treatment with RTX, not vehicle, in rats caused a delayed
and gradual reduction in the tactile withdrawal threshold in

response to von Frey filaments applied to the hindpaw (Fig.
1C). The reduced tactile withdrawal threshold became evi-
dent 2 weeks after RTX injection and was progressively more
pronounced for at least another 3 weeks (p , 0.001, F(6,96) =
23.19, n = 9 rats per group; Fig. 1C). The time course of
reduced thermal sensitivity and tactile allodynia induced by
150mg/kg of RTX was similar to that caused by 200mg/kg of
RTX reported previously (Pan et al., 2003).

RTX treatment increases a2d-1, but not GluN1, expression
levels in the DRG
Both peripheral nerve injury and paclitaxel treatment increase
a2d -1 expression levels in the DRG, which can physically

Figure 1. RTX treatment impairs thermal nociception but causes delayed and sustained
tactile allodynia. A–C, Time course of the effect of RTX treatment on nociceptive responses
to a heat stimulus (A), a pressure stimulus (B), and von Frey filaments (C) in rats. Data are
expressed as means 6 SEM (n = 9 rats per group). **p , 0.01, ***p , 0.001 compared
with the baseline (BL) before RTX injection, #p, 0.05, ###p, 0.001 compared with the ve-
hicle group at the same time point. Two-way ANOVA followed by Tukey’s post hoc test.
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interact with NMDARs (Chen et al., 2018; 2019). We used im-
munoblotting to determine how RTX treatment affects the pro-
tein levels of a2d -1 and GluN1, an obligatory subunit of
NMDARs, in the DRG and dorsal spinal cord. All tissues were
obtained 5weeks after treatment with RTX or vehicle. When
normalized to GAPDH, the protein level of a2d -1 was slightly
increased in the DRG in the RTX group compared with the vehi-
cle group (p = 0.027, t(16) = 2.44; Fig. 2A,B). Because RTX treat-
ment kills TRPV1-expressing neurons in the DRG (Pan et al.,
2003), using GAPDH for normalization likely underestimates
RTX-treatment-induced changes in neuronal proteins in the
DRG. We thus also normalized the a2d -1 protein band to that

of NeuN, a neuronal protein marker.
Indeed, the a2d -1 protein level in the
DRG, when normalized to NeuN, showed
a much larger increase in the RTX group
than in the vehicle group (p , 0.001,
t(16) = 5.12; Fig. 2C).

The protein level of GluN1 in the
DRG, when normalized to GAPDH, was
significantly reduced in the RTX group
compared with the vehicle group (p ,
0.001, t(16) = 5.52; Fig. 2A,B). However,
when normalized to NeuN, the protein
level of GluN1 in the DRG showed no
significant changes between the RTX
and vehicle groups (p = 0.31, t(16) = 1.06;
Fig. 2C).

In the dorsal spinal cord tissues, the
protein levels of a2d -1 and GluN1,
when normalized to GAPDH or synapto-
physin, a synaptic protein marker, did
not differ significantly between the RTX
and vehicle groups (n = 9 rats per group;
Fig. 2D–F).

Furthermore, a quantitative PCR assay
showed that the mRNA level of a2d -1,
but not GluN1, in the DRG was signifi-
cantly greater in the RTX group than in
the vehicle group (p , 0.001, t(16) = 5.24;
Fig. 2G). However, the mRNA levels of
a2d -1 and GluN1 in the dorsal spinal
cord did not differ significantly between
the two groups (n = 9 rats per group; Fig.
2H). These data indicate that RTX treat-
ment upregulates a2d -1 expression in the
DRG.

RTX treatment augments a2d-1
expression in DRG neurons
Because RTX treatment increased the
expression level of a2d -1 in the DRG, we
attempted to determine how RTX treat-
ment affects the a2d -1 expression in DRG
neurons. However, all the a2d -1 antibod-
ies we tested showed nonspecific immuno-
labeling in the DRG from Cacna2d1-KO
mice. We thus used RNAscope, a new in
situ hybridization method, to determine
expression patterns of a2d -1 mRNA at
the single-cell level in the DRG. In DRG
tissues from vehicle-treated rats, the punc-
tate signal of a2d -1 mRNA was present in
different sizes of DRG neurons labeled

with NeuN (Fig. 3A–C). Because RTX treatment depletes TRPV1-
expressing DRG neurons (Pan et al., 2003; Chen and Pan, 2006),
the number of small- and medium-diameter neurons was reduced
in RTX-treated rats compared with that in vehicle-treated rats. The
proportion of NeuN-labeled DRG neurons expressing the a2d -1
mRNA signal was much higher in RTX-treated rats (31.52 6
2.92%) than in vehicle-treated rats (10.11 6 1.64%; p , 0.001,
t(18) = 6.396; Fig. 3B). The abundance of the a2d -1 mRNA signal in
small-, medium-, and large-diameter DRG neurons was also signifi-
cantly greater in RTX-treated than in vehicle-treated rats (Fig. 3C).

