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Purpose: Pathological stimuli or injury to the peripheral nervous system can trigger neuro-
pathic pain with common clinical features such as allodynia and hypersensitivity. Although 
various studies have identified molecules or genes related to neuropathic pain, the essential 
components are still unclear. Therefore, in this study, we investigated the molecular and 
genetic factors related to neuropathic pain.
Methods: We extracted candidate genes in the dorsal root ganglion (DRG) from three nerve 
injury mouse models and a sham-operated model (sciatic nerve ligation and resection, sural 
nerve resection, spared nerve injury [SNI], and sham) using DNA microarray to elucidate the 
genes responsible for the neuropathic pain mechanism in the SNI model, which exhibits 
hypersensitivity in the hindpaw of the preserved sural nerve area. We eliminated as many 
biases as possible. We then focused on an upregulated endogenous vasopressin receptor and 
clarified whether it is closely associated with traumatic neuropathic pain using a knockout 
mouse and drug-mediated suppression of the gene.
Results: Algorithm analysis of DNA microarray results identified 50 genes significantly 
upregulated in the DRG of the SNI model. Two independent genes—cyclin-dependent 
kinase-1 (CDK-1) and arginine vasopressin receptor 1A (V1a)—were subsequently identified 
as candidate SNI-specific genes in the DRG by quantitative PCR analysis. Administration of 
V1a agonist to wild-type SNI mice significantly alleviated neuropathic pain. However, V1a 
knockout mice did not exhibit higher hypersensitivity to mechanical stimulation than wild- 
type mice. In addition, V1a knockout mice showed similar pain behaviors after SNI to wild- 
type mice.
Conclusion: Through the DNA microarray analysis of several neuropathic models, we 
detected specific genes related to chronic pain. In particular, our results suggest that V1a 
in the DRG may partially contribute to the mechanism of neuropathic pain.
Keywords: neuropathic pain, arginine vasopressin 1a, peripheral nerve injury, dorsal root 
ganglion, microarray, molecular target

Introduction
Neuropathic pain is a form of chronic pain caused by conditions affecting the 
somatosensory nervous system.1 It is clinically characterized by allodynia (ie, 
hypersensitivity to nociceptive stimulation). Various drugs, including opioids, gaba-
pentinoid, duloxetine, and acetaminophen, are widely used for the treatment of 
chronic neuropathic pain.2–5 However, neuropathic pain remains a chronic refrac-
tory disease with no known curative treatment. Indeed, although numerous studies 
have identified various putative receptors, neurotrophic factors, and neuropeptides 
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that are considered to be important molecules underlying 
the mechanisms of chronic pain, debate continues regard-
ing the essential therapeutic target in neuropathic pain. 
Accordingly, numerous research groups around the world 
are attempting to unravel the molecular mechanisms 
underlying the onset and maintenance of painful 
neuropathy.

Several animal models of neuropathic pain involving 
sciatic nerve injury are widely used worldwide. In the 
spared nerve injury (SNI) model,6 the common and tibial 
nerves are cut and the sural nerve is preserved. The SNI 
model is a unique model of nerve injury because it exhibits 
strong mechanical hypersensitivity in the sural nerve 
dominant area. Interestingly, the sciatic nerve transection 
model,7 which involves total cross section of the sciatic 
nerve, shows lost perception in the hindpaw plantar. From 
this evidence, we hypothesized that some transcriptional 
changes that mediate mechanical hypersensitivities might 
occur in the dorsal root ganglion (DRG) of the preserved 
sural nerve.8 Therefore, we wanted to determine the 
mechanism underlying the neuropathic pain. New strate-
gies based on global analysis of nucleic acids have been 
developed and applied to identify crucial factors in specific 
pathologies, and numerous studies have documented 
alterations in the expression of candidate genes for dis-
eases in the peripheral nervous system. To date, most 
investigations have simply compared pathological and 
sham-operated or normal tissues. However, there are likely 
to be some biases in such head-to-head comparisons.

Arginine vasopressin (AVP) is a seven-transmembrane 
domain G-coupled polypeptide that has been demonstrated 
to play roles in many neurological functions, such as 
autism,9 sex behavior,10 schizophrenia,11 aggression, and 
pain. Intracerebroventricular12 and intrathecal13 adminis-
tration of AVP produces behavioral analgesia in rodent 
models. A canonical animal study14 demonstrated that 
AVP-deficient Brattleboro rats have hyperalgesia and 
diminished stress-induced analgesia. Thus, systemic AVP 
contributes to animal behaviors that attempt to avoid noci-
ceptive pain in normal and pathological states of various 
animal models. In particular, arginine vasopressin receptor 
1A (V1a) is involved in nociceptive pain modulation. V1a 
has been characterized as a receptor that can bind not only 
vasopressin, but also oxytocin with high affinity.15 Some 
work16 has revealed that V1a activation by either oxytocin 
or vasopressin can alleviate painful behaviors in rodent 
models and humans. In a human study, patients with back 
pain reported amelioration of self-reported pain after 

intrathecal administration of oxytocin.17 A rodent model 
study demonstrated that upregulation of peripheral V1a 
caused by endogenous oxytocin decreases depolarization- 
induced calcium transients in DRG neurons, suggesting 
that oxytocin may suppress peripheral nerve activity via 
V1a receptor in inflammatory pain states.16,18 However, no 
study has investigated the association between V1a and 
neuropathic pain.

Accordingly, in this preclinical study, we compared 
three different nerve injury models and a sham-operated 
model in the mouse DRG using DNA microarray analysis. 
We then generated a knockout (KO) mouse for the identi-
fied pain-associated neuropathy-specific gene and evalu-
ated whether it is closely associated with traumatic 
neuropathic pain.

