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Background: Mechanical allodynia is the most common and challenging symptom asso-
ciated with neuropathic pain; however, the underlying mechanisms are still unclear. The aim 
of this study was to investigate whether ErbB4, a receptor for neuregulin-1 (NRG1), 
participates in the modulation of mechanical allodynia.
Methods: Radiant heat and von Frey filaments were applied to assess nociceptive behaviors. 
Real-time quantitative polymerase chain reaction, Western blotting, immunofluorescence, 
and small interfering RNA were used to identify the likely mechanisms.
Results: ErbB4 was rapidly and persistently activated in spinal parvalbumin (PV) inter-
neurons after chronic constriction injury (CCI) in mice. Knockdown of ErbB4 in the spinal 
cord prevented and reversed CCI-induced mechanical allodynia, and activation of ErbB4 by 
spinal application of NRG1 induced mechanical allodynia in naïve mice. Furthermore, we 
found that activation of ErbB4 decreased the glycine concentration in the spinal cord, 
contributing to modulation of mechanical allodynia.
Conclusion: ErbB4 in spinal PV interneurons gates mechanical allodynia in neuropathic 
pain via regulation of glycinergic inhibitory tone, suggesting that a possible ErbB4-mediated 
process participates in the development of neuropathic pain.
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Introduction
Neuropathic pain is chronic pain due to direct central or peripheral nerve damage or 
disease. Neuropathic pain sufferers often experience depression, anxiety and sleep 
disturbances accompanied by pain, leading to a significantly reduced quality of life. 
Mechanical allodynia, a type of evoked pain that is elicited by nonpainful mechan-
ical stimulation (eg, light touch), is the most common and challenging symptom of 
neuropathic pain. The gate control theory predicts that inhibitory interneurons in the 
substantia gelatinosa (lamina II) of the spinal cord act as “gate control” units for the 
interaction between innocuous and nociceptive signals.1 Under normal conditions, 
the innocuous and nociceptive pathways are kept separated in the spinal cord by 
tonic inhibition derived from inhibitory interneurons. However, in the setting of 
nerve injury, inhibitory control is reduced, thereby enabling innocuous inputs to 
engage and activate nociceptive pathways. Mechanical allodynia in neuropathic 
pain may thus result from dysfunction of spinal inhibitory interneurons, leading to 
miscoding of tactile information by cells that normally only respond to painful 
stimuli.2–4
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Recent studies have indicated that parvalbumin (PV) 
interneurons are present in the adult brain and play 
a critical role in a variety of neurological and psychiatric 
disorders, including Alzheimer’s disease, schizophrenia, 
and epilepsy.5–8 Interestingly, PV interneurons are also 
present in the adult spinal cord. Within the superficial 
dorsal horn, PV-immunoreactive neurons are concentrated 
in laminae II and III.9,10 Most PV-immunoreactive neurons 
in the dorsal horn are GABA-immunoreactive neurons, 
and all of them are glycine-immunoreactive neurons.11 

Recently, by using genetic and functional approaches, 
Petitjean et al demonstrated that PV interneurons in the 
spinal cord are modality-specific filters that gate mechan-
ical but not thermal inputs to the dorsal horn.12 Ablation or 
silencing of PV interneurons induces mechanical allodynia 
in naïve mice via disinhibition of PKCγ excitatory inter-
neurons. Conversely, increasing PV interneuron activity 
alleviates the mechanical allodynia that develops follow-
ing nerve injury. These findings suggest that PV interneur-
ons in the dorsal horn play an important role in gating 
mechanical allodynia after peripheral nerve injury. 
However, the molecular mechanisms that prevent this pro-
cess are still unidentified.