Figure 2. RTX treatment potentiates the expression level of a2d -1 in the DRG. A–C, Original gel images (A) and quantifica-
tion of a2d -1 and GluN1 protein levels (B, C; n = 9 rats per group) in the DRG after vehicle and RTX treatment. D–F, Original
gel images (D) and quantification of a2d -1 and GluN1 protein levels (E, F; n = 9 rats per group) in the dorsal spinal cord after
vehicle and RTX treatment. G, H, Quantification of the mRNA level of a2d -1 and GluN1 in the rat DRG (G) and dorsal spinal
cord (H) after vehicle and RTX treatment (n = 9 rats per group). Data are shown as means 6 SEM. GAPDH, synaptophysin
(SYN), or NeuN was used as an endogenous loading control, and the mean value in the vehicle group was set to 1. *p, 0.05,
***p, 0.001 compared with the vehicle group. Two-tailed Student’s t test.
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Figure 3. RTX treatment increases the a2d -1 mRNA level in DRG neurons. A, Representative RNAscope images show colabeling of NeuN (green) and a2d -1 mRNA (red) in DRG tissue sec-
tions from a vehicle-treated and an RTX-treated rat. B, C, Quantification of the proportion of total NeuN-labeled DRG neurons expressing a2d -1 mRNA (B) and the number of a2d -1 mRNA
punctate signal present in small-, medium-, and large-diameter DRG neurons (C) in vehicle-treated and RTX-treated rats; n = 10 images per group. D, E, Representative overlay images (D)
and quantification (E) show colabeling of a2d -1 mRNA signal with IB4, NF200, CGRP, and tyrosine hydroxylase (TH) in DRG tissue sections from vehicle-treated and RTX-treated rats; n = 8
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To further characterize the effect of RTX treatment on a2d -1
upregulation in DRG neuronal subtypes, we conducted colabel-
ing in DRG tissue sections with the a2d -1 mRNA signal and
one of the four molecular markers: IB4, NF200, CGRP, and tyro-
sine hydroxylase (Usoskin et al., 2015). Treatment with RTX sig-
nificantly increased the proportion of a2d -1-expressing DRG
neurons labeled with IB4, NF200, CGRP, and tyrosine hydroxy-
lase (Fig. 3D,E). Consistent with the above quantitative PCR and
immunoblotting data, this complementary evidence indicates
that RTX treatment causes a2d -1 upregulation in primary sen-
sory neurons.

RTX treatment increases the association of a2d-1 with
NMDARs and synaptic trafficking in the spinal cord
We next performed coimmunoprecipitation experiments to
determine whether RTX treatment alters the physical interaction

in the dorsal spinal cord between GluN1
and a2d -1, a newly identified auxiliary
protein for NMDARs in the spinal cord
and brain (Chen et al., 2018; Zhou et al.,
2018). In the samples immunoprecipi-
tated with an anti-GluN1 antibody, im-
munoblotting with an a2d -1 antibody
indicated that the a2d -1–GluN1 protein
complex level was much greater in the
RTX group than in the vehicle group (p
, 0.001, t(16) = 4.97, n= 9 rats per group;
Fig. 4A,B).

To determine the effect of RTX treat-
ment on the protein amounts of a2d -1
and GluN1 in spinal cord synapses, we
performed immunoblotting using iso-
lated synaptosomes from the dorsal spi-
nal cords. The protein levels of both
GluN1 (p , 0.001, t(16) = 4.57, n= 9 rats
per group) and a2d -1 (p = 0.0012, t(16) =
3.92, n= 9 rats per group) in the spinal
synaptosomes were significantly greater
in RTX-treated rats than in vehicle-
treated rats (Fig. 4C,D). The specificity of
the mouse anti–a2d -1 antibody was vali-
dated using spinal cord tissues from
a2d -1–KO mice (Fig. 4E). These find-
ings suggest that RTX treatment potenti-
ates the a2d -1–NMDAR interaction and
synaptic trafficking of a2d -1–bound
NMDARs in the spinal cord.

RTX treatment increases
glutamatergic input to spinal dorsal
horn neurons via a2d-1 and
endogenous activation of presynaptic
NMDARs
Then, to determine whether RTX treatment
alters glutamatergic input to spinal dorsal
horn neurons, we recorded mEPSCs, which
measure spontaneous quantal glutamate
release from presynaptic terminals (Li et

al., 2002; Chen et al., 2014a). The baseline frequency of mEPSCs in
spinal lamina II neurons was much higher in RTX-treated rats than
in vehicle-treated rats (p, 0.001, F(8,105) = 9.18, n=13 neurons per
group; Fig. 5A–C), whereas the amplitude of mEPSCs did not differ
significantly between the two groups. Bath application of the specific
NMDAR antagonist AP-5 (50 mM) rapidly decreased the frequency
of mEPSCs in RTX-treated rats but had no such effect in vehicle-
treated rats (Fig. 5A–C). These data suggest that RTX treatment
augments glutamatergic input to spinal dorsal horn neurons via
tonic activation of presynaptic NMDARs.

To determine whether a2d -1 plays a role in the increased
presynaptic NMDAR activity caused by RTX treatment, we
determined the effect of gabapentin (GBP), an a2d -1 inhibitory
ligand (Marais et al., 2001; Fuller-Bicer et al., 2009; Chen et al.,
2018), on mEPSCs. Treatment with 100 mM gabapentin for
30min significantly reduced the baseline frequency of mEPSCs
of lamina II neurons in RTX-treated rats (p , 0.001, F(8,105) =
9.18, n= 12 neurons; Fig. 5A–C). In these spinal cord slices pre-
treated with gabapentin, bath application of AP-5 had no further
effect on the frequency of mEPSCs (Fig. 5A–C).