Materials and Methods
Ethics Statement
All animal experiments were approved by the Animal 
Experiment Committee of Tokyo Medical and Dental 
University and performed in accordance with its Ethical 
and Safety Guidelines.

Model Establishment
A total of 64 male and female C57BL/6J mice aged 8 to 14 
weeks and weighing approximately 20 g were used in this 
study. In total, 24 mice were used for behavioral tests, 12 
for microarray analysis, 16 for PCR assay, and 12 for 
immunohistochemical experiments. In addition, 8 male 
and female B6.129Sv-Avpr1atm1 (V1a KO mice) aged 8 
to 14 weeks and weighing approximately 20 g were also 
used. V1a KO mice were obtained in the form of frozen 
embryos from the Institute of Resource Development and 
Analysis at Kumamoto University.19 All mice were kept in 
standard cages at a constant temperature and light/dark 
cycle of 12 h each, with the light/dark hours changing 
automatically, and were given water and food ad libitum 
throughout the experimental period. From 1 week before 
and throughout the experimental period, the mice were 
housed in a sterile room with an ambient temperature of 
25°C to prevent infection and minimize external stimula-
tion. The mice were randomly divided into three different 
peripheral nerve injury models and a sham-operated 
model: the sciatic nerve ligation and resection model 
(group 1, n = 3), the sural nerve resection model (group 
2, n = 3), the SNI model (group 3, n = 3), and the sham 
model (group 4, n = 3) (Figure 1). Hindpaw 
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hypersensitivity was observed only in the SNI model 
(Supplementary Figure 1). In addition to these models, 
a partial sciatic nerve ligation (PSNL) model was used to 
compare neuropathic pain models in terms of V1a expres-
sion in the DRG.20

Surgical Procedure
The mice were anesthetized under a 1.5% isoflurane 
(Forane; Baxter, Deerfield, IL) gas mixture with 1.5 L/ 
min room airflow. An incision was made on the left lateral 
mid-thigh, and the underlying muscles were separated to 
expose the sciatic nerve. In the sciatic nerve ligation and 
resection model, the sciatic nerve was tight-ligated with 
8–0 silk and resected. In the sural nerve resection model, 
only the sural nerve was resected. In the SNI group, the 
common peroneal and tibial nerves were tight-ligated with 
8.0 silk and sectioned distally to the ligation to remove 

2–4 mm of the distal nerve stump. Care was taken to avoid 
any contact with or stretching of the intact sural nerve. In 
the sham group, only the nerves were exposed. Then, the 
muscles and skin were closed in two layers using 4–0 
monofilament nylon sutures. After the operation, the ani-
mals were allowed to recover in their own cages. The 
observation period was 6 weeks.

DNA Microarray for the Lumbar DRG
Three different nerve injury models and a sham-operated 
model were created for wild-type (WT) C57BL/6J mice (n 
= 3 each) and DNA microarrays were performed. The 
relationships between the increased or decreased genes in 
each model are shown in a Venn diagram (Figure 2A and 
B). Briefly, we first compared the SNI and sciatic nerve 
transection models to detect signals associated with hyper-
sensitivities caused by sural nerve preservation. We then 
compared the SNI and sham models to clarify signals 
related to hypersensitivities mediated with ligation of the 
tibial and peroneal nerves. Of these genes, we excluded 
those in which there were significant differences between 
the sham and sural nerve transection models to eliminate 
death signals in the sural nerve. The area of the right oval 
minus the center circle was extracted as SNI-specific genes 
(Figure 2A and B).

The total RNA of different groups was individually 
hybridized with gene chips. Briefly, each chip was hybri-
dized with 1.65 μg of Cy3-labeled cRNA by using a Gene 
Expression Hybridization Kit (Cat# 5188–5242, Agilent 
Technologies, Santa Clara, CA, USA) in a hybridization 
oven (Cat# G2545A, Agilent Technologies) according to 
the manufacturer’s instructions. After 17 h of hybridiza-
tion, the chips were washed in staining dishes (Cat# 121, 
Thermo Shandon, Waltham, MA, USA) with a Gene 
Expression Wash Buffer Kit (Cat# 5188–5327, Agilent 
Technologies) following the manufacturer’s instructions. 
The chips were scanned with an Agilent Microarray 
Scanner (Cat# G2565CA, Agilent Technologies). Array 
data were processed using SurePrint G3 Mouse (Agilent 
Technologies) and imported into GeneSpring (Agilent 
Technologies) for analysis. Data were filtered to remove 
probes that did not reach a threshold. Each gene group was 
compared, and genes with 1.5-fold or higher and 0.5-fold 
or lower changes and showing a significant difference 
were extracted while controlling for the false discovery 
rate (p<0.05, t-test with Benjamini–Hochberg multiple 
testing correction).

Figure 1 Injury sites of each peripheral nerve injury model. The sciatic nerve 
branches into the tibial nerve, peroneal nerve, and sural nerve. The sural nerve 
includes only sensory fibers. In model 1, the sciatic nerve was ligated and resected 
(blue cross). In model 2, the sural nerve was resected (yellow cross). In model 3 
(the spared nerve injury [SNI] model), both motor nerves were resected and the 
sensory nerve was preserved (red cross). In model 4, the animals underwent 
a sham operation. Only the SNI models showed mechanical hypersensitivity. 
Three weeks after the surgery, we isolated lumbar dorsal root ganglia (L3, 4, 
and 5) and compared DNA expression patterns among the groups.
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Tactile Threshold
Mechanical sensitivity was measured by applying a series 
of calibrated von Frey filaments (0.16–6 g) to the plantar 
aspect of the hindpaw.21 Each filament was applied once to 
each mouse. Beginning with the 0.16 g filament, each 
filament was applied perpendicularly to the hindpaw for 
4–6 s. A brisk withdrawal of the hindpaw indicated 
a positive response, and a lack of withdrawal indicated 
a negative response. The filament testing was performed 
three times, and at least two responses to the filament out 
of the three trials indicated an overall positive response. If 
no overall positive response was observed (0 or 1 of 3 
responses), the filament with the next highest force was 
applied as described above.

