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EPHRIN type-b receptor 1 (ephb1) as well as its ligands 
are involved in a variety of physiologic and pathologic 

processes, such as axon guidance, synaptic maintenance, 
and central nervous system (CNS) diseases.1,2 Recent 
advances have indicated that ephb1 is also expressed in the 
spinal cord and plays an important role in the development 
and maintenance of nerve injury–induced nociceptive 
hypersensitivity.3 The spinal ephb1 receptor is persistently 
up-regulated and activated after peripheral nerve injury.4,5 
Blocking the spinal ephb1 receptor has been reported to 
prevent and reverse nerve injury–induced allodynia and 
hyperalgesia.6 In addition, the spinal ephb1 receptor is 
implicated in the modulation of nerve injury–induced 
nociceptive hypersensitivity through interactions with the 
N-methyl-D-aspartate (NMDA) receptor and subsequent 
signal transduction pathways.7,8 Despite the fact that the 
spinal ephb1 receptor is a key regulator of nerve injury–
induced nociceptive hypersensitivity and that this receptor 

has become a novel target for nerve injury–induced noci-
ceptive hypersensitivity prevention and treatment, the 
mechanism of its up-regulation in response to peripheral 
nerve injury is still unclear.

What We Already Know about This Topic

•	 Ephrin type-b receptor 1 is involved in regulating nociceptive 
signaling in the central nervous system

•	 MicroRNA species are endogenous regulators of gene 
expression after nerve injury

What This Article Tells Us That Is New

•	 After sciatic nerve injury in rats, microRNA-182-5p expression 
levels decreased in spinal cord tissue while ephrin type-b 
receptor 1 increased

•	 The overexpression of microRNA-182-5p reduced ephrin 
type-b receptor expression and prevented nociceptive 
sensitization after nerve injury
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ABSTRACT

Background: The authors and others have previously shown that the up-regulation of spinal ephrin type-b receptor 1 plays 
an essential role in the pathologic process of nerve injury–induced nociceptive hypersensitivity, but the regulatory mechanism 
remains unclear.
Methods: Radiant heat and von Frey filaments were applied to assess nociceptive behaviors. Real-time quantitative polymerase 
chain reaction, Western blotting, fluorescence in situ hybridization, immunofluorescence, immunohistochemistry, dual-lucif-
erase reporter gene assays, recombinant lentivirus, and small interfering RNA were used to characterize the likely mechanisms.
Results: Periphery nerve injury induced by chronic constriction injury of the sciatic nerve significantly reduced spinal 
microRNA-182-5p (miR-182-5p) expression levels, which were inversely correlated with spinal ephrin type-b receptor 1 
expression (R2 = 0.90; P < 0.05; n = 8). The overexpression of miR-182-5p in the spinal cord prevented and reversed the noci-
ceptive behaviors induced by sciatic nerve injury, accompanied by a decreased expression of spinal ephrin type-b receptor 1 
(recombinant lentiviruses containing pre-microRNA-182: 1.91 ± 0.34 vs. 1.24 ± 0.31, n = 4; miR-182-5p mimic: 2.90 ± 0.48 
vs. 1.51 ± 0.25, n = 4). In contrast, the down-regulation of spinal miR-182-5p facilitated the nociceptive behaviors induced by 
sciatic nerve injury and increased the expression of spinal ephrin type-b receptor 1 (1.0 ± 0.26 vs. 1.74 ± 0.31, n = 4). Moreover, 
the down-regulation of miR-182-5p and up-regulation of ephrin type-b receptor 1 caused by sciatic nerve injury were medi-
ated by the N-methyl-D-aspartate receptor.
Conclusions: Collectively, our findings reveal that the spinal ephrin type-b receptor 1 is regulated by miR-182-5p in nerve 
injury–induced nociceptive hypersensitivity. (Anesthesiology 2017; 126:967-77)
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MicroRNAs (miRNAs), which are 18- to 25-nucleotide 
noncoding RNAs, can bind to the 3′-untranslated regions 
(UTRs) of messenger RNAs (mRNAs) to regulate gene expres-
sion posttranscriptionally.9 Increasing studies have shown 
that the miRNA-mediated modulation of gene expression is 
important for the regulation of nerve injury–induced noci-
ceptive hypersensitivity.10,11 For example, miR-103 attenuates 
nerve injury–induced nociceptive behaviors by suppressing 
the expression of the voltage-gated calcium channels Cav2.1 
and Cav2.2 in the dorsal root ganglion.12 miR-146a-5p 
reduced nerve injury–induced allodynia and hyperalgesia by 
inhibiting tumor necrosis factor receptor–associated factor-6 
signaling in the spinal cord.13 The overexpression of spinal 
miR-186-5p was shown to decrease C-X-C motif chemokine 
13 expression and alleviate nerve injury–induced nociceptive 
hypersensitivity.14 Because the miRNA-mediated modulation 
of gene expression contributes to the modulation of nerve 
injury–induced nociceptive hypersensitivity, we hypothesized 
that miRNAs may be involved in the regulation of the spinal 
ephb1 receptor during nerve injury.