/

images per group. Scale bar, 20mm. Data are shown as means6 SEM. *p, 0.05, **p,
0.01, ***p , 0.001 compared with the vehicle group. B, C, E, Two-tailed Student’s t test
(B) and one-way ANOVA followed by Tukey’s post hoc test (C, E).

Figure 4. RTX treatment potentiates the a2d -1–NMDAR interaction and synaptic trafficking in the spinal cord. A, B,
Original gel images (A) and quantification (B) show the interaction between a2d -1 and GluN1 in the dorsal spinal cords from
rats treated with vehicle (Veh) or RTX. Proteins were immunoprecipitated (IP) initially with a rabbit anti-GluN1 antibody or IgG.
Immunoblotting was then performed using mouse anti–a2d -1 or rabbit anti-GluN1 antibodies. IgG and input were used as
negative and positive controls, respectively. The amount of a2d -1 proteins was normalized to that of GluN1 on the same
blot. C, D, Original gel images (C) and quantification (D) of the protein levels of GluN1 and a2d -1 in synaptosomes isolated
from the dorsal spinal cord from rats treated with vehicle or RTX. E, Immunoblotting images of a2d -1 proteins in the dorsal
spinal cord tissues from two WT mice and two a2d -1 KO mice using the mouse anti-a2d -1 antibody. Data are shown as
means 6 SEM (n = 9 rats per group). The synaptic proteins PSD95 and GAPDH were used as a loading control. **p, 0.01,
***p, 0.001 compared with the vehicle group. Two-tailed Student’s t test.

Zhang et al. · Synaptic Plasticity in Small-Fiber Neuropathy J. Neurosci., July 7, 2021 • 41(27):5963–5978 • 5969



We also determined whether RTX treatment alters postsynap-
tic NMDAR and AMPAR activity in the spinal dorsal horn. We
recorded NMDAR and AMPAR activity by puff application of
100 mM NMDA and 20 mM AMPA, respectively, directly onto
lamina II neurons (Chen et al., 2014a; Huang et al., 2019).
The current amplitude elicited by puff NMDA (n = 12 neu-
rons in the control group; n = 11 neurons in the RTX group)
or AMPA (n = 15 neurons per group) in lamina II neurons
did not differ significantly between RTX-treated and vehicle-
treated rats (Fig. 5D,E).

To confirm the role of a2d -1 in RTX-induced tonic activa-
tion of presynaptic NMDARs in the spinal cord, we compared
RTX-treatment-induced changes in mEPSCs of spinal lamina II
neurons in WT and Cacna2d1-KO mice. The baseline frequency
of mEPSCs in spinal lamina II neurons was significantly higher
in RTX-treated WT mice than in vehicle-treated WT mice (p ,
0.001, F(8,111) = 7.28, n=13 neurons per group), whereas the am-
plitude of mEPSCs did not differ significantly between the two
groups (Fig. 6A–C). Bath application of AP-5 rapidly decreased
the frequency of mEPSCs in RTX-treated WT mice but not in

Figure 5. RTX treatment increases glutamatergic input to spinal dorsal horn neurons via a2d -1 and tonic activation of presynaptic NMDARs. A, B, Representative recording traces (A) and
cumulative probability plots (B) show the effect of bath application of 50mM AP-5 on mEPSCs of lamina II neurons from vehicle-treated rats, RTX-treated rats, and RTX-treated rats from which
spinal cord slices were incubated with 100mM gabapentin. C, Summary data show the effect of AP-5 on the frequency and amplitude of mEPSCs of lamina II neurons from vehicle-treated rats
(n = 13 neurons), RTX-treated rats (n = 13 neurons), and RTX-treated rats from which spinal cord slices were incubated with GBP (n = 12 neurons). D, E, Representative current traces (D)
and mean data (E) show currents elicited by puff application of 100 mM NMDA (n = 12 neurons in the vehicle group; n = 11 neurons in the RTX group) or 20 mM AMPA (n = 15 neurons per
group) onto lamina II neurons from vehicle-treated rats and RTX-treated rats. Data are means 6 SEM. ***p, 0.001 compared with baseline in RTX-treated rats. #p, 0.05 compared with
baseline before AP-5 application. One-way ANOVA followed by Tukey’s post hoc test.
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Figure 6. a2d -1 is essential for RTX treatment-induced tonic activation of presynaptic NMDARs in the spinal dorsal horn. A, B, Representative recording traces (A) and cumulative probabil-
ity plots (B) show the effect of bath application of 50 mM AP-5 on mEPSCs of lamina II neurons from vehicle-treated WT mice, RTX-treated WT mice, and RTX-treated Cacna2d1-KO mice. C,
Summary data show the effect of AP-5 on the frequency and amplitude of mEPSCs of lamina II neurons from vehicle-treated WT mice (n = 13 neurons), RTX-treated WT mice (n = 13 neurons),
and RTX-treated Cacna2d1-KO mice (n = 14 neurons). D, E, Representative current traces (D) and mean data (E) show currents elicited by puff application of 100 mM NMDA (n = 15 neurons
per group) or 20 mM AMPA (n = 12 neurons from vehicle-treated WT mice; n = 16 neurons from RTX-treated WT mice; n = 16 neurons from RTX-treated Cacna2d1-KO mice) onto lamina II
neurons from vehicle-treated WT mice, RTX-treated WT mice, and RTX-treated Cacna2d1-KO mice. Data are means6 SEM. ***p, 0.001 compared with baseline in RTX-treated WT mice. #p
, 0.05 compared with baseline before AP-5 application. One-way ANOVA followed by Tukey’s post hoc test.
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vehicle-treated WT mice (Fig. 6A–C). In contrast, in Cacna2d1-
KOmice, RTX treatment had no significant effect on the baseline
frequency or amplitude of mEPSCs in spinal lamina II neurons
(n = 14 neurons). Also, bath application of AP-5 did not signifi-
cantly alter the frequency or amplitude of mEPSCs in these neu-
rons in RTX-treated Cacna2d1-KO mice (Fig. 6A–C).