Measurement of mRNA Expression by 
Quantitative RT-PCR
Total RNA was extracted from the harvested tissues, 
including the lumbar DRG, using Isogen (Nippon Gene, 

Tokyo, Japan). The DRG RNA samples were obtained 
from the L3, L4, and L5 DRG. From the 50 upregulated 
genes in the DRG, we performed quantitative RT-PCR 
analysis to identify the candidate genes for generating 
knockout mice. SNI model cDNA was amplified using 
the quantitative SYBR Green system on a LightCycler 
480 Real-Time PCR Instrument according to the manufac-
turer’s protocol (Roche Diagnostics, Basel, Switzerland). 
As an internal control, GAPDH cDNA was also quantified.

Pharmacology and Compounds
For pharmacological experiments with V1a agonist and 
antagonist, baseline measures were taken before intraperito-
neal injection of the drugs. The agonist was [Phe2, Ile3, Orn8]- 
vasopressin (AVP)/[Phe2, Orn8]-vasotocin. The antagonist 
was SR49059 ((2S) 1-[(2R 3S)-5-chloro-3-(2-chlorophenyl)- 
1-(3,4-dimethoxybenzene-sulfonyl)-3-hydroxy-2,3-dihydro- 
1H-indole-2-carbonyl]-pyrrolidine-2-carboxamide).22,23 

Measurements were obtained at 30-min intervals up to 120 

Figure 2 Venn diagram of nerve injury models. The right oval area subtracted from the center circle was extracted as spared nerve injury-specific genes ((A), upregulated; 
(B), downregulated). SNI, spared nerve injury. (C) Of the 50 SNI-specific genes showing an increase, 2 were validated using real-time PCR. Cdk1 and Avpr1a were 
significantly increased compared with the sham model. 
Notes: **p<0.01, ***p<0.001.
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min. Agonist experiments were conducted at three doses 
(0.1 mg/kg, 0.5 mg/kg, and 1.0 mg/kg), whereas antagonist 
experiments were conducted at two doses (1.0 mg/kg and 
5.0 mg/kg) on different days.11

Immunohistochemistry of the Lumbar 
DRG
Mice were sacrificed and subjected to transcardial perfu-
sion of phosphate-buffered saline (PBS) for 5 min at room 
temperature, followed by 4% paraformaldehyde in PBS for 
15 min at 4°C. After perfusion, the lumbar DRGs were 
immediately removed and postfixed in 4% paraformalde-
hyde in PBS at 4°C overnight.

After postfixation, the samples were transferred to PBS 
containing 30% sucrose and dehydrated for 3 days. The 
tissues were then embedded in optimal cutting temperature 
compound and cut into 20-μm longitudinal sections using 
a cryostat. After treatment with 0.2% Triton X-100 for 5 
min, the DRG sections were blocked with 5% normal goat 
serum (NGS; Vector Laboratories, Burlingame, CA) and 
then incubated with a mouse monoclonal anti-V1a recep-
tor (1:300; LSBio, Seattle, US) and rabbit polyclonal anti- 
calcitonin gene-related peptide (CGRP, 1:300; BMA 
Biomedicals, Augst, Switzerland) or rabbit polyclonal 
anti-S100 (1:300, Leica Biosystems, Wetzlar, Germany) 
for 24 h at 4°C. Following incubation, the antibody was 
visualized with goat anti-mouse IgM Alexa 594 (1:300; 
Invitrogen, Carlsbad, CA) for 1 h at room temperature. 
Images were obtained on an AX70 Olympus microscope 
(Olympus Optical Co., Ltd., Tokyo, Japan). ImageJ 
(https://imagej.nih.gov/ij/, Wayne Rasband, NIH) was 
used to quantify the V1a-positive area in each model.

Statistical Analysis
The Student’s t-test for between-group comparisons and 
one- or two-way analysis of variance (ANOVA) with 
Tukey’s multiple comparisons for multiple-group compar-
isons were used to analyze RT-PCR data, with p<0.05 
accepted as statistically significant. Repeated-measures 
ANOVA was used to compare the behavioral test results 
of the four animal models.

Results
DNA Microarray for the Lumbar DRG 
and Its Validation by Real-Time PCR
Three different nerve injury models and a sham-operated 
model were created using WT C57BL/6J mice (n = 3 

each) and DNA microarrays were performed. The results 
of the DNA microarray were available (Supplementary 
file) and analyzed according to the indicated flowchart 
(Figure 2A). Compared with the sciatic nerve transection 
model, 220 genes were significantly upregulated in the 
SNI model. Of these genes, 54 also showed a significant 
increase in the SNI model compared with the sham 
model. To eliminate death signaling pathways from the 
affected DRG, the gap between the sham and sural nerve 
transection model was removed from these genes. 
Finally, 50 upregulated genes were extracted as differen-
tially expressed genes involved in SNI neuropathic pain 
(Table 1). In addition, 20 downregulated genes were 
identified as differentially expressed genes after their 
analysis under the same strategy (Figure 2B and 
Table 2).