ErbB4, a receptor for neuregulin-1 (NRG1), is 
widely expressed throughout the central nervous system 
and has been reported to be involved in a variety of 
neurophysiological and neuropathological processes, 
such as neuronal development, synaptic plasticity, and 
CNS diseases.13,14 NRG1 causes dimerization and acti-
vation of ErbB4 and subsequent phosphorylation of its 
intracellular domains (ICDs) and creates docking sites 
for adaptor proteins including Grb2 and Shc for Erk 
activation, for p85 for PI3K activation, and for the Src 
kinases Pyk2 and Cdk5, and PLCg.14 Recent evidence 
indicates that ErbB4 mRNA is enriched in regions 
where interneurons are clustered.15 Furthermore, ErbB4 
expression is largely confined to specific classes of 
interneurons, particularly parvalbumin-expressing neu-
rons, in the adult brain.16–19 Previous studies have 
reported that ErbB4 in PV interneurons is critical for 
NRG1-mediated regulation of pyramidal neuronal activ-
ity and long-term potentiation (LTP).18,20 In the present 
study, by using a sciatic nerve chronic constriction 
injury (CCI) model, we found that ErbB4 was selec-
tively expressed in spinal PV interneurons and is 
a potential drug target for the prevention and alleviation 
of mechanical hypersensitivity.

Methods and Materials
Animals and Surgeries
Adult male C57BL/6J mice were obtained from and 
housed in the Center of Experimental Animals of 
Zhejiang Chinese Medical University. All animal proce-
dures were reviewed and approved by the Animal Care 
and Use Committee of Nanjing Medical University and 
Zhejiang Chinese Medical University and were performed 
in accordance with the guidelines of the International 
Association for the Study of Pain. Left sciatic nerve 
chronic constriction injury (CCI),21 left L5 spinal nerve 
ligation (SNL),22 and spared nerve injury (SNI, left 
panel)23 models of neuropathic pain were generated as 
previously described. In sham-operated mice, the nerve 
was exposed but not ligation or transected.

Drugs and Administration
ErbB4 siRNA (5ʹ-GCCCTCAACCAGTTTCGTT-3ʹ) and 
a scrambled negative control siRNA (5ʹ- 
GCCCAACTGACCTTTCGTT-3ʹ) were designed and 
synthesized by GenePharma Company (Shanghai). The γ- 
aminobutyric acid (GABA) receptor antagonists bicuculline 
and saclofen, the glycine receptor antagonist strychnine, the 
GABA receptor agonists muscimol and baclofen, glycine, 
protease inhibitor cocktail, and phosphatase inhibitor cock-
tails 2 and 3 were purchased from Sigma. NRG1, 
a recombinant polypeptide containing the entire EGF 
domain of β-type NRG1, was purchased from Prospec. 
Antibodies against ErbB4, phospho-ErbB4 (p-ErbB4, Tyr 
1056), and parvalbumin were purchased from Santa Cruz 
Biotechnology. An antibody against GAPDH and 
a horseradish peroxidase (HRP)-linked goat anti-rabbit sec-
ondary antibody were purchased from Cell Signaling 
Technology (CST). Alexa Fluor 488- and 594-conjugated 
goat anti-rabbit secondary antibodies were purchased from 
Molecular Probe. Drugs were delivered into the subarach-
noid space by intrathecal injection with a 28 G stainless 
steel needle between the L5 and L6 vertebrae.24 

A successful spinal puncture was evidenced by a brisk tail 
flick when the needle entered the subarachnoid space.

Behavioral Test
The paw withdrawal latency (PWL) in response to 
a thermal stimulus and paw withdrawal threshold (PWT) 
in response to a mechanical stimulus were measured as 
previously described.24 To assess the PWL, mice were 
placed in a plastic box on a glass plate and allowed to 
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habituate for 1 hour. The plantar surface of the hind paw 
was exposed to radiant heat through a transparent glass 
surface. The baseline values were adjusted to 12–15 s, and 
an automatic 25 s cutoff was used to prevent tissue injury. 
The average of 3 values obtained at 5-min intervals was 
calculated. To evaluate the PWT, mice were placed in 
a plastic box on a metal mesh floor. The plantar surface 
was stimulated with a series of von Frey filaments of 
increasing strength (starting with 0.31 g and ending with 
4.0 g). The PWT was determined using Dixon’s up-and- 
down method.25

Western Blot Analysis
Protein samples were prepared as previously described.24 

Protein was separated using SDS-PAGE and transferred 
onto polyvinylidene difluoride membranes. After blocking 
with milk, the blots were incubated with primary antibo-
dies against ErbB4, p-ErbB4, and GAPDH overnight at 4° 
C. These blots were then extensively washed and further 
incubated with HRP-conjugated secondary antibody at 
room temperature for 2 hours. The immune complexes 
were detected by using chemiluminescence (Pierce). The 
intensity of each band was determined using ImageJ 
software.

