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miR-132-3p regulates notch signaling to  
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Abstract: Objective: To explore the effects of miR-132-3p and Notch signaling on neuropathic pain in rats. Methods: 
A neuropathic pain model was established in rats and mechanical and thermal pain thresholds were assessed. The 
expression of glial fibrillary acidic protein (GFAP) and microglial marker OX-42 (CD11b) were investigated by immu-
nofluorescence. Spinal cord cell apoptosis was assessed by TUNEL staining. Dual luciferase reporter assays were 
used to confirm the relationship between miR-132-3p and Notch 1. QRT-PCR and western blot were used to detect 
miRNA and protein expression, respectively. Results: We found that miR-132-3p targeted and negatively regulated 
Notch 1 expression. The overexpression of miR-132-3p and/or the inhibition of Notch signaling increased the ther-
mal and mechanical pain thresholds (both P<0.05), GFAP and OX-42 expression (both P<0.05) and decreased the 
rates of apoptosis in spinal cord cells (P<0.05). The activation of Notch alleviated the protective effects of miR-132-
3p. Conclusion: The overexpression of miR-132-3p inhibits Notch signaling and relieves neuropathic pain in rats.
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Introduction

Neuropathic pain is both chronic and prevalent 
pathological pain caused by injury to the cen-
tral nervous system [1-3]. Over 8% of the popu-
lation suffers from neuropathic pain and it  
continues to increase in prevalence due to an  
aging population [4, 5]. Disease onset serious- 
ly affects the quality of life of patients. Clinical- 
ly, conventional analgesics can alleviate pain  
in the short term, but fails to effectively pre- 
vent and cure pain [6, 7]. The pathogenesis of 
neuropathic pain remains complex and largely 
undefined [8, 9]. Exploring the regulatory me- 
chanism(s) of neuropathic pain can provide a 
theoretical basis for its effective treatment.

Notch is a key regulator of cellular function in 
vertebrates [10]. Notch signaling regulates the 
development of an array of tissues and organs, 
including blood vessels, muscles, peripheral 
nerves and central nerves. Under physiological 
conditions, Notch signaling plays a key role in 
neuronal excitation or inhibition [11-13]. The 
activation of Notch signaling leads to the exci-

tation of neurons and increases their sensitivi- 
ty to pain [14]. When exploring the upstream 
regulatory factors of Notch signaling, Targetscan 
revealed a binding site between miR-132-3p 
and Notch 1. MiR-132-3p is located on human 
chromosome 17 and is dysregulated in liver 
cancer, colorectal cancer, and gastric cancer 
[15-18]. MiR-132 is known to be downregulated 
in neuropathic pain, but its regulatory mecha- 
nism (s) remain poorly defined [19].

In this study, we established a neuropathic pain 
model in rats to explore the changes in miR-
132-3p expression in neuropathic pain and its 
regulatory mechanisms.

Materials and methods

Ethics statement

This study was approved by the Ethics Com- 
mittee of Shanghai Fourth People’s Hospital 
Affiliated with Tongji University School of Me- 
dicine. All zoological experiments followed the 
international standards for laboratory animals.
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Research objectives

Specific pathogen Free (SPF) grade male rats 
were purchased from the Guangdong Medical 
Animal Experimental Center (n=120). The aver-
age weight of the selected SD rats was 197.46± 
13.76 g. Rats were fed in the animal room, 
exposed to 12 h light, and housed at 25°C. All 
rats had a normal diet and free access to water.