To validate the genes upregulated in neuropathic pain 
models via a canonical strategy to generate knockout mice 
of the candidate upregulated genes, 2 of the 50 genes, 
which encode common proteins, specifically CDK1 and 
V1a, were quantified by real-time PCR (Figure 2C). We 
then compared the results with those of the sham model, 
and CDK1 and V1a showed a significant increase in SNI 
animals.

Altered Expression of Avpr1a in the DRG
As a result of the microarray results, we focused on V1a as 
a putative gene related to the neuropathic pain mechanism. 
We, therefore, quantified chronological changes in V1a 
between SNI and sham models in the affected L3–5 
DRG by real-time PCR. V1a was increased by about 
2.2-fold at 3 weeks and by about 1.5-fold at 6 weeks 
after surgery in the SNI model (Figure 3). To clarify 
whether the differential expression was also evident in 
a different neuropathic pain model, V1a expression was 
investigated in the DRG of the PSNL model. Quantitative 
RT-PCR demonstrated that the PSNL model also exhibited 
an increase in V1a (Supplementary Figure 2).

Behavioral Analysis of Mechanical 
Stimulation in WT and V1a KO Mice
To investigate the relationship between V1a and mechan-
ical hypersensitivity, we performed von Frey testing in 
three groups: the WT sham model, the WT SNI model, 
and the SNI model of V1a KO mice (Figure 4). At 1 week 
after surgery, the response threshold to mechanical stimu-
lation was slightly but not significantly decreased in the 
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Table 1 SNI-Specific Upregulated Genes (n = 50) Extracted by Analysis of DNA Microarray Results

Gene Name Sciatic Nerve 
Transection

Sural Nerve 
Transection

SNI Sham Sciatic Nerve 
Resection vs SNI

p

Cemip 0.015937602 0.021931045 0.035978147 0.016196962 2.25743788344116 0.014343

Npy1r 2.943135669 2.450600598 6.027772656 2.697812251 2.048078421772 0.00343

Klkb1 0.012343185 0.092673354 0.029974827 0.014738309 2.42845152057265 0.016058
Avpr1a 0.042420015 0.033443318 0.104306925 0.032529121 2.45890825308296 0.027288

Rcbtb1 0.010133834 0.017021591 0.020827987 0.008251234 2.05529193110831 0.021239

Il4ra 0.172551721 0.342792046 0.511163863 0.215769747 2.96238056316701 0.010606
ENSMUST00000103323 0.117737521 0.069918384 0.219107755 0.118978514 1.86098495749312 0.024322

Crb1 0.024006943 0.025411855 0.042486716 0.026933736 1.76976786685694 0.015532
chr3:30,064,327–30064680_R 0.020143007 0.027141391 0.033591144 0.014188395 1.6676330655761 0.005945

chr9:20,784,567–20799942_F 0.009742976 0.014959437 0.023426042 0.010650974 2.40440318356702 0.027402

Gm12171 0.00843806 0.00824766 0.020079433 0.008527027 2.37962652667434 0.023748
chr6:128,418,399–128429399_F 0.010242987 0.010581802 0.016793476 0.00816849 1.63950966200135 0.047342

Ggt5 0.026941374 0.027148567 0.054660193 0.023804031 2.02885687112254 0.047197

1700025K04Rik 0.007436897 0.008968189 0.012794781 0.008446629 1.72044611048683 0.008217
chrX:100,745,320–100819322_F 0.026490935 0.031138837 0.044267143 0.02326106 1.67102982919366 0.015181

Olfr691 0.019218798 0.036889063 0.03449422 0.022851351 1.79481670444024 0.039271

chr12:45,415,565–45423519_R 0.017516951 0.013327178 0.032562049 0.018446713 1.85888789922244 0.020688
chr3:37,547,973–37548436_R 0.03090111 0.036659456 0.054005755 0.024050191 1.74769625952857 0.041211

chr5:106,982,442–107045717_R 0.01308871 0.011720582 0.027917407 0.010084771 2.1329380957519 0.042064

Ccdc105 0.009729714 0.010975613 0.020368815 0.010027694 2.09346487892504 0.046353
2210039B01Rik 0.05713729 0.063604358 0.091394439 0.042370501 1.59955851338394 0.015099

Gm7972 0.023820447 0.017225364 0.046419704 0.019083015 1.94873350734123 0.044725

chr13:74,642,700–74701900_F 0.066732472 0.077724943 0.10193445 0.067597528 1.52750898587186 0.028394
ERCC-00002_129 0.012677078 0.018211663 0.019418767 0.008100595 1.53180150352104 0.000614

chr5:92,562,352–92562839_F 0.008940802 0.009787873 0.018019632 0.010000981 2.01543782699296 0.00648

chr14:65,720,392–65769859_F 0.006973892 0.009938737 0.022894233 0.007962306 3.28284878861172 0.001241
Gdpd3 0.250249877 0.279628049 0.38393074 0.221328024 1.53418952765162 0.023704

chr11:95,359,115–95369547_R 0.038673243 0.053372717 0.064198512 0.030252275 1.66002401885373 0.01177

Slc27a6 0.022331768 0.059849987 0.065165057 0.024915137 2.91804298109018 7.16E-05
Fam150b 0.543542191 0.475387378 1.00645 0.604576556 1.85165018649524 0.01146

chr13:98,571,741–98603323_R 0.010861514 0.017844675 0.025958134 0.012924149 2.38991854849564 0.004681

chr2:60,581,618–60589968_F 0.011406199 0.020957276 0.025979304 0.013816088 2.27764772170988 0.004066
Zc3h12d 0.03312596 0.036709453 0.05359474 0.027670876 1.61790753182301 0.044906