Here, we found that miR-182-5p, miR-129-5p, and miR-
450b-5p potentially target the 3′-UTR of ephb1 mRNA. How-
ever, only miR-182-5p expression was negatively correlated with 
the expression of ephb1 after chronic constriction injury (CCI). 
Luciferase reporter assays showed that cotransfecting an miR-
182-5p mimic but not miR-129-5p or miR-450b-5p mimics 
with an ephb1 3′-UTR vector resulted in a significantly reduced 
luciferase activity compared with negative controls. Therefore, 
we focused on the potential role of miR-182-5p in ephb1 
regulation. The up-regulation of miR-182-5p decreased spinal 
ephb1 expression and prevented and reversed CCI-induced 
nociceptive behaviors. In contrast, the down-regulation of miR-
182-5p increased spinal ephb1 expression and facilitated CCI-
induced nociceptive behaviors. Together, our study revealed 
that miR-182-5p regulates nerve injury–induced nociceptive 
hypersensitivity by targeting the spinal ephb1 receptor.

Materials and Methods

Animals
Adult male Institute of Cancer Research mice (8 weeks old) 
were provided and housed in the Center for Experimental 
Animals of Nanjing Medical University, Nanjing, China. All 
experimental procedures were approved by the Animal Care 
and Use Committee of Nanjing Medical University and 
adhered to the guidelines of the International Association 
for the Study of Pain (Washington, D.C.). Mice were ran-
domly allocated to experimental conditions, and the number 
used in each group was chosen according to our preliminary 
experiments.

Chronic Constrictive Injury of Sciatic Nerve Model
To produce a CCI-induced nerve injury model, mice were 
anesthetized with an intraperitoneal injection of sodium 
pentobarbital (40 mg/kg), and their right sciatic nerve was 

exposed and then tightly ligated with 5-0 silk thread (spaced 
at 1-mm intervals). For sham-operated mice, the nerve was 
exposed without ligation. The incision was closed in layers, 
and the wound was treated with antibiotics (penicillin).

Drugs and Administration
miRNA is first transcribed into primary miRNAs, which 
are then cleaved into pre-miRNAs in the nucleus. The 
pre-miRNA is exported from the nucleus and enters the 
cytoplasm, where it is further processed into its mature 
form (mature miRNA). Therefore, in the current study, 
recombinant lentiviruses containing pre-miRNA-182-5p 
(LV-pre-miR-182-5p) or a miRNA mimic (miR-182-5p 
mimic) were used to up-regulate the expression of spinal 
miR-182-5p at different stages. An miR-182-5p mimic 
(5′-UUUGGCAAUGGUAGAACUCACACCG-3′) and 
its scrambled negative control (5′-AAGTTUAGAAGA-
CATTCCTGUTTGCCAUG-3′), an miR-182-5p inhibi-
tor (5′-CGGTGTGAGTTCTACCATTGCCAAA-3′) and 
its scrambled negative control (TUGTACGGACGTTGT-
TAGACCTCG), and an rno-miR-182 mimic (UUUG-
GCAAUGGUAGAACUCACACCG) were synthesized by 
Shanghai GenePharma (China). The recombinant lentivi-
rus containing pre-mmu-miR-182 (accession: MI0000224) 
was constructed and packaged by Shanghai GeneChem 
(China). The noncompetitive NMDA glutamate recep-
tor antagonist MK801 and the agonist NMDA were pur-
chased from Sigma. ephb1-Fc was purchased from R&D 
Systems Inc. (USA) ephb1 small interfering ribonucleic 
acid ([siRNA] 5′-GTTCGAAGACGTTGCACACTT-3′) 
and its scrambled negative control (5′-TAAGATTCC-
GTCGTAGGTGATT-3′) were designed and synthesized 
by Shanghai GenePharma. Intrathecal injections were per-
formed using a 28-gauge stainless steel needle between the 
L5 and L6 vertebrae to deliver drugs to the subarachnoid 
space. Three animals exhibited signs of motor dysfunction 
and were excluded from the experiments. Before intrathe-
cal injection, miRNA mimics or miRNA inhibitors were 
mixed with the reagent Lipofectamine 2000 (Thermo 
Fisher, USA). The time points and doses of drug adminis-
tration were chosen based on the results of our preliminary 
experiments and related studies.15

Behavioral Tests
Behavioral tests were performed in a blinded manner. 
Paw-withdrawal latency to thermal stimulus and paw- 
withdrawal threshold to mechanical stimulus were per-
formed as described previously.15 For paw-withdrawal 
latency, mice were placed in a plastic box on a glass plate 
and allowed to adapt for 1 h. The plantar surface of the hind 
paw was exposed to radiant heat through a transparent glass 
surface. Baseline values were adjusted to 12 to 15 s, and an 
automatic 25-s cutoff was used to prevent tissue injury. The 
values were averaged for three trials at intervals of 5 min. For 
paw-withdrawal threshold, mice were placed in a plastic box 
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on a metal mesh floor. The plantar surface was stimulated 
with an electronic von Frey unit.8 The force (g) that induced 
paw withdrawal was digitized by the unit and used as the 
threshold for mechanical nociception.