In addition, the amplitude of currents elicited by puff applica-
tion of 20 mM AMPA to lamina II neurons was similar between
vehicle-treated WT (n = 12 neurons), RTX-treated WT (n = 16
neurons), and RTX-treated Cacna2d1-KO mice (n = 16 neurons;
Fig. 6D,E). Also, puff application of 100 mM NMDA elicited
similar increases in the current amplitudes of lamina II neu-
rons in these three groups of mice (n = 16 neurons per group;
Fig. 6D,E). Together, these results strongly suggest that a2d -
1 is required for RTX-induced tonic activation of presynaptic
NMDARs in the spinal cord.

RTX treatment increases glutamatergic input to spinal
dorsal horn neurons via a2d-1 and NMDARs present at
primary afferent terminals
To specifically determine the role of a2d -1 in NMDAR-medi-
ated synaptic glutamate release from primary afferent terminals,
we examined the effect of gabapentin on the amplitude of EPSCs
monosynaptically evoked from dorsal root stimulation. The
baseline amplitude of evoked EPSCs was significantly higher in
RTX-treated rats than in vehicle-treated rats (p = 0.04, F(8,102) =
5.21, n = 13 neurons per group; Fig. 7A,C). Bath application of
50 mM AP-5 for 6min reversed the increased amplitude of
evoked EPSCs of lamina II neurons in RTX-treated rats but had
no inhibitory effect on evoked EPSCs in vehicle-treated rats (Fig.
7A,C). Furthermore, treatment with gabapentin (100 mM for
30min) significantly reduced the baseline amplitude of evoked
EPSCs of lamina II neurons from RTX-treated rats (n = 11 neu-
rons; Fig. 7A,C). After gabapentin treatment, subsequent applica-
tion of AP-5 had no effect on evoked EPSCs in these neurons
(Fig. 7A,C).

We also determined the effect of gabapentin on the paired-
pulse ratio (PPR), a commonly used measure of the probability
of neurotransmitter release from the presynaptic terminal based
on responses to a pair of stimuli (Zhou et al., 2010; Xie et al.,
2016). The baseline PPR of monosynaptically evoked EPSCs in
lamina II neurons was significantly smaller in RTX-treated rats
than in vehicle-treated rats (p = 0.007, F(5,70) = 4.74, n = 13 neu-
rons per group; Fig. 7B,C). Bath application of 50 mM AP-5
inhibited the first evoked EPSCs more than the second evoked
EPSCs, resulting in an increase in the PPR in RTX-treated rats.
However, AP-5 had no significant effect on the PPR in vehicle-
treated rats (Fig. 7B,C). Treatment with gabapentin (100 mM for
30min) significantly increased the baseline PPR of evoked
EPSCs in lamina II neurons from RTX treated rats (n = 12
neurons; Fig. 7B,C). After gabapentin treatment, subsequent
AP-5 application had no significant effect on the PPR in
these neurons.

To further substantiate the role of a2d -1 in the RTX-induced
potentiation of presynaptic NMDARs at primary afferent termi-
nals, we recorded monosynaptically evoked EPSCs in RTX-
treated WT and Cacna2d1-KO mice. The baseline amplitude of
EPSCs in spinal lamina II neurons was significantly higher in
RTX-treated WT mice (n = 13 neurons) than in vehicle-treated
WT mice (p = 0.003, F(8,111) = 9.26, n = 14 neurons; Fig. 7D,F).
Furthermore, the baseline PPR of evoked EPSCs in lamina II
neurons was significantly lower in RTX-treated WTmice than in
vehicle-treated WT mice (p = 0.002, F(5,74) = 7.35; Fig. 7E,F).

Bath application of AP-5 readily decreased the amplitude of
evoked EPSCs and increased the PPR in RTX-treated WT mice
but had no such effects in vehicle-treated WT mice (Fig. 7D–
F). However, treatment with RTX failed to significantly alter
the baseline amplitude or PPR of evoked EPSCs in lamina II
neurons in Cacna2d1-KO mice (n = 13 neurons; Fig. 7D–F).
Also, AP-5 had no effect on the amplitude or the PPR of
evoked EPSCs in RTX-treated Cacna2d1-KO mice (Fig. 7D–
F). These data provide strong evidence that a2d -1 functions
as an auxiliary protein of NMDARs and is essential for RTX-
induced tonic activation of NMDARs at primary afferent ter-
minals in the spinal cord.