Immunofluorescence
Mice were deeply anesthetized (sodium pentobarbital, 
60 mg/kg, intraperitoneal injection) and intracardially per-
fused with 4% paraformaldehyde (PFA). The L4-5 seg-
ments of the spinal cord were quickly removed, postfixed 
with 4% PFA, cryoprotected in 30% sucrose, and cut into 
30 μm sections. After blocking and permeabilization, the 
sections were incubated with antibodies against p-ErbB4 
and parvalbumin overnight at 4°C. The following day, the 
sections were incubated with an Alexa Fluor 488- or 594- 
conjugated secondary antibody at room temperature for 2 
hours. PBS was used in place of the primary and second-
ary antibodies as a blank control. The sections were sub-
sequently washed and mounted for confocal imaging.

Measurement of GABA and Glycine 
Contents
The dorsal horn of the L4-5 spinal cord segments was 
quickly dissected and stored in liquid nitrogen. After weigh-
ing, the tissue samples were homogenized in sulfosalicylic 
acid. The homogenates were centrifuged at 12,000 rpm for 
15 min at 4°C. The supernatant was collected and stored at 

−20°C. The concentrations of GABA and glycine were 
measured with a S443D automatic amino acid analyzer.

Statistical Analysis
The data are expressed as mean±SD. P<0.05 was consid-
ered statistically significant. Differences between two 
groups were analyzed using Student’s t-test. Differences 
between more than two groups were analyzed using one- 
way ANOVA followed by Tukey’s post hoc test. The 
behavioral data were analyzed by two-way repeated- 
measures ANOVA followed by Tukey’s post hoc test.

Results
CCI Increases the Activation of ErbB4 in 
the Spinal Cord
The CCI model has been widely used in preclinical neuro-
pathic pain research.21 In the present study, we found that 
CCI induced rapid and persistent mechanical allodynia and 
thermal hyperalgesia in mice (Figure 1A and B). To inves-
tigate whether ErbB4 in the spinal cord is associated with 
the development of neuropathic pain, we first assessed the 
time course of spinal p-ErbB4 and ErbB4 expression after 
CCI or sham surgery. The results showed that CCI induced 
a long-lasting increase in p-ErbB4 expression (Figure 1C). 
No significant difference in ErbB4 expression was detected. 
For comparison, we also assessed the expression of spinal 
p-ErbB4 and ErbB4 in two other neuropathic pain models, 
the sciatic nerve ligation (SNL) and sciatic nerve injury 
(SNI) models. Consistent with CCI, both SNL and SNI 
significantly increased the expression of p-ErbB4, but not 
ErbB4, on day 7 after surgery (Figure 1D). Moreover, by 
using immunofluorescence staining, we further confirmed 
a significant increase in p-ErbB4 expression in the spinal 
cords of CCI mice (Figure 2). Additionally, immunofluores-
cence staining showed that the CCI-induced increase in the 
expression of p-ErbB4 occurred exclusively in neurons and 
mainly in PV interneurons of laminae III of the spinal cord 
(Figure 2A and B). These results suggest that alterations in 
p-ErbB4 expression in spinal PV interneurons may be cri-
tical for the development of neuropathic pain.

Manipulation of ErbB4 Expression in the 
Spinal Cord Regulates Mechanical 
Allodynia
To determine whether the increase in spinal p-ErbB4 
levels contributes to pain behaviors in CCI mice, we 
used ErbB4 siRNA to silence ErbB4 gene expression and 
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then assessed pain behavior at specific points in time. The 
efficiency of siRNA delivery to the mouse spinal cord by 
intrathecal injection was validated by Western blotting 
(Figure 3A). The behavioral results showed that pretreat-
ment with ErbB4 siRNA, but not the scramble control 
siRNA, from day 0 to day 2 after CCI prevented the 
induction of mechanical allodynia but not thermal hyper-
algesia in mice (Figure 3B and C). Furthermore, posttreat-
ment with ErbB4 siRNA, but not scramble siRNA, 
from day 7 to day 9 after CCI significantly reversed the 
already established mechanical allodynia in mice (Figure 
3D and E). No significant alterations in thermal hyperal-
gesia were detected. Since knockdown of ErbB4 in the 
spinal cord can attenuate mechanical allodynia, can activa-
tion of ErbB4 in the spinal cord produce mechanical 
hypersensitivity? NRG1, a growth and differentiation fac-
tor, has been reported to be capable of activating ErbB4,13 