ERCC-00142_99 0.010752489 0.015669933 0.028041291 0.011595951 2.60788834659017 0.037461

chr2:108,456,668–108532418_R 0.031905143 0.028952786 0.064865368 0.023916312 2.03306931008911 0.029104
Oxt 0.027594458 0.028811226 0.043930568 0.026632838 1.59200688575318 0.03641

E1A_r60_3 0.011681851 0.022136638 0.023721695 0.011249129 2.03064520720898 0.009334

Tmem135 0.012747291 0.029323606 0.020631668 0.009931016 1.61851398365245 0.010728
chr4:149,383,134–149451259_F 0.01533098 0.028533512 0.03506244 0.013547042 2.28703180873293 0.044541

Olfr868 0.063635428 0.075650276 0.10491306 0.055797171 1.64865804317391 0.009717

A_55_P1961834 0.017440232 0.021794138 0.044092764 0.019314009 2.52822110527608 0.022636
chr15:58,928,225–58939975_R 0.011983163 0.020898446 0.032617116 0.013804479 2.72191194112623 0.005869

chr7:71,093,563–71095094_F 0.007810832 0.012633065 0.014578338 0.00878007 1.86642563669106 0.000486

chr14:27,930,334–27930974_F 0.007507462 0.019703388 0.015902993 0.008707082 2.11829143549069 0.012708
Pard6b 0.041782927 0.035882448 1.819542014 0.023006059 43.5475003099789 0.000646

chr3:41,143,423–41359623_F 0.019140507 0.021795547 0.029935454 0.016514578 1.56398435303621 0.024256

chr3:26,975,323–26978719_R 0.019777929 0.031307203 0.034202084 0.019081641 1.72930563608614 0.02722
Cdk1 0.008478094 0.01062791 0.016958065 0.010006164 2.00022133845267 0.011542

1700058M13Rik 0.009413807 0.014165629 0.017925559 0.008136503 1.90417734138181 0.036533

ERCC-00164_60 0.025213854 0.034979249 0.042103038 0.018006431 1.66983742374239 0.017408

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                              

Journal of Pain Research 2020:13 3036

Yokoyama et al                                                                                                                                                       Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


WT mouse sham model. Responses to mechanical stimuli 
were unchanged in the sham model during the observation 
period. In the SNI model of WT mice, the response thresh-
old to mechanical stimulation was significantly reduced 1 

week after surgery. The reaction threshold continued to 
decrease until 3 weeks after surgery and increased 
mechanical irritation was observed. The threshold 
decrease reached a plateau 3 weeks after surgery and 
persisted until the last observation 6 weeks after surgery.

Preoperatively, V1a KO mice did not exhibit signifi-
cant hypersensitivity to mechanical stimulation com-
pared with WT mice (Figure 4). After SNI surgery, the 
response threshold was decreased significantly from 1 

Table 2 SNI-Specific Downregulated Genes (n = 20) Extracted by Analysis of DNA Microarray Results

Gene Name Sciatic Nerve 
Transection

Sural Nerve 
Transection

SNI Sham Sciatic Nerve 
Resection vs SNI

p

chr10:24,269,165–24276690_R 0.024261838 0.030282953 0.009483896 0.037384745 0.390897670129262 0.0157

Prss58 0.023730685 0.020465388 0.009951893 0.026088134 0.419368118561048 0.033055

chrX:146,827,709–146913398_R 0.024398098 0.023524304 0.01169571 0.023917756 0.479369725810778 0.042863
chr5:100,845,342–100869667_R 0.258584753 0.257582512 0.128171563 0.205975939 0.495665586149995 0.00576

chr10:81,589,292–81626369_R 0.020759688 0.015068821 0.00975797 0.025334043 0.470044174409088 0.011465

chr8:124,648,600–124731250_F 0.042605603 0.031660354 0.013377994 0.033014829 0.31399611184123 0.007173
Slc10a4 0.022898058 0.037321755 0.011290478 0.044108585 0.493075788710623 0.011809

chr18:5,119,300–5181600_R 0.037488876 0.03170092 0.018468183 0.041738919 0.492631001412544 0.00352
1700028E10Rik 0.023176237 0.017538913 0.009832399 0.02377593 0.424244860870575 0.004328

A_55_P2138281 0.047472035 0.034895019 0.020941205 0.044894282 0.441127183173059 0.019804

chr1:175,654,606–175672031_R 0.089653178 0.042620155 0.018819198 0.044547925 0.209911111801891 0.04246
LOC552901 0.15313516 0.174559918 0.05098599 0.160462901 0.332947636349394 0.000528

chr9:40,029,344–40050160_R 0.02512176 0.029360245 0.010788717 0.033064247 0.429457075988394 0.012844

Dapl1 0.141367984 0.122712198 0.066283111 0.142685025 0.468869320698515 0.028111
Rnase6 0.049523566 0.039421361 0.024168048 0.050476768 0.488011065625038 0.033014

chr10:9,322,308–9332183_F 0.020473556 0.012241361 0.010230628 0.025934227 0.499699622437222 0.028795

chr2:181,024,098–181039073_R 0.049259735 0.049120701 0.021328455 0.046882806 0.432979488385575 0.002726
Pdgfd 0.038512912 0.0295256 0.015318957 0.04726424 0.397761572154873 0.009648

chrX:12,811,766–12813409_R 0.031893431 0.041520785 0.014146729 0.037319564 0.443562461663911 0.026289

Spic 0.082639463 0.075831904 0.038225669 0.101985599 0.462559496785457 0.038156

Figure 3 V1a expression in the dorsal root ganglia (L3, 4, and 5) 3 weeks and 6 
weeks after SNI surgery. The SNI model showed a significant 2.23±0.8-fold increase 
in expression at 3 weeks. The SNI model also showed a significant 1.53±0.34-fold 
increase at 6 weeks. 
Notes: *p<0.05, **p<0.01. 
Abbreviations: SNI, spared nerve injury; DRG, dorsal root ganglia; FC, fold change.