Presynaptic a2d-1–bound NMDARs mediate RTX-induced
potentiation of glutamatergic input to spinal dorsal horn
neurons
To determine whether bound NMDARs are involved in RTX-
treatment-induced potentiation of presynaptic NMDARs in the
spinal dorsal horn, we examined the effect of a2d -1Tat peptide,
which specifically disrupts the a2d -1–NMDAR interaction
(Chen et al., 2018) on mEPSCs of lamina II neurons. Treatment
with a2d -1Tat peptide (1mM; n = 11 neurons) for 30min signifi-
cantly reduced the baseline frequency of mEPSCs of lamina II
neurons in RTX-treated rats (p , 0.001, F(5,63) = 10.23; Fig. 8A–
C). After treatment with a2d -1Tat peptide, application of AP-5
had no effect on the frequency of mEPSCs (Fig. 8A–C). In con-
trast, treatment with 1 mM Tat-fused scrambled control peptide
did not reduce the baseline mEPSC frequency of lamina II
neurons from RTX-treated rats, and AP-5 still significantly
reduced the mEPSC frequency in these neurons (n = 12 neu-
rons; Fig. 8A–C). These data suggest that a2d -1–bound
NMDARs play a key role in RTX-induced tonic activation of
presynaptic NMDARs in the spinal cord.

RTX treatment potentiates glutamatergic input to spinal
dorsal horn neurons via a2d-1–bound NMDARs at primary
afferent terminals
We next determined the role of a2d -1–bound NMDARs in syn-
aptic glutamate release from primary afferent terminals to lamina
II neurons. Treatment with a2d -1Tat peptide (1 mM for 30min)
significantly reduced the baseline amplitude of monosynaptic
EPSCs evoked from the dorsal root in lamina II neurons from
RTX-treated rats (p = 0.008, F(5,66) = 6.14, n = 12 neurons; Fig.
8D,F). Subsequent application of AP-5 had no further effect on
the amplitude of evoked EPSCs in lamina II neurons treated with
a2d -1Tat peptide. In contrast, treatment with the control pep-
tide had no effect on the baseline amplitude of evoked EPSCs in
lamina II neurons from RTX-treated rats (n = 12 neurons). Also,
after treatment with the control peptide, bath application of AP-
5 still significantly reduced the amplitude of evoked EPSCs in
lamina II neurons from RTX-treated rats (Fig. 8D,F).

Furthermore, treatment with a2d -1Tat peptide significantly
reduced the baseline PPR of lamina II neurons from RTX-treated
rats (p = 0.039, F(3,42) = 4.71, n = 12 neurons; Fig. 8E,F). After
a2d -1Tat peptide incubation, bath application of AP-5 had no
effect on the PPR in these neurons. However, treatment with the
control peptide failed to alter the baseline PPR in lamina II neu-
rons from RTX-treated rats, and AP-5 application significantly
increased the PPR in these neurons (Fig. 8E,F). These findings
suggest that a2d -1–bound NMDARs at primary afferent termi-
nals mediate the RTX-treatment-induced increase in glutamater-
gic input to spinal dorsal horn neurons.
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Figure 7. RTX treatment augments glutamatergic input to spinal dorsal horn neurons via a2d -1 and NMDARs present at primary afferent terminals. A, B, Original recording traces show
the effect of 50 mM AP-5 on evoked monosynaptic EPSCs (A) and PPR (B) in lamina II neurons from vehicle-treated rats, RTX-treated rats, and RTX-treated rats from which spinal cord slices
were incubated with 100 mM GBP. C, Summary data show the effect of AP-5 on the amplitude of evoked EPSCs and PPR in lamina II neurons from vehicle-treated rats (n = 13 neurons), RTX-
treated rats (n = 13 neurons), and RTX-treated rats from which spinal cord slices were incubated with gabapentin (n = 12 neurons). D, E, Representative recording traces show the effect of 50
mM AP-5 on evoked monosynaptic EPSCs (D) and paired-pulse evoked EPSCs (E) in lamina II neurons from vehicle-treated WT mice, RTX-treated WT mice, and RTX-treated Cacna2d1-KO mice.
F, Mean data show the effect of AP-5 on the amplitude of evoked EPSCs and paired-pulse ratio in lamina II neurons from vehicle-treated WT mice (n = 13 neurons), RTX-treated WT mice (n =
14 neurons), and RTX-treated Cacna2d1-KO mice (n = 13 neurons). Data are means 6 SEM. *p , 0.05, **p , 0.01 compared with baseline in RTX-treated rats or WT mice. ##p , 0.01,
###p, 0.001 compared with baseline before AP-5 application. One-way ANOVA followed by Tukey’s post hoc test.
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Figure 8. Presynaptic a2d -1–bound NMDARs mediate RTX-induced potentiation of glutamatergic input to spinal dorsal horn neurons. A, B, Original recording traces (A) and cumulative
probability plots (B) show the effect of bath application of 50mM AP-5 on mEPSCs of lamina II neurons from RTX-treated rats in which spinal cord slices were incubated with 1mM control pep-
tide or 1 mM a2d -1Tat peptide. C, Mean data show the effect of AP-5 on the frequency and amplitude of mEPSCs of lamina II neurons from RTX-treated rats in which spinal cord slices were
incubated with control peptide (n = 12 neurons) or a2d -1Tat peptide (n = 11 neurons). D, E, Original recording traces show the effect of 50mM AP-5 on evoked monosynaptic EPSCs (D) and
paired-pulse evoked EPSCs (E) in lamina II neurons from RTX-treated rats from which spinal cord slices were incubated with 1 mM control peptide or 1 mM a2d -1Tat peptide. F, Summary
data show the effect of AP-5 on the amplitude of evoked EPSCs and the paired-pulse ratio in lamina II neurons from RTX-treated rats in which spinal cord slices were incubated with control
peptide or a2d -1Tat peptide (n = 12 neurons per group). Data are means6 SEM. *p, 0.05, **p, 0.01, ***p, 0.001 compared with baseline in the control peptide group. #p, 0.05,
##p, 0.01 compared with baseline before AP-5 application. One-way ANOVA followed by Tukey’s post hoc test.
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a2d-1–bound NMDARs at the spinal cord level contribute to
RTX-induced tactile allodynia
To determine whether NMDARs play a role in RTX-treatment-
induced tactile allodynia, we tested the effect of memantine, an
orally active NMDAR antagonist used clinically, on tactile allo-
dynia in rats 5–6weeks after RTX treatment. Intraperitoneal
injection of memantine (10mg/kg; Chen et al., 2014a; Xie et al.,
2016) caused a large increase in the tactile withdrawal threshold
within 30min in all RTX-treated rats tested (p , 0.001, F(6,84) =
68.61, n = 8 rats per group; Fig. 9A).