and its expression is upregulated in the spinal cord after 
peripheral nerve injury.26 Thus, intrathecal injection of 
NRG1 was used to activate spinal ErbB4 in the present 
study. The activation of ErbB4 by NRG1 was validated by 
Western blotting (Figure 3F). Activation of ErbB4 via 
intrathecal injection of NRG1, but not vehicle control, 

induced a significant decrease in the mechanical pain 
threshold in naïve mice (Figure 3G). However, to our 
surprise, spinal administration of NRG1 also induced 
a significant reduction in thermal pain latency (Figure 
3H). Moreover, NRG1-induced mechanical allodynia, but 
not thermal hyperalgesia, was dependent on the spinal 
ErbB4 receptor (Figure 3I and J). Because the interaction 
between NRG1 and ErbB4 is not specific, we proposed 
that NRG1-induced thermal hyperalgesia may occur in an 
ErbB4-independent manner. Together, these findings indi-
cate that activation of ErbB4 in the spinal cord contributes 
to the modulation of mechanical allodynia in neuropathic 
pain.

ErbB4 in the Spinal Cord Modulates 
Mechanical Allodynia by Increasing 
Glycine Release
PV interneurons in the spinal cord express the transmitters 
GABA and glycine.11 ErbB4 in PV interneurons has been 
reported to modulate the release of inhibitory 
transmitters.27 Considering the causal link between PV 
interneuron-mediated disinhibition and the development 
of mechanical allodynia,12 we hypothesize that 

Figure 1 Alterations in ErbB4 activation after CCI. (A and B), Mechanical allodynia (A) and heat hyperalgesia (B) was observed in the ipsilateral hindpaw after CCI, n=8. 
(C), Time course of ErbB4 and phosphor-ErbB4 (p-ErbB4) expression in the spinal cord after chronic constriction injury (CCI) or sham surgery, the representative Western 
blots were shown in left and the quantitative data was shown in right, n=6. (D), ErbB4 activation in the spinal cord on day 7 after (CCI, SNL), and SNI, n=6. 
Notes: *P<0.05, **P<0.01, ***P<0.001. 
Abbreviations: ErbB4, Erb-B2 receptor tyrosine kinase 4; CCI, chronic constriction injury; SNL, sciatic nerve ligation; SNI, sciatic nerve injury.
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dysfunction of inhibitory transmitter release from spinal 
PV interneurons is involved in the modulation of mechan-
ical allodynia by ErbB4. To experimentally validate this 
hypothesis, we first measured the concentrations of GABA 
and glycine in the spinal cord. The results showed that 
CCI induced significant decreases in GABA and glycine 
contents on day 7 after CCI (Figure 4A and B). However, 
following knockdown of spinal ErbB4, the CCI-induced 
decrease in glycine content, but not GABA content, was 
significantly reversed (Figure 4A and B). Additionally, 
spinal glycine concentrations, but not GABA concentra-
tions, were decreased by activation of ErbB4 induced by 
intrathecal injection of NRG1 in naïve mice (Figure 4C 
and D). To determine the regulatory role of ErbB4 in 
GABA and glycine release at the behavioral level, we 
treated mice with antagonists of the GABA or glycine 
receptor after intrathecal injection of ErbB4 siRNA and 
then observed the behavioral response. The results 
revealed that the ErbB4 siRNA-induced increase in the 

mechanical pain threshold was reversed by intrathecal 
injection of a glycine receptor antagonist in CCI mice 
(Figure 4F). No significant alterations were detected after 
GABA receptor antagonist application (Figure 4E). 
Consistently, intrathecally injected NRG1-induced 
mechanical allodynia was inhibited by spinal administra-
tion of a glycine receptor agonist, but not a GABA recep-
tor agonist, in naïve mice (Figure 4G and H). It is worth 
noting that NRG1-induced thermal hyperalgesia was unaf-
fected by the application of either a glycine receptor ago-
nist or a GABA receptor agonist to the spinal cord (Figure 
4I and J). These findings suggest that glycine-mediated 
disinhibition is required for the modulation of mechanical 
allodynia related to ErbB4 in the spinal cord.