Figure 4 Dorsal skin sensitivity changes. Changes in the mechanical flexor reflex 
withdrawal response to stimulation of the dorsal surface of the hindpaw (sural 
nerve territory) after spared nerve injury (SNI) (n = 8) and sham (n = 8) proce-
dures. The withdrawal threshold of the dorsal skin had a higher threshold in the 
control period and a smaller reduction after the SNI. This change was similar in 
vasopressin receptor 1A knockout SNI mice. 
Notes: *p<0.05 versus the WT sham model, **p<0.01 versus the WT sham model, 
n.s. not significant difference. 
Abbreviations: SNI, spared nerve injury; WT, wild-type; V1a, vasopressin receptor 1A.
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week after surgery, similar to the SNI model in WT 
mice. The lower threshold for mechanical stimulation 
was maintained until the final observation 6 weeks 
after surgery.

Changes in Mechanical Stimulation 
Hypersensitivity Induced by Avpr1a Agonist
To evaluate the function of V1a, we administered a selective 
V1a agonist and investigated the response to mechanical sti-
mulation. We analyzed the chronological changes in beha-
vioral test results before and after intraperitoneal 
administration with three different doses of V1a agonist 
using the SNI model of WT mice. We also evaluated the 
differences according to sex. In the SNI model of WT male 
mice 3 weeks after surgery, the group intraperitoneally admi-
nistered 0.1 mg/kg V1a selective agonist showed no signifi-
cant change in response to mechanical stimulation compared 
with the PBS group (Figure 5A). However, the threshold of the 
mechanical stimulation response was significantly increased 
30 min after administration in the groups administered 0.5 mg/ 
kg and 1.0 mg/kg of the V1a selective agonist compared with 

the PBS group. There were no significant changes at 60 min, 
90 min, and 120 min after administration. The dose-dependent 
analgesic effect was confirmed 30 min after administration. 
The same experiments were performed in an SNI model of 
WT female mice 3 weeks after surgery. The behavioral 
changes in the PBS group and each group administered ago-
nist were similar to those in the male mice, indicating no clear 
sex difference (Figure 5B).

Next, the same evaluation was performed in an SNI 
model of WT male and female mice 6 weeks after surgery. 
Similar to the results in male and female mice 3 weeks 
after SNI, V1a agonist dose-dependently ameliorated 
mechanical hypersensitivity in both male and female 
mice (Figure 5C and D). From these results, V1a agonist 
can provide a dose-dependent analgesic effect for neuro-
pathic pain mice in relatively acute and chronic phases. In 
addition, our experiments with both sexes found that there 
were no significant differences in its analgesic effect 
according to sex.

To clarify whether there is a sex difference in the 
function of V1a, male and female V1a KO mice were 
used as experimental animals, and changes in the 

Figure 5 Changes in mechanical stimulation hypersensitivity with vasopressin receptor 1A (V1a) agonist. The groups intraperitoneally administered 0.5 mg/kg and 1.0 mg/kg 
V1a selective agonist showed a significant increase in the threshold of the mechanical stimulation response 30 min after administration compared with the phosphate- 
buffered saline group for both males (A) and females (B). The change in the threshold 30 and 60 min after administration tended to be volume-dependent. Similar results 
were seen in spared nerve injury models 6 weeks after injury in both males (C) and females (D). There were no significant changes in the response to mechanical stimulation 
in male (E) or female (F) V1a knockout mice at any dose. 
Note: *p<0.05 versus PBS-treated mice. 
Abbreviations: KO, knockout; PBS, phosphate-buffered saline; SNI, spared nerve injury; WT, wild-type; V1a, vasopressin receptor 1A.
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thresholds for agonist administration and mechanical 
stimulation were evaluated 3 weeks after surgery 
(Figure 5E and F). Responses to mechanical stimulation 
hypersensitivity were compared between a PBS- 
administered group and a V1a selective agonist- 
administered group in SNI models of male and female 
V1a KO mice. The results showed no significant 
changes in the response to mechanical stimulation in 
males and females at all doses.

Changes in the Response to Mechanical 
Stimulation by Avpr1a Antagonist 
Administration to WT Mice
To evaluate whether the response threshold to mechanical 
stimuli fell after V1a blockage, we intraperitoneally admi-
nistered a V1a selective antagonist to the WT sham and 
SNI mouse groups 3 weeks after surgery. Neither the WT 
SNI nor sham mice of either sex showed any apparent 
mechanical hypersensitivity 30, 60, 90, or 120 min after 
administration (Figure 6A and B).

Immunohistochemical Analysis of Avpr1a 
in the DRG 3 Weeks After Surgery
The L4 DRG was collected from each model mouse and 
subjected to immunostaining to verify protein levels. V1a 
was mainly expressed in the rim of DRG cells in both the 
SNI and sham-operated animals (Figure 7A). It was also 
confirmed that the KO mice did not express V1a. There were 
significant differences in terms of the cross-sectional area of 
V1a expression between SNI mice (2445±46.2 μm2) and the 
sham-operated model (1582±50.7 μm2, p<0.001; Figure 
7B). V1a was mostly localized to Schwann cells expressing 
S-100, but not to DRG cells expressing CGRP (Figure 7C).