Real-time Quantitative Polymerase Chain Reaction for 
mRNA and miRNA
For mRNA analysis, total RNA was extracted and reverse tran-
scribed into complementary DNA using Trizol (Invitrogen, 
USA) and oligo primers, respectively. For miRNA analysis, small 
RNAs were extracted and reverse transcribed using the RNAiso 
Kit (Takara, China) and the One-Step PrimeScript miRNA 
cDNA Synthesis Kit (Takara), respectively. Real-time quanti-
tative polymerase chain reaction (qPCR) was performed with 
the Real-Time Detection System by SYBR Green I dye detec-
tion (Takara). Data were analyzed using the 2−ΔΔCT method. 
Primers for the selected genes were as follows: ephb1, sense 
5-CCTCCTCCTATGGACTGCCC-3, antisense 5-AAGGC-
CGTGAAGTCTGGGATA-3; glyceraldehyde-3-phosphate 
dehydrogenase, sense 5-AGGTCGGTGTGAACGGATTTG-3, 
antisense 5-TGTAGACCATGTAGTTGAGGTCA-3; 
miR-182-5p, 5′-TTTGGCAATGGTAGAACTCACACCG-3′; 
miR-129-5p, 5′-CTTTTTGCGGTCTGGGCTTGC-3′; 
miR-450b-5p, 5′-TTTTGCAGTATGTTCCTGAATA-3′; and 
U6, sense 5′-GCTTCGGCAGCACATATACTAA-3′, antisense 
5′-CGAATTTGCGTGTC ATCCTT-3′.

Western Blot Analysis
Protein samples were prepared as described previously.15 Pro-
teins were separated via sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to polyvinylidene difluoride 
membranes. After the membranes were blocked with milk, 
they were incubated overnight with primary antibodies against 
ephb1 (rabbit, 1:1,000; Abcam, United Kingdom; ab129103) 
and glyceraldehyde phosphate dehydrogenase (glyceraldehyde-
3-phosphate dehydrogenase; rabbit, 1:5,000; CST, USA; No. 
2118) at 4°C. The blots were washed extensively and further 
incubated with horseradish peroxidase–conjugated second-
ary antibody (rabbit immunoglobulin G, 1:5,000; CST; No. 
7074) for 2 h at room temperature. The immune complexes 
were detected using chemiluminescence (Pierce, USA). The 
intensity of each band was determined using ImageJ software 
(National Institutes of Health, USA).

Construction of Vectors
The partial 3′-UTR sequences of ephb1 that contain 
the miR-182-5p, miR-129-5p, and miR-450b-5p target 
region were cloned into pmiR-GLO dual-luciferase 
reporter vectors (Promega, USA). The pmiR-GLO 
luciferase vectors containing the mutant miR-182-5p-, 
miR-129-5p-, or miR-450b-5p-binding sites were 
also constructed using the mutated oligonucleotide 
pairs.14 The sequences for producing matched and 
mismatched miRNA-binding site regions are shown 
as follows: miR-182-5p: sense 5-CTGAGTCTCCA-

GATGTCGTCTGTCAGTTGCCAAAG-3, antisense 
5-CTAGCTTTGGCAACTGACAGACGACATCTG-
GAG ACTCAGAGCT-3; mutated miR-182-5p: sense 
5-CTGAGTCTCCAGATGTCGTCTGTCAGTCACC-
GGAG-3, antisense 5-CTAGCTCCGGTGACTGACA-
GACGACATCTGGAGACTCAGAGCT-3; miR-129-5p: 
sense 5-TTGTTTTTCTT TTGTTTGCATTTTCT-
GCAAAAAGG-3, antisense 5-CTAGCCTTTTTG-
CAGAAAATGCAAACAAAAGAAAAAC AAAGCT-3; 
mutated miR-129-5p: sense 5-TTGTTTTTCTTTT-
G T T T G C A T T T T C T G T G A A C C G G - 3 , 
antisense 5-CTAGCCACTTGGCAGAAAATGCAAA-
CAAAAGAAAAACAAAGCT-3; miR-450b-5p: sense 
5-CCTTGTTTTTCTTTTGTTTGCATTTTCTG-
CAAAAA-3, antisense 5-CTAGTTTTTGCAGAAAATG-
CAAACAAA AGAAAAACAAGGAGCT-3; and mutated 
miR-450b-5p: sense 5-CCTTGTTTTTCTTTTGTTT- 
AGACCTTCTGCA AAAACCTCCTCCTATGGACT-
GCCC-3, antisense 5-CTAGTTTTTGCAGAAGGTC-
TAAACAAAAGAAAAACA AGGAGCT-3.

Dual-luciferase Reporter Gene Assays
HEK293T cells were seeded at 1 × 105 cells per well in 
24-well plates. The cells were cotransfected with 50 ng/ml 
firefly luciferase vector and 50-ng control Renilla luciferase 
vector along with miRNA mimics (30 nM) or scrambled 
negative controls using the Xtreme GENE siRNA Transfec-
tion Reagent (Roche, Switzerland). Luciferase assays were 
performed 24 h after transfection using the Dual-Glo Lucif-
erase Assay System (Promega, USA).