Also, we determined whether NMDARs at the spinal cord
level mediate RTX-induced tactile allodynia in additional rats. A
single intrathecal injection of AP-5 (10mg; Chen et al., 2014a; Xie et
al., 2016) also significantly increased the tactile withdrawal threshold
that had been reduced by RTX treatment (p, 0.001, F(6,96) = 35.54,
n = 9 rats per group; Fig. 9B). Intraperitoneal or intrathecal injection
of saline had no effect on the tactile withdrawal threshold in RTX-
treated rats.

We next used gabapentin to determine
whether a2d -1 mediates RTX-treatment-induced
tactile allodynia. Intraperitoneal injection of gaba-
pentin (60mg/kg; Pan et al., 1999; Chen and Pan,
2005) significantly increased the tactile with-
drawal threshold in rats 5weeks after RTX treat-
ment (p , 0.001, F(6,84) = 70.27; n = 8 rats per
group. Fig. 9C). We then determined the role of
the a2d -1–NMDAR interaction at the spinal
cord level in RTX-induced tactile allodynia by
testing the effect of intrathecal injection of a2d -
1Tat peptide (1mg; Chen et al., 2018) in RTX-
treated rats. Treatment with a2d -1Tat peptide
increased the tactile withdrawal threshold that
had been reduced by RTX treatment within
30min, and this effect lasted for ;90min (p ,
0.001, F(6,96) = 58.99, n = 9 rats per group).
However, intrathecal injection of the Tat-fused
scrambled control peptide (1 mg) had no effect
on the baseline tactile withdrawal threshold
in RTX-treated rats (Fig. 9D).

Furthermore, we tested the effects of intra-
peritoneal administration of memantine or gaba-
pentin as well as intrathecal injection of AP-5 or
a2d -1Tat peptide on tactile allodynia in WT
mice 3–4weeks after RTX treatment (25mg/kg,
see below). Intraperitoneal injection of meman-
tine (10mg/kg) or gabapentin (60mg/kg) caused
a large increase in the tactile withdrawal thresh-
old in RTX-treated mice (n = 6 mice in each
group, Fig. 9E). Similarly, intrathecal injection of
AP-5 (10mg) or a2d -1Tat peptide (1mg), but
not control peptide (1mg), readily reversed tac-
tile allodynia (n = 6 mice in each group, Fig. 9F).
Together, these results suggest that RTX-induced
tactile allodynia is sustained by a2d -1–bound
NMDARs at the spinal cord level.

a2d-1 and NMDARs in primary sensory
neurons are involved in RTX-induced tactile
allodynia
In addition, we used Cacna2d1-KO mice to vali-
date the role of a2d -1 in the development of tac-
tile allodynia after RTX treatment. The baseline
thermal and mechanical withdrawal thresholds
did not differ significantly between WT and

Cacna2d1-KO mice before RTX treatment. Intraperitoneal injec-
tion of 25mg/kg of RTX in WTmice markedly increased the paw
withdrawal latency in response to a noxious heat stimulus but
had no effect on the withdrawal threshold tested with a noxious
pressure stimulus (n = 8 mice per group; Fig. 10A,B). Unlike in
rats (Fig. 1), RTX treatment caused a rapid reduction in the tac-
tile withdrawal threshold in response to von Frey filaments in
WT mice; tactile allodynia appeared 3 d after RTX injection and
lasted for at least another 4weeks (Fig. 10C). In Cacna2d1-KO
mice, however, the reduction in the tactile withdrawal threshold
induced by RTX was significantly attenuated (n = 8 mice per
group; Fig. 10C). These data provide further evidence that a2d -1
is involved in the development of tactile allodynia caused by
RTX.