Establishment and grouping of neuropathic 
pain model in rats

The rats were divided into six groups: (1) normal 
(normal rats); (2) sham (sham operated rats); 
(3) model (model rats); (4) miR-132-3p mimic 
(model rats, overexpressing miR-132-3p via 
lentiviral vectors); (5) DAPT (model rats, notch 
inhibitor treated); and (6) miR-132-3p mimic + 
DAPT  (model rats, combined processed). Drugs 
were purchased from the MCE company. Ne- 
uropathic pain models were established after 
one week of adaptive feeding. Twenty rats were 
left as controls. Rats were anesthetized by 
intraperitoneal injection of 1% pentobarbital 
sodium at a dose of 40 mg/kg. Rats were fixed 
on the operating table and the skin in the mid-
dle of the left leg was cut open, the biceps fem-
oris muscle was peeled, and the left sciatic 
nerve was exposed. Ligation was performed at 
1 mm intervals at the proximal end of the 
exposed sciatic nerve. The wound was then 
sutured. Operational procedures were identical 
in sham groups compared to model rats, but  
no ligations were performed. The normal group 
remained untreated. Following operation, rats 
in each group were intrathecally injected at T9 
and T13 under anesthesia, and every 2-days 
thereafter (80 ng dose). After 14 days of model-
ing, rats were assessed for pain sensitivity. 
Following experimentation, rats were sacrificed 
through the removal of the tails and spinal  
cord, and tissues were extracted for subse-
quent analysis.

Thermal pain and mechanical pain threshold 
detection

Thermal pain and mechanical pain thresholds 
of all rats were measured using the hot-plate 
method and foot tactile instruments on the day 
prior to modeling, and on the 14th day of mod-
eling. Hot plate tests were performed as fol-
lows: rats were placed on a glass plate with 
high heat conduction and were surrounded by a 
plexiglass enclosure. Rats were adapted to the 

partitioned environment and the heat intensity 
of the instrument was set at 40% and aligned 
with the soles of the paws. The time from initial 
exposure to retraction was recorded [20].

Mechanical pain thresholds were recorded as 
follows: Rats were placed on the partitioned 
floor of a foot tactile tester formed of a stain-
less steel mesh. The maximum touch force of 
the instrument was set to 50 g and the time 
was set to 5 s. Once the rats had adapted to 
the partitioned environment, the instruments 
were initiated until the needle contacted the 
feet of the rats. The contact force (g) of the  
rats from the instrument needle to foot retrac-
tion was recorded as a measurement of mech- 
anical pain threshold.

Immunofluorescence

Astrocytes from rat spinal cord tissue sections 
were labeled with GFAP and rat microglia were 
labeled with OX-42. Briefly, sections were pro- 
bed with rabbit anti-GFAP (ab33922, Abcam, 
USA) and rat anti-OX-42 (ab1211, Abcam, USA) 
for 1 h at room temperature. Sections were 
then washed in PBS and labeled with goat an- 
ti-rabbit IgG-FITC (ab6717, Abcam, USA) or goat 
anti-rat IgG-FITC (ab6785, Abcam, USA) for 30 
min. Cell nuclei were DAPI stained (Invitrogen 
molecular probes, Carlsbad, CA, USA) for 10 
min, and slides were mounted using anti-fluo-
rescence quenching agent. Slides were imag- 
ed under a fluorescence microscope (XSP-BM- 
22AY, Shanghai Optical Instrument Factory, 
Shanghai, China).

TUNEL staining

Six sections of spinal cord tissues were taken 
from each group of rats to detect the rates of 
apoptosis in the spinal cord tissue. Sections 
were placed onto slides and numbered. After 
dewaxing and hydration, sections were washed 
twice in PBS and labeled with TUNEL reagent  
in a wet-box at room temperature for 1 h. Sec- 
tions were then DAPI stained and imaged on a 
fluorescent microscope (Nikon TE2000, Tokyo, 
Japan). TUNEL-positive cells were quantified us- 
ing Image-pro Plus 6.0 software from five ran-
dom fields of view.

Dual luciferase assays

The binding sites of miR-132-3p and Notch 1 
were predicted using www.targetscan.org. For 
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dual luciferase reporter assays, Notch 1 was 
mutated at the miR-132-3p binding site and  
WT or mutant plasmids were transfected into 
HEK293T cells with Renilla luciferase controls 
and miR-132-3p mimic or NC plasmids. Cells 
were lysed after 24 h and Firefly and Renilla 
activity were measured (Promega). Relative lu- 
ciferase activity was obtained from the ratio of 
firefly to Renilla luciferase.