Fluorescence In Situ Hybridization, Immunofluorescence, 
and Immunohistochemistry
Mice were deeply anesthetized and intracardially perfused 
with 4% paraformaldehyde. The spinal cord was quickly 
removed, postfixed with 4% paraformaldehyde, cryopro-
tected in 30% sucrose, and cut into 30-μm sections. A 5′-
DIG (Digoxin)– and 3′-DIG–labeled mature miR-182-5p 
miRCURY LNA detection probe (5′-DIG-CGGTGT-
GAGTTCTACCATTGCCAAA-DIG-3′) and a scrambled 
control probe (5′-DIG-CGATGTGTAACACGTCTATAC-
GCCC-DIG-3′) were synthesized by Exiqon (Denmark). 
Fluorescence in situ hybridization (FISH) was carried out 
using a FISH kit (Exon, China). To identify the coexpres-
sion of ephb1 and miR-182-5p, the sections under FISH 
were further incubated overnight with primary antibodies 
against ephb1 (rabbit, 1:500; Abcam; ab129103) at 4°C. 
The following day, an Alexa Fluor 594–conjugated second-
ary antibody (Thermo Fisher, USA) was added, and the 
sections were incubated for 2 h at room temperature. The 
sections were subsequently washed and mounted for con-
focal imaging. Fos and phosphorylated extracellular protein 
kinases (p-ERK) are markers of spinal neuronal sensitiza-
tion. Fos immunohistochemistry or p-ERK immunofluores-
cence was carried out as previously reported.8 The intensity 
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of p-ERK was calculated using ImageJ. The intensity of the 
background was subtracted in each section.

Statistical Analysis
Data were expressed as the mean ± SD and analyzed using 
GraphPad Prism (version 5.0; GraphPad Software Inc., 
USA). P < 0.05 was considered statistically significant. Dif-
ferences between two groups were analyzed using Student’s 
t test. Differences between more than two groups were ana-
lyzed using one-way ANOVA followed by the Tukey post 
hoc test. The behavioral data were compared using two-way 
repeated-measures ANOVA followed by the Tukey post hoc 
test. Correlation analysis was assessed by Pearson correlation 
test. In response to criticism during peer review, an additional 
n = 4 samples were conducted to examine the correlation.

Results

miR-182-5p Targets ephb1 in the Spinal Cord
Consistent with previous studies,4,5 our qPCR results 
showed that the expression of ephb1 gradually increased 
from 1 to 14 days after CCI (fig. 1A). Western blotting also 
confirmed that CCI produced an increase in the expression 
of spinal ephb1 (fig. 1B). To identify potential miRNAs that 
may target ephb1, three commonly used online prediction 
programs (TargetScan, [available at: http://www.targetscan.
org/mmu_71/], miRDB, [available at: http://www.mirdb.
org/miRDB/], and Pic-Tar, [available at: http://pictar. 
mdc-berlin.de/]) were employed. The results showed that 
miR-182-5p, miR-129-5p, and miR-450b-5p potentially 
target the 3′-UTR of ephb1 mRNA (fig. 1C). To experi-
mentally validate the in silico predictions, luciferase reporter 
assays were performed. The partial 3′-UTR sequence of 
ephb1 containing the miRNA target regions was cloned 
downstream of the luciferase gene and then cotransfected 
with various miRNA mimics. Luciferase activity was signifi-
cantly inhibited only by the miR-182-5p mimic, indicat-
ing the presence of an miR-182-5p target site in the ephb1 
3′-UTR (fig. 1D). To further confirm that the decrease in 
luciferase activity was due to a direct interaction between 
the miRNA and its putative binding site, we mutated the 
miR-182-5p-binding site. The results showed that the 
suppression of luciferase activity induced by miR-182-5p 
cotransfection was completely abolished in this mutant 
construct (fig. 1E).

To determine whether these miRNAs were associated 
with the production of nerve injury–induced nociceptive 
hypersensitivity, we examined their expression after CCI. 
The results showed that miR-182-5p gradually declined 
from 1 to 14 days after CCI (fig. 1F), whereas miR-129-5p 
and miR-450b-5p were not significantly altered (fig.  1, G 
and H). The correlation analysis revealed that only miR-
182-5p showed a significant inverse correlation with ephb1 
expression (R2 = 0.90; P < 0.05; fig.  1I). Finally, FISH–
immunofluorescence revealed that miR-182-5p and ephb1 

were coexpressed in the spine and that the decrease in miR-
182-5p expression was accompanied by an increase in ephb1 
expression in the CCI group compared with that of the sham 
group (fig. 1J). Collectively, these in vitro and in vivo find-
ings indicated that ephb1 is a direct target of miR-182-5p.