Discussion
The present study reveals that ErbB4 in PV interneurons is 
implicated in the regulation of mechanical allodynia 
induced by peripheral nerve injury. The major findings 

Figure 2 Cellular localization of p-ErbB4 expression in the spinal cord. (A and B), Combined p-ErbB4 and NeuN (a neural marker) (A) or parvalbumin (B) 
immunofluorescence staining in the spinal cord on day 7 after CCI or sham surgery. Scale bar, 25 μm. 
Abbreviations: ErbB4, Erb-B2 receptor tyrosine kinase 4; CCI, chronic constriction injury.
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are as follows: (1) CCI induced a significant increase in 
the activation, but not expression, of ErbB4 in spinal PV 
interneurons. (2) Knockdown of spinal ErbB4 prevented 
and reversed mechanical allodynia in CCI mice. In 

contrast, activation of spinal ErbB4 induced mechanical 
allodynia in naïve mice. (3) Glycine-mediated, but not 
GABA-mediated, disinhibition is involved in the regula-
tion of mechanical hypersensitivity by ErbB4. These 

Figure 3 Manipulation of ErbB4 in the spinal cord regulates pain behaviors. (A), The validation of ErbB4 siRNA transfection efficiency in vivo, n=4. (B and C), Effect of 
ErbB4 siRNA (10μg/5μL) on the development of CCI-induced mechanical allodynia (B) and thermal hyperalgesia (C), n=8. (D and E), Effect of ErbB4 siRNA (10μg/5μL) on 
the maintenance of CCI-induced mechanical allodynia (D) and thermal hyperalgesia (E), n=8. (F), Phosphorylation of ErbB4 after spinal administration of NRG1 (10μM/5μL), 
n=6. (G and H), Effect of NRG1 (10μM/5μL) on the mechanical allodynia (G) and thermal hyperalgesia (H) in naïve mice, n=8. (I and J), Effect of ErbB4 siRNA on the NRG1- 
induced mechanical allodynia (I) and thermal hyperalgesia (J) in naïve mice, n=8. 
Notes: *P<0.05, **P<0.01, ***P<0.001; #P<0.05, ##P<0.01, ###P<0.001. 
Abbreviations: ErbB4, Erb-B2 receptor tyrosine kinase 4; NRG1, neuregulin 1; siRNA, small interfering RNA; CCI, chronic constriction injury.
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findings demonstrated a novel mechanism for the modula-
tion of neuropathic pain by ErbB4 in spinal PV 
interneurons.

Based on the gate control theory proposed by Melzack 
and Wall,1 under neuropathic pain conditions, mechanical 
allodynia may result from the dysfunction of inhibitory 
interneurons in the spinal dorsal horn.28,29 Recent evi-
dence has shown that several types of inhibitory interneur-
ons in the spinal cord play an important role in the 
production and persistence of mechanical hypersensitivity 
after nerve injury. For example, Lu et al reported that the 

inhibitory effect of lamina III glycinergic neurons on 
PKCγ neurons is reduced following peripheral nerve 
injury, leading to the amplification of pain messages that 
produce mechanical allodynia.30 By using intersectional 
genetic manipulation methods, Duan et al identified dynor-
phin (Dyn)-expressing inhibitory interneurons in lamina 
III that are necessary to gate Aβ fibers from activating 
somatostatin (SOM)+ neurons to evoke mechanical 
hypersensitivity.31 Moreover, a recent study reported that 
dorsal horn PV interneurons in laminae IIi and III act as 
gatekeepers and prevent touch inputs from activating pain 