Discussion
Comparison and Examination of Multiple 
Nerve Injury Models Using DNA 
Microarray
We created three different nerve injury models and 
a sham-operated model and performed microarray analysis 

Figure 6 Changes in mechanical stimulation hypersensitivity induced by V1a antagonist. Wild-type (WT) sham (A) and spared nerve injury (SNI) mouse (B) groups 3 weeks 
after surgery. Neither the WT SNI nor sham mice of either sex showed any apparent mechanical hypersensitivity 30, 60, 90, or 120 min after administration. 
Abbreviations: SNI, spared nerve injury; WT, wild-type.
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of the lumbar DRG in the models to identify genetic 
changes in the DRG linked to SNI-specific hypersensitiv-
ity. Multiple nerve injury models were considered neces-
sary to remove bias and noise and extract pure mechanical 
hypersensitivity signals. First, the sciatic nerve transection 
model and the SNI model were analyzed. The SNI model 
exhibits stronger mechanical hypersensitivity early after 
injury, whereas the sciatic nerve transection model gener-
ally loses perception.7 The difference between these two 
nerve injury models lies in whether the sural nerve is 
preserved. Interestingly, in the present study, the sural 
nerve transaction model showed normal sensation and no 
painful neuropathic behaviors. This finding indicates that 
preservation of the tibial and peroneal nerves with ligation 
of the sural nerve does not lead to hypersensitivities in the 
hindpaw. Taking the findings of the sciatic transection and 
sural transection models together, we believe that the 
mechanical hypersensitivity seen in the SNI is caused by 
hyperexcitation of the DRG related to sural nerve 
preservation.8

By extracting the genes whose expression was specifi-
cally increased in the SNI animals after comparing the two 
models, we obtained 222 candidate genes. Next, we com-
pared the SNI and sham models to remove the bias asso-
ciated with invasive surgery and inflammatory reactions. 
Accordingly, 166 genes were eliminated. To eliminate 
neural death signaling from the remaining 56 genes, we 
compared the sural nerve transection and sham models. 
Finally, we identified 50 genes as SNI-specific genes.

DNA microarray has been used to identify differential 
gene expression in specific disease models. Vega-Avelaira 

et al24 used microarray analysis to compare adult and young 
nerve injury rats in terms of gene expression in the L4/L5 
DRG and demonstrated that several genes involved in the 
immune response to injury were upregulated in adult rats 
compared with infant rats, which do not experience painful 
neuropathy. They concluded that this regulated expression 
may be associated with the onset and maintenance of neuro-
pathic pain. Cheng et al25 investigated specific modules and 
hub genes associated with neuropathic pain caused by tibial 
nerve transection based on weighted gene co-expression net-
work analysis and protein–protein networks. They ultimately 
identified that the module involved in the pathogenesis of 
neuropathic pain regulates the defense response and calcium 
binding. Recently, numerous molecular scientists interested in 
next-generation sequencing have focused not only on identify-
ing differential gene expression, but also on specifying the 
molecular variants involved of the genes of interest. Mao et al26 

investigated long non-coding RNA (lncRNA) expression in 
the DRG of neuropathic pain rats using high-throughput RNA 
sequencing and found that as many as 112 lncRNAs were 
differentially expressed in their spared sciatic nerve injury 
model. Another study compared whole transcriptomes in the 
lumbar DRG between spinal nerve ligation mice and sham 
mice using RNA sequencing and demonstrated that the regu-
lated expression mostly involved protein-coding genes.27

Thus, various investigations associated with neuropathic 
pain-related molecules have been performed. Although we 
were able to extract differential genes of neuropathic pain 
using DNA microarray, further experiments using next- 
generation sequencing are needed to identify cell-specific 
alterations in both the central and peripheral nervous systems 

Figure 7 Immunohistochemistry of the lumbar dorsal root ganglia with vasopressin receptor 1A (V1a) antibody. (A) V1a was mainly expressed in the rim of DRG cells in 
both SNI and sham-operated animals. (B) A significant difference was found in the cross-sectional area of V1a expression between SNI mice (2445±46.2 μm2) and the sham- 
operated model (1582 ± 50.7 μm2, p<0.001). (C) Double-immunostaining assay showed that V1a colocalized with S-100 (arrowheads), but not with CGRP. 
Note: ***p<0.001. 
Abbreviations: SNI-contra, contralateral spared nerve injury; SNI-ipsi, ipsilateral spared nerve injury; WT, wild-type; V1a, vasopressin receptor 1A.
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for unraveling the molecular mechanisms underlying neuro-
pathic pain.

Relationship Between Neuropathic Pain 
and Avpr1a
This study shows that V1a and CDK1 expression were 
increased in the DRG. CDK1 is essential for mitotic events.28 

Although this master gene is likely associated with neuropathic 
pain mechanisms, CDK1 general knockout mice exhibit vivi-
parous lethality. On the other hand, because V1a has been 
associated with inflammatory pain, we speculated that V1a 
was also likely to be associated with neuropathic pain and 
selected this gene for analysis from among the two. 
Upregulation of V1a alleviates hypersensitivities in 
a neuropathic pain model of WT mice.29 Various studies 
have demonstrated that vasopressin can regulate the pain pro-
cess in the brain through central cholinergic and opioidergic 
systems.30 Notably, V1a plays an important role in the mechan-
ism of inflammatory pain. In peripheral sensory neurons, 
ASICs (acid-sensing ion channels) have been found on cell 
bodies and sensory terminals, where they have been suggested 
to be important for nociception.31 The present study demon-
strated that V1a is mainly expressed in S-100-positive cells. 
This finding suggests that ASICs may be localized not only to 
neurons, but also to the Schwann cells surrounding neurons 
and contribute to the mechanisms of chronic pain.