The Up-regulation of miR-182-5p Prevented and Reversed 
CCI-induced Nociceptive Behaviors by Suppressing Spinal 
Neuronal Sensitization and ephb1 Expression
To investigate the role of miR-182-5p in the induction of 
nerve injury–induced nociceptive hypersensitivity, two tools, 
lentivirus (LV-pre-miR-182-5p) and miRNA mimics (miR-
182-5p mimic), were used to up-regulate the expression of 
spinal miR-182-5p. The efficiency of LV-pre-miR-182-5p and 
the miR-182-5p mimic were validated by qPCR (fig. 2, A and 
B). Behavioral results showed that from 1 to 3 days after CCI, 
consecutive intrathecal injections of either LV-pre-miR-182-5p 
or the miR-182-5p mimic but not the negative control sig-
nificantly prevented the induction of thermal hyperalgesia and 
mechanical allodynia (fig. 2, C and D). To explore the effects 
of miR-182-5p up-regulation on CCI-induced spinal neuro-
nal sensitization and ephb1 expression, we collected the spinal 
cord and examined changes in the expression of Fos, p-ERK, 
and ephb1 7 days after CCI. Our data revealed that intrathe-
cal injection of either LV-pre-miR-182-5p or the miR-182-5p 
mimic but not the scrambled control significantly inhibited the 
increased expression of spinal Fos (fig. 2E), p-ERK (fig. 2F), 
and ephb1 (fig. 2G) induced by CCI.

To further investigate the contribution of miR-182-5p 
up-regulation to the maintenance of nerve injury–induced 
nociceptive hypersensitivity, we posttreated mice with the 
miR-182-5p mimic from 7 to 9 days after CCI. The results 
showed that posttreatment with the miR-182-5p mimic 
markedly reversed the already established thermal hyper-
algesia and mechanical allodynia (fig. 3A). In addition, the 
expression of spinal Fos (fig. 3B), p-ERK (fig. 3C), and ephb1 
(fig. 3D) assessed on day 11 after CCI was strongly inhibited.

The Inhibition of miR-182-5p Facilitated CCI-induced 
Nociceptive Behaviors by Increasing Spinal Neuronal 
Sensitization and ephb1 Expression
Since miR-182-5p up-regulation inhibited CCI-induced 
nociceptive behaviors, does inhibiting miR-182-5p in 
the spinal cord facilitate nerve injury–induced nocicep-
tive hypersensitivity? To answer this question, we intrathe-
cally injected an miR-182-5p inhibitor into mice daily for 
3 days before surgery and then assessed the effects of this 
injection on CCI-induced nociceptive behaviors. The results 
showed that the spinal administration of the miR-182-5p 
inhibitor but not the scrambled control significantly reduced 
the expression of miR-182-5p (fig. 4A) and promoted the 
induction of thermal hyperalgesia and mechanical allodynia 
by CCI (fig. 4B). We then harvested the spinal cords and 
assessed Fos, p-ERK, and ephb1 expression 1 day after CCI. 
We found that the inhibition of miR-182-5p significantly 
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Fig. 1. Micro(mi)R-182-5p targets ephrin type-b receptor 1 (ephb1) in the spinal cord. (A) Real-time quantitative polymerase 
chain reaction showing that ephb1 messenger RNA (mRNA) increased 1, 3, 7, and 10 days after chronic constriction injury (CCI). 
**P < 0.01. ***P < 0.001. n = 8 mice per group. (B) Western blot analysis further validated the increased expression of ephb1 by 
CCI on day 7. **P < 0.01. n = 4 mice per group. (C) The 3′-UTR sequences of ephb1 containing the miRNA target regions were 
cloned downstream of the luciferase gene to generate the luciferase reporter vector. (D) miR-182-5p mimic but not miR-129-5p 
or miR-450b-5p decreased the luciferase activity in HEK293 cells transfected with the ephb1 3′-UTR. *P < 0.05. **P < 0.01. n = 4 
in each group. (E) The decreased luciferase activity induced by transfection with miR-182-5p was completely abolished with the 
mutant ephb1 3′-UTR vector. **P < 0.01. n = 4 in each group. (F–H) The expression of miR-182-5p, not miR-129-5p and miR-
450b-5p, was decreased 1, 3, 7, and 14 days after CCI. **P < 0.01. ***P < 0.001. n = 8 mice per group. (I) Correlation analysis 
showed that miR-182-5p expression was negatively correlated with ephb1 mRNA expression. R2 = 0.90; *P < 0.05. Diamonds, 
squares, and circles represent groups of individuals (mean value) across time. (J) Combined fluorescence in situ hybridization 
and immunofluorescence showed that miR-182-5p colocalized with ephb1 in the spinal cord. Scale bar = 25 μm.
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Fig. 2. The up-regulation of micro(mi)R-182-5p prevents nerve injury–induced nociceptive hypersensitivity by inhibiting spinal 
neuronal sensitization and ephrin type-b receptor 1 (ephb1) expression. (A, B) The validation of lenti-pre-miR-182 or miR-182-5p 
mimic transfection efficiency in vivo. *P < 0.05. **P < 0.01. n = 4 mice per group. (C, D) Pretreatment with lenti-pre-miR-182 (in-
trathecal, 1 × 105 transducing unit/1 μl) or miR-182-5p mimic (intrathecal, 5 μg) for 3 consecutive days (from day 1 to day 3 after 
chronic constriction injury [CCI]) prevented CCI-induced thermal hyperalgesia and mechanical allodynia. *P < 0.05, **P < 0.01, 
***P < 0.001, versus the lentiviruses-negative control (LV-NC) + sham or NC + sham group; #P < 0.05, ##P < 0.01, ###P < 0.001, 
versus the LV-NC + CCI or NC + CCI group; n = 6 mice per group. (E) Immunohistochemical staining showing that treatment with 
lenti-pre-miR-182 or miR-182-5p mimic significantly inhibited the increased spinal Fos expression induced by CCI. *P < 0.05, 
**P < 0.01. n = 4 mice per group. (F) Immunofluorescence staining showing that treatment with lenti-pre-miR-182 or miR-182-
5p mimic significantly inhibited the increased spinal phosphorylated ERK (p-ERK) expression induced by CCI. n = 4 mice per 
group. (G) Western blot showing that lenti-pre-miR-182 or miR-182-5p mimic treatment depressed the increased spinal ephb1 
expression induced by CCI. *P < 0.05. **P < 0.01. ***P < 0.001. n = 4 mice per group. Fos, p-ERK, and ephb1 were measured on 
day 7 after CCI. LV-pre-miR-182-5p, recombinant lentiviruses containing pre-miRNA-182-5p.
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increased the expression of spinal Fos (fig.  4C), p-ERK 
(fig. 4D), and ephb1 (fig. 4E) induced by CCI.