Because our electrophysiological data suggest that NMDARs
expressed at primary afferent central terminals mediate the
increased glutamatergic input caused by RTX treatment, we used

Figure 9. Blocking NMDARs or targeting a2d -1–NMDARs reverses RTX-induced tactile allodynia. A, B, Time
course of the effects of intraperitoneal injection of 10mg/kg memantine (A; n = 8 rats) or intrathecal injection of
10mg of AP-5 (B; n = 9 rats) on the tactile withdrawal threshold tested with von Frey filaments in RTX-treated rats
(n = 8 rats per group). C, D, Time course of the effects of intraperitoneal injection of 10mg of gabapentin (C; n = 8
rats) or intrathecal injection 1mg of a2d -1Tat peptide or 1mg of control peptide (D; n = 9 rats) on the tactile
withdrawal threshold in RTX-treated rats. E, F, Time course of the effects of intraperitoneal injection of memantine
or gabapentin (E; n = 6 mice per group) and intrathecal injection of AP-5 or a2d -1Tat peptide (F; n = 6 mice per
group) on the tactile withdrawal threshold in RTX-treated mice. Data are expressed as means 6 SEM. *p , 0.05,
**p, 0.01, ***p, 0.001 compared with the baseline immediately before drug injection (time 0 min). Repeated-
measures ANOVA followed by Dunnett’s post hoc test.
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Grin1-cKO mice to determine the role of NMDARs expressed in
primary sensory neurons in the development of tactile allodynia
caused by RTX. We crossed AdvillinCre/1 mice with Grin1flox/flox

mice to genetically ablate Grin1 in DRG neurons, which has
been validated previously (Huang et al., 2020). The baseline
thermal and mechanical withdrawal thresholds did not differ sig-
nificantly between WT and Grin1-cKO mice. Treatment with
25mg/kg RTX caused a similar increase in the thermal with-
drawal latency, but it had no effect on the pressure withdrawal
threshold in Grin1-cKOmice orWTmice (n = 8 mice per group;
Fig. 10A,B). Finally, the reduction in the tactile withdrawal
threshold induced by RTX was significantly attenuated in Grin1-
cKO mice compared with RTX-treated WT mice (n = 8 mice per

group; Fig. 10C). These findings strongly suggest that NMDARs
present in primary sensory neurons contribute to the develop-
ment of tactile allodynia induced by RTX.

Discussion
Our study provides the first direct evidence that nociceptive
input from primary afferent nerves to spinal dorsal horn neurons
is augmented via endogenously activated NMDARs in an animal
model of PHN. Because of the loss of synaptic contacts typically
made by nociceptive C-fiber afferents onto lamina I/II neurons,
the central terminals of myelinated afferent nerves that normally
terminate in deeper laminae can sprout into superficial laminae
after the depletion of TRPV1-expressing DRG neurons by RTX
(Pan et al., 2003). We demonstrated that RTX treatment mark-
edly increased the glutamatergic input to lamina II neurons,
which was largely reversed by the NMDAR antagonist AP-5.
Also, systemically administered memantine or the use of AP-5 to
block NMDARs at the spinal cord level reversed RTX-treatment-
induced tactile allodynia. Thus, increased NMDAR activity at the
spinal cord level likely plays a prominent role in transforming in-
nocuous touch stimuli to nociceptive sensory input in the spinal
dorsal horn in PHN.

Our study reveals that presynaptic NMDARs mediate spi-
nal nociceptive transmission and cutaneous hypersensitivity
in RTX-induced neuropathy. Although conventionally post-
synaptic, NMDARs are also expressed in primary sensory
neurons and central terminals in the spinal dorsal horn (Liu
et al., 1994). These presynaptic NMDARs in the spinal dorsal
horn are normally nonfunctional, and genetically ablating
NMDARs in DRG neurons has no effect on normal nocicep-
tion (McRoberts et al., 2011; Huang et al., 2020). Also, block-
ing NMDARs at the spinal cord level does not affect
nociception under normal conditions (Zahn and Brennan,
1998; Chen et al., 2014a; Xie et al., 2016). Traumatic nerve
injury increases the activity of both presynaptic and postsy-
naptic NMDARs in the spinal dorsal horn (Chen et al.,
2014b; Li et al., 2016; Chen et al., 2018), whereas chemother-
apy-induced neuropathic pain primarily augments the activ-
ity of presynaptic NMDARs (Xie et al., 2016; 2017; Chen et
al., 2019). Remarkably, despite the denervation of unmyeli-
nated C-fiber afferent terminals in the laminae II by RTX
treatment, the frequency of mEPSCs did not decrease but
instead increased in RTX-treated rats and mice. This finding
suggests that sprouting myelinated afferent nerves form new
synapses with lamina II neurons and/or display increased
presynaptic NMDAR activity. Our complementary recording
data documenting the effects of AP-5 on mEPSCs, EPSCs
evoked from the dorsal root, and PPR strongly suggest that
RTX treatment causes tonic activation of presynaptic
NMDARs expressed at sprouting primary afferent terminals
to potentiate nociceptive input to the spinal dorsal horn.
Interestingly, RTX treatment did not alter postsynaptic
NMDAR activity in spinal dorsal horn neurons, which is
consistent with the finding that RTX treatment does not
affect TRPV1-expressing neurons in the spinal dorsal horn
(Zhou et al., 2009).