Inflammation and tissue injury are reported to increase the 
expression levels of ASIC mRNA in DRG neurons and 
thereby contribute to hyperalgesia. In addition, oxytocin inhi-
bits ASIC activity through vasopressin, particularly V1a 
receptor, in primary sensory neurons.32,33 The results of our 
DNA microarray suggest that V1a is also involved as 
a molecule related to SNI-specific neuropathic pain. The pre-
vious study demonstrated that oxytocin effectively suppresses 
painful behaviors in infraorbital nerve injury mice, likely by 
modulation of voltage-gated K channels through V1a.34 

Therefore, we investigated the relationship between neuro-
pathic pain and V1a by focusing on the peripheral nervous 
system, particularly the DRG (rather than the spinal cord), 
which is often associated with spinal cord and spinal cord 
diseases, among pain transmission pathways. We validated 
the V1a expression change in the SNI DRG using RT-PCR 
after the DNA microarray. The SNI model showed 
a significant 2.23-fold increase in expression 3 weeks post-
operatively and a 1.53-fold increase 6 weeks postoperatively 
compared with sham. These results suggest that V1a in DRG 
is associated with neuropathic pain.

Changes in Neuropathic Pain Model Mice 
Caused by Avpr1a Agonist
We confirmed that the SNI model mice exhibited stronger 
mechanical stimulation hypersensitivity in the early post-
operative period than the sham mice. Various studies have 
suggested that intraventricular injection of V1a produces 
antinociception and that V1a antagonists weaken 
antinociception.12,35,36 Other studies also observed that 
intrathecal administration of V1a causes antinociception in 
rats.37–39 These previous studies suggest that V1a protects 
against various pain stimuli in both the central and peripheral 
nervous systems. Our results showed that the expression of 
V1a was significantly increased in the DRG of the nerve 
injury model. We then intraperitoneally administered V1a 
agonist to the SNI model mouse; the threshold for the 
response to the mechanical stimulus rapidly increased in 
a dose-dependent manner, and the neuropathic pain was 
alleviated. Therefore, our findings suggest that V1a may 
alleviate the mechanical hypersensitivity caused by periph-
eral nerve injury in the DRG. V1a is widely expressed 
throughout the body. Mogil et al30 quantified V1a mRNA 
in the nerve tissues of two different strains of mice and 
demonstrated that V1a mRNA expression is higher in the 
tissues of the pain-resistant A/J mouse, particularly in the 
DRG and spinal cord, than in the brain. This evidence sug-
gests that pain resistance may be mediated by V1a upregula-
tion mainly in the peripheral nervous system. We, therefore, 
speculated that administration of V1a agonist was likely to 
activate V1a in the peripheral nervous system, which was 
related to neuropathic pain in the SNI model. Differential 
down- or upregulation of V1a in peripheral nerves, including 
the DRG and sciatic nerve, will be required to clarify whether 
peripheral V1a plays an important role in the onset and 
maintenance of neuropathic pain.

Avpr1a Antagonists Do Not Exacerbate 
Mechanical Hypersensitivity
To investigate the inhibition of the antinociceptive effect of 
V1a in neuropathic pain, we administered V1a antagonist to 
sham and SNI models of WT male mice. The V1a antagonist 
did not impair mechanical hypersensitivity in sham mice. 
Similarly, V1a KO mice demonstrated a normal response to 
mechanical stimulation before peripheral nerve injury (Figure 
4). We also confirmed that there was little expression of V1a in 
the DRG of not only KO mouse, but also in the sham and 
contralateral DRG to the SNI based on immunohistochemistry 
and PCR analysis of the physiological DRG (Figure 7). 
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Because of this low expression of V1a in the intact DRG (and 
even irrespective of whether its expression is increased in 
a pathological state), it is possible that the endogenous ligand 
bound to V1a is also low, so we could not confirm the 
inhibitory effect of the antagonist. These results indicate that 
V1a does not directly influence the onset of neuropathic pain 
under normal conditions. A previous study reported that pain-
ful behaviors worsened after inflammatory nociception in V1a 
KO mouse.

This evidence and our results indicate that the absence or 
low levels of V1a exacerbate inflammatory pain but not neu-
ropathic pain and suggest that V1a may have a protective 
effect on neuropathic pain alone. These results raise two 
points. First, because V1a receptor expression may also be 
low in the DRG, the effects of antagonists may be relatively 
modest in the physiological DRG. It has long been known that 
V1a receptors are associated with inflammatory pain and are 
densely distributed in skin and peripheral nerve endings.40 In 
contrast, V1a is reported to be expressed in about 20% of all 
cells in the trigeminal ganglion. Even if its expression was to 
increase due to nerve injury, this would still affect less than 
40% of all cells.34 Together, these findings suggest that V1a 
may be strongly involved in the mechanism of inflammatory 
pain but only partially contribute to the mechanism of neuro-
pathic pain. Second, the threshold change in hypersensitivity 
after administration of the antagonist may have been too small 
to be detected in the SNI mice used in this study.

Conclusion
In this preclinical study, we applied microarray analysis to 
three different nerve injury models and a sham-operated 
model to extract specific genes related to neuropathic pain 
in the mouse lumbar DRG. Microarray and PCR analyses 
revealed that the V1a gene was linked to neuropathic pain. 
Although V1a KO mouse did not show any behavioral 
changes in response to the SNI compared with WT mice, 
administration of V1a agonist to SNI WT mice revealed 
that V1a plays a protective role in neuropathic pain model 
mice. These results suggest that V1a in the DRG may 
partially contribute to the mechanism of neuropathic pain.
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