To further determine the role of ephb1 in mediating 
nociceptive hypersensitivity after inhibition of miR-182-5p, 
we pretreated or posttreated animals with siRNA to knock 
down ephb1 before or after intrathecal injection with an 
miR-182-5p inhibitor and then measured their behavioral 
responses. We found that knocking down ephb1 signifi-
cantly inhibited or reversed the thermal hyperalgesia and 
mechanical allodynia induced by inhibiting spinal miR-
182-5p in CCI mice (fig. 4, F and G), suggesting that the 
increased expression of ephb1 mediated the nociceptive 
behaviors induced by the inhibition of miR-182-5p. More-
over, treatment with ephb1-Fc to block the spinal ephb1 
receptor also inhibited or reduced the thermal hyperalgesia 
and mechanical allodynia induced by the inhibition of spinal 
miR-182-5p in CCI mice (fig. 4, H and I). These findings, 
combined with previous results, suggest that miR-182-5p 
contributes to the modulation of nerve injury–induced noci-
ceptive hypersensitivity by targeting the ephb1 receptor.

miR-182-5p Down-regulation and ephb1 Up-regulation 
after CCI Were Mediated by the NMDA Receptor
NMDA receptor activation in the spinal cord is usually con-
sidered to be the trigger for nerve injury–induced central 
sensitization and nociceptive behaviors.16–18 Therefore, we 
investigated whether the NMDA receptor was responsible 
for the down-regulation of miR-182-5p and up-regulation 
of ephb1 in the spinal cord after CCI. Our results showed 
that pretreatment with MK801, which is a noncompetitive 
NMDA receptor antagonist, significantly prevented both 
the down-regulation of miR-182-5p and the up-regulation 
of ephb1 after CCI (fig.  5, A and B). In contrast, spinal 
administration of NMDA decreased spinal miR-182-5p 
and ephb1 expression in naive mice (fig. 5, C and D). These 
findings indicate that CCI-induced miR-182-5p down-
regulation and ephb1 up-regulation are mediated by the 
NMDA receptor.

Discussion
Previous studies have indicated that up-regulation of 
the ephb1 receptor in the spinal cord is required for the 