Another major finding of our study is that a2d -1-dependent
potentiation of NMDAR activity mediates augmented glutama-
tergic input and allodynia in RTX-induced neuropathy. We
found that depletion of TRPV1-expressing neurons by RTX
treatment increased a2d -1 expression in different sizes of DRG
neurons. Furthermore, RTX treatment not only increased the

Figure 10. NMDARs in primary sensory neurons and a2d -1 contribute to RTX-induced
tactile allodynia. A–C, Time course of changes in the paw-withdrawal threshold tested with
a heat stimulus (A), a pressure stimulus (B), and von Frey filaments (C) in WT, Grin1-cKO,
and Cacna2d1-KO mice treated with RTX (injected at time 0). RTX injections are indicated by
arrows. Data are expressed as means 6 SEM (n = 8 mice per group). *p , 0.05,
**p , 0.01, ***p , 0.001 compared with the baseline (BL) before drug injection,
#p, 0.05, ##p , 0.01, ###p, 0.001 compared with the corresponding value at the same
time point in RTX-treated WT mice. Two-way ANOVA followed by Tukey’s post hoc test.
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a2d -1 expression level in the DRG but also potentiated the phys-
ical interaction between a2d -1 and NMDARs at the spinal cord
level. a2d -1 is a highly glycosylated protein (Tétreault et al.,
2016), and the increased expression of a2d -1 and coupling to
NMDARs promote trafficking from DRG neurons to the central
terminals in the spinal dorsal horn, where they are activated by
endogenous glutamate to augment nociceptive input (Chen et
al., 2018). We showed that inhibiting a2d -1 with gabapentin,
disrupting the a2d -1–NMDAR interaction with a2d -1Tat pep-
tide, or genetically ablating a2d -1 all reversed the RTX-induced
increase in glutamatergic input to dorsal horn neurons. We
found that gabapentin had no effect on evoked EPSCs (Chen et
al., 2018; 2019), a measure of synaptic glutamate release triggered
mostly by activating voltage-gated Ca21 channels, in control ani-
mals. Also, recent studies reported no or weak interactions
between a2d -1 and Ca21 channel a1 subunits in neural tissues
(Müller et al., 2010; Held et al., 2020). Thus, under neuropathic
pain conditions, a2d -1 regulates nociceptive transmission
mainly through interacting with NMDARs, but not voltage-gated
Ca21 channels.

The relative importance of presynaptic NMDARs in neuro-
pathic pain has not been previously examined specifically. We
demonstrated that RTX-induced tactile allodynia was similarly
attenuated in Cacna2d1-KO and Grin1-cKO mice. These find-
ings consistently suggest an important role of a2d -1–bound pre-
synaptic NMDARs in the spinal cord in the development of
tactile allodynia in this PHN model. The a2d -1 inhibitory
ligands, including gabapentin and pregabalin, are effective for
PHN in patients (Rowbotham et al., 1998; Irving et al., 2009).
We showed that NMDAR antagonists, gabapentin, and a2d -
1Tat peptide potently reversed RTX-induced tactile allodynia in
both rats and WTmice. However, this RTX-induced pain hyper-
sensitivity was only partially attenuated in the Cacna2d1-KO
and Grin1-cKO mice used in our study. The limited effect of
genetic knockout on RTX-induced allodynia may be because
of the long-term loss of Cacna2d1 and Grin1 in mice. In the
absence of a2d -1 and presynaptic NMDARs, development of
tactile allodynia may be initiated and/or maintained mainly
by ectopic discharges from damaged afferent nerves and
DRG neurons via other receptors and ion channels, such as
voltage-gated sodium channels (Wasner et al., 2005; Yatziv
and Devor, 2019).

In conclusion, our study reveals that in an animal model of
PHN, tactile allodynia is mediated by a2d -1–bound presynaptic
NMDARs, which increases excitatory glutamatergic input from
myelinated afferent nerves to the spinal dorsal horn. This infor-
mation is important for understanding the mechanisms of syn-
aptic plasticity underlying PHN and for the design of new
treatment strategies. Although NMDAR antagonists can gener-
ally reduce neuropathic pain, these drugs indiscriminately inhibit
all NMDARs and inevitably produce adverse effects in the CNS.
Because gabapentinoids and a2d -1Tat peptide target a2d -1–
bound NMDARs without affecting a2d -1-free NMDARs (Chen
et al., 2018; Huang et al., 2020), this selectivity represents a major
advantage over general NMDAR antagonists for treating PHN.
In addition, gabapentinoids inhibit both a2d -1 and a2d -2
(Marais et al., 2001; Fuller-Bicer et al., 2009), and the latter is
highly expressed in the cerebellum (Cole et al., 2005) and likely
mediates dizziness and ataxia associated with gabapentinoid
actions. Therefore, selectively disrupting the a2d -1–NMDAR
interaction with a2d -1Tat peptide could alleviate pain hypersen-
sitivity in PHN patients and minimize the adverse effects associ-
ated with gabapentinoids.
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