Figure 4 Inhibition of glycine release is required for the modulation of mechanical allodynia by ErbB4. (A and B), Effect of ErbB4 siRNA (10μg/5μL) on the release of spinal 
GABA and glycine in CCI mice, n=6. (C and D), Effect of NRG1 (10μM/5μL) on the release of spinal GABA and glycine in naive mice, n=6. (E), Bicuculline (0.05μg/5μL) and 
saclofen (5μg/5μL) have no effect on the decreased mechanical allodynia induced by ErbB4 siRNA in CCI mice, n=8. (F), Strychnine (1μg/5μL) reversed the decreased 
mechanical allodynia induced by ErbB4 siRNA in CCI mice, n=8. (G and H), Glycine (0.5μg/5μL), not muscimol (0.1μg/5μL) or baclofen (0.5μg/5μL), reversed the NRG1- 
induced mechanical allodynia in naïve mice, n=8. (I and J), Muscimol (0.1μg/5μL), baclofen (0.5μg/5μL), or Glycine (0.5μg/5μL) have no effect on the mechanical allodynia and 
thermal hyperalgesia induced by NRG1, n=8. 
Notes: *P<0.05, **P<0.01, ***P<0.001; ##P<0.01, ###P<0.001. 
Abbreviations: ErbB4, Erb-B2 receptor tyrosine kinase 4; NRG1, neuregulin 1; siRNA, small interfering RNA; CCI, chronic constriction injury.
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circuits.12 In the present study, by using a CCI-induced 
neuropathic pain model, we found for the first time that the 
activation of spinal ErbB4 in PV interneurons is critical for 
mechanical allodynia induced by nerve injury. Our find-
ings may provide a novel drug target for mechanical 
allodynia prevention and treatment.

NRG1/ErbB4 signaling has been implicated in neural 
development, including circuitry generation, axon ensheath-
ment, neurotransmission, and synaptic plasticity.14 In the 
present study, we found that activation of ErbB4 in spinal 
PV interneurons is important for the development and main-
tenance of mechanical hypersensitivity in neuropathic pain. 
The expression of p-ErbB4, but not ErbB4, was upregulated 
in PV interneurons after CCI. Knockdown of spinal ErbB4 
prevented and reversed CCI-induced mechanical allodynia 
but not thermal hypersensitivity. However, interestingly, acti-
vation of ErbB4 by intrathecal injection of NRG1 induced 
both mechanical allodynia and thermal hypersensitivity in 
naïve mice. It has been reported that NRG1 promotes micro-
glial proliferation and chemotaxis via the ErbB2 receptor.26 

Furthermore, various studies have demonstrated that 
increased microgliosis could enhance pain processing.32 

Concerning the role of NRG1 in microgliosis and microglio-
sis in pain modulation, we predict that NRG1-induced ther-
mal hypersensitivity may occur through a microgliosis- 
dependent mechanism. Collectively, our findings demon-
strate that ErbB4 expressed in spinal PV interneurons con-
tributes to the modulation of mechanical allodynia.

Disinhibition of spinal PV interneurons has been pro-
posed to be essential for the production of mechanical 
allodynia.12 Previous studies have demonstrated that PV 
interneurons in the spinal dorsal horn express both GABA 
and glycine.11 In the present study, we found that glycine, not 
GABA, contributes to the ErbB4-mediated regulation of 
mechanical allodynia. Loss of glycinergic inhibitory tone of 
PV interneurons leads to reduced inhibitory control of PKCγ 
interneurons, thus amplifying the transmission of pain mes-
sages that produce mechanical hypersensitivity.12 

Consistently, a recent study found that increasing cerebrosp-
inal fluid glycine content by applying glycine transporter 
inhibitors results in an obvious antiallodynic effect in a rat 
model of neuropathic pain, indicating an important role for 
glycine in the regulation of mechanical allodynia.33,34 

Activation of ErbB4 by NRG1 has been shown to increase 
AMPAR endocytosis in hippocampal neurons.20 

Furthermore, previous studies have indicated that AMPAR 
endocytosis-mediated long-term depression is involved in 
spinal glycinergic neuron-mediated disinhibition.30 

Therefore, we predict that ErbB4 may mediate the modula-
tion of PV interneuron-mediated disinhibition through an 
AMPAR endocytosis-dependent mechanism.

Conclusions
In conclusion, this study identified an NRG1 receptor, 
ErbB4, as an important gatekeeper involved in the devel-
opment and persistence of mechanical allodynia. Our find-
ings may lead to the discovery of novel targeted drugs for 
the treatment and alleviation of mechanical allodynia in 
neuropathic pain.
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