Fig. 3. Micro(mi)R-182-5p up-regulation reverses chronic constriction injury (CCI)–induced nociceptive behaviors by suppress-
ing spinal neuronal sensitization and ephrin type-b receptor 1 (ephb1) expression. (A) Posttreatment with miR-182-5p mimic 
(intrathecal, 5 μg) for 3 consecutive days (from day 7 to day 9 after CCI) significantly reduced CCI-induced thermal hyperalgesia 
and mechanical allodynia. **P < 0.01, ***P < 0.001, versus the sham + negative control (NC) group; #P < 0.05, ##P < 0.01, versus 
the CCI + NC group; n = 6 mice per group. (B) Immunohistochemical staining showing that posttreatment with lenti-pre-miR-182 
or miR-182-5p mimic significantly inhibited the increased spinal Fos expression induced by CCI. *P < 0.05. n = 4 mice per group. 
(C) Immunofluorescence staining showing that posttreatment with lenti-pre-miR-182 or miR-182-5p mimic significantly inhibited 
the increased spinal phosphorylated ERK (p-ERK) expression induced by CCI. n = 4 mice per group. (D) Western blot showing 
that lenti-pre-miR-182 or miR-182-5p mimic posttreatment depressed the increased spinal ephb1 expression induced by CCI. 
*P < 0.05. ***P < 0.001. n = 4 mice per group. Fos, p-ERK, and ephb1 were measured on day 11 after CCI. LV-pre-miR-182-5p, 
recombinant lentiviruses containing pre-miRNA-182-5p.
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Fig. 4. miR-182-5p inhibition facilitates chronic constriction injury (CCI)–induced nociceptive behaviors by increasing spinal 
neuronal sensitization and ephrin type-b receptor 1 (ephb1) expression. (A) The validation of miR-182-5p inhibitor transfec-
tion efficiency in vivo. **P < 0.01. n = 4 mice per group. (B) Intrathecal injection of miR-182-5p inhibitor (intrathecal, 5 μg) for 3 
consecutive days before CCI promoted the induction of CCI-induced thermal hyperalgesia and mechanical allodynia. *P < 0.05, 
versus the negative control (NC) group, n = 6 mice per group. (C) Immunohistochemical staining showing that miR-182-5p inhibi-
tor administration increased spinal Fos expression. **P < 0.01. n = 4 mice per group. (D) Immunofluorescence staining showing 
that miR-182-5p inhibitor administration increased spinal phosphorylated ERK (p-ERK) expression. n = 4 mice per group. (E) 
Western blot showing that miR-182-5p inhibitor administration increased spinal ephb1 expression. *P < 0.05. n = 4 mice per 
group. Fos and ephb1 were measured on day 1 after CCI. (F, G) Knockdown of ephb1 by siRNA (5 μg) significantly inhibited or 
reduced thermal hyperalgesia and mechanical allodynia induced by the miR-182-5p inhibitor in CCI mice. *P < 0.05. **P < 0.01. 
n = 6 mice per group. (H, I) Blockade of ephb1 by ephb1-Fc (0.5 μg) significantly inhibited or reduced thermal hyperalgesia and 
mechanical allodynia induced by the miR-182-5p inhibitor in CCI mice. *P < 0.05. **P < 0.01. n = 6 mice per group. 
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development and maintenance of nerve injury–induced noci-
ceptive hypersensitivity. The current study further revealed 
that this aberrant expression of spinal ephb1 induced by 
peripheral nerve injury is modulated by miR-182-5p.

miRNA in the Spinal Cord Contributed to Nerve  
Injury–induced Nociceptive Hypersensitivity
Central sensitization, which is characterized by an increase 
in neuronal excitability, is an important mechanism in nerve 
injury–induced nociceptive hypersensitivity.19 The induction 
and maintenance of central sensitization largely depend on the 
aberrant expression of ion channels, receptors, and intracellu-
lar signaling pathways.19 However, the regulatory mechanisms 
controlling this abnormal gene expression remain unclear. 
Recently, increasing studies have indicated that miRNAs, as 
regulators of gene expression, are associated with a variety of 
neurophysiologic and neuropathologic processes such as syn-
aptic development, neuronal plasticity, and CNS disease.20–22 
In addition, there is also a strong connection between miRNAs 
and nociceptive sensitization.10 In the dorsal root ganglion, 
conditional deletion of the Dicer enzyme, which is impor-
tant for miRNA processing, results in a significant decrease 
in the inflammatory nociceptive response.23 Inhibition of 
miR-195 in the spinal cord has been reported to attenuate 
nerve injury–induced allodynia and hyperalgesia,24 whereas 
increasing the expression of miR-23b led to exaggerated nerve 
injury–induced hyperalgesia.25 These findings demonstrate 
that miRNAs are a key regulator of nociceptive hypersensitiv-
ity. In the current study, by using a CCI-induced nerve injury 
model, we found that spinal miR-182-5p expression gradually 
decreased after the development of nerve injury–induced noci-
ceptive hypersensitivity and that up-regulating miR-182-5p 
prevented and reversed nerve injury–induced allodynia and 
hyperalgesia, suggesting a correlation between miR-182-5p 
and nerve injury–induced nociceptive hypersensitivity.

Spinal miR-182-5p Regulates Nerve Injury–induced 
Nociceptive Hypersensitivity by Targeting the ephb1 
Receptor
miRNAs do not encode any proteins; instead, they typically 
bind to the 3′-UTRs of mRNAs to regulate gene expres-
sion posttranscriptionally.26 In the current study, although 
bioinformatics analysis identified several miRNAs that tar-
get the 3′-UTR of ephb1 mRNA, miR-182-5p was shown 
to be the most likely candidate. The sequence alignments of 
miR-182-5p and its binding site in the 3′-UTR of ephb1 is 
highly conserved in mammals, especially in the seed region, 
which showed 100% conservation. miR-182-5p but not miR-
129-5p or miR-450b-5p reduced the luciferase activity of the 
ephb1 reporter gene. Only miR-182-5p was inversely corre-
lated with the expression of ephb1 after CCI. FISH–immuno-
fluorescence also revealed that miR-182-5p colocalized with 
ephb1 in the spine. Furthermore, up-regulating miR-182-5p 
in the spinal cord decreased ephb1 expression and reduced 
CCI-induced nociceptive behaviors as well as spinal neuronal 
sensitization. In contrast, inhibiting miR-182-5p increased 
the expression of spinal ephb1 and facilitated CCI-induced 
nociceptive behaviors. These results indicated that spinal miR-
182-5p is involved in the modulation of nerve injury–induced 
nociceptive hypersensitivity by targeting ephb1.

NMDA Receptor–mediated miR-182-5p Down-regulation 
and ephb1 Up-regulation in Nerve Injury–induced 
Nociceptive Hypersensitivity
Although increasing evidence supports the alteration of 
miRNA expression in nociceptive hypersensitivity, little is 
known about how miRNA gene expression is regulated in 
this process. Under pain conditions, the NMDA receptor is 
known to be important for triggering nociceptive behavior–
related plasticity.27,28 The induction of nociceptive sensitiza-
tion is usually accompanied by the increased activation and 
expression of the NMDA receptor in the spinal cord.17,18 

Fig. 5. Micro(mi)R-182-5p down-regulation and ephrin type-b receptor 1 (ephb1) up-regulation induced by chronic constriction 
injury (CCI) are mediated by the N-methyl-D-aspartate (NMDA) receptor. (A and B) Intrathecal injection of MK801 (2.5 μg, from 
day 1 to day 3 after CCI) prevented CCI-induced miR-182-5p down-regulation (A) and ephb1 up-regulation (B) in the spinal cord. 
*P < 0.05. **P < 0.01. n = 4 mice per group. miR-182-5p and ephb1 were measured on day 7 after CCI. (C and D) Intrathecal 
injection of NMDA (0.5 μg) for 3 days in naive mice decreased miR-182-5p expression (C) and increased ephb1 expression (D). 
*P < 0.05. **P < 0.01. n = 4 mice per group. miR-182-5p and ephb1 were measured on day 4 after NMDA injection.
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Therefore, NMDA receptor activation may be the upstream 
mechanism causing miR-182-5p alterations after CCI. In this 
study, we found that spinal administration of MK801, which 
is a noncompetitive NMDA receptor antagonist, markedly 
decreased spinal miR-182-5p and ephb1 expression. In con-
trast, intrathecal injection of NMDA decreased spinal miR-
182-5p and ephb1 expression in naive mice. These data imply 
that miR-182-5p down-regulation and ephb1 up-regulation 
are mediated by NMDA receptors during peripheral nerve 
injury. A recent study by Jiang et al.14 found that the NMDA 
receptor is also critical for the down-regulation of miR-
186-5p after spinal nerve ligation. Blockade of the NMDA 
receptor prevented the down-regulation of miR-186-5p and 
the subsequent up-regulation of C-X-C motif chemokine 13. 
Therefore, NMDA receptor–mediated miRNA regulation 
may be involved in mediating the pathologies associated with 
nerve injury–induced nociceptive hypersensitivity. Interest-
ingly, previous studies have indicated that ephb1 receptor acti-
vation enhances the activity of the NMDA receptor during 
peripheral nerve injury. Therefore, we propose a vicious cycle 
involved in nerve injury–induced nociceptive hypersensitiv-
ity that includes the NMDA receptor, miR-182-5p, and the 
ephb1 receptor.

miR-182 and Other Diseases
Emerging evidence has shown that miR-182, as a posttran-
scriptional regulator, plays an important role in the regula-
tion of gene expression. For example, in breast cancer cells, 
the miR-182-mediated down-regulation of BRCA1 impedes 
DNA repair and may impact breast cancer therapy.29 miR-
182-5p protects inner ear hair cells from cisplatin-induced 
apoptosis by inhibiting FOXO3a gene expression.30 Aber-
rant miR-182 expression promotes melanoma metasta-
sis by repressing FOXO3 and microphthalmia-associated 
transcription factor.31 Moreover, recent studies have also 
reported that miR-182 may be involved in some nervous 
system diseases, including glioma tumorigenesis,32 diabetic 
corneal nerve regeneration,33 and Schwann cell proliferation 
and migration after sciatic nerve injury.34 The current study 
broadens our knowledge of the functional role of miR-182 
in the CNS. In the current study, for the first time, we found 
that spinal miR-182-5p was involved in the modulation of 
nerve injury–induced nociceptive hypersensitivity by using a 
CCI-induced nerve injury model.

There are several limitations in this study. First, miR-182 
expression patterns were not colocalized by cell type, which 
certainly warrants further investigation. Second, luciferase 
reporter assays were performed in human embryonic kidney 
cells, which may not hold the same relevance in CNS-derived 
cell lines. Third, the effect of miR-182-5p on nerve injury–
induced nociceptive hypersensitivity was our primary focus; 
thus, effects on other models, such as inflammation or can-
cer-induced nociceptive hypersensitivity, were not assessed.

In conclusion, the current study demonstrated that 
the decrease in spinal miR-182-5p was involved in the 

modulation of nerve injury–induced nociceptive hyper-
sensitivity through the ephb1 receptor. This finding may 
lead to the discovery of novel drug targets for the preven-
tion and treatment of nerve injury–induced nociceptive 
hypersensitivity.
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