QRT-PCR

Spinal cord tissues of each group of rats were 
homogenized and total RNA was isolated us- 
ing the ultrapure RNA Extraction Kit (D203-01, 
GenStar Biosolutions Co., Ltd., Beijing, China). 
RNA was reverse transcribed with TaqMan 
MicroRNA Assays Reverse Transcription Primer 
(batch No. 4366596, Thermo Scientific, Wal- 
tham, MA, USA). Reaction conditions were set 
as 42°C, 30-50 min, 85°C and 5 s, miR-132-
3p, U6, Notch 1, NICD and GAPDH primers we- 
re synthesized by Sangon Biotech (Shanghai) 
Co., Ltd. (Table 1). U6 was used as an internal 
reference for miR-132-3p and GAPDH was us- 
ed as a reference for Notch 1 and NICD. Fl- 
uorescent qPCR was performed using SYBR® 
Premix Ex TaqTM II Kit (RR820A, Xingzhi Bio- 
technology Co., Ltd., Jiangsu, China). The reac-
tion system was as follows: 50 μL: SYBR® Pre- 
mix Ex TaqTM II (2×) 25 μL, upstream primer 2 
μL, downstream primer 2 μL, ROX Reference 
Dye (50×) 1 μL, DNA template 4 μL, and ddH2O 
16 μL. Fluorescent qPCRs were performed on 

an ABI PRISM® 7300 (Prism® 7300, Shanghai 
Kunke Instrument and Equipment Co., Ltd., 
Shanghai, China) system. Reaction conditions 
were as follows: pre-denaturation at 95°C for 
10 min, denaturation at 95°C for 15 s, anne- 
aling at 60°C for 30 s and extension at 72°C  
for 1 min (40 cycles). The 2-ΔΔCt method was 
used to calculate the relative expression of 
each target gene (n=3). ΔΔCt = (mean CT value 
of each target gene in the experimental group - 
mean CT value of each reference gene in the 
experimental group) - (mean CT value of each 
target gene in the control group - mean CT va- 
lue of each reference gene in the control group).

Western blot analysis

Total protein from rat spinal cord tissue was 
extracted using RIPA buffer (R0010, Beijing 
Solarbio Technology Co., Ltd., Beijing, China). 
Transfected cells were washed with precooled 
PBS and lysates (60% RIPA + 39% SDS + 1% 
protease inhibitor) were centrifuged at 4°C and 
13500 rpm for 30 min. Protein concentrations 
were determined via BCA assay (Shanghai 
Jining Industry Co., Ltd., Shanghai, China) and 
proteins were resolved by SDS page elect- 
rophoresis (Shanghai Ruji Biotechnology Co., 
Ltd., Shanghai, China), voltage 100 V, electro-
phoresis 90 min. Proteins were wet-transferr- 
ed to nitrocellulose membranes and blocked in 
5% BSA for 1 h at room temperature. Mem- 
branes were labeled with rabbit anti-Notch 1 
(ab8925, Abcam, USA), NICD (ab52301, Ab- 
cam, USA) and GAPDH (ab9485, Abcam, USA) 
overnight at 4°C and washed 5 times in PBS  
for 5 min. Membranes were labeled with HRP-
conjugated goat anti-rabbit IgG antibodies (ab- 
150077, Abcam, USA) at room temperature 
and reacted with ECL (ECL808-25, Biomiga, 
USA) for 1 min. Membranes were washed and 
proteins bands were imaged using the ECL  
system (36209ES01, Qcbio Science & Tech- 
nologies Co., Ltd., Shanghai, China). GAPDH 
was probed as a loading control.

Statistical analysis

SPSS 21.0 software (SPSS, Inc, Chicago, IL, 
USA) was used for data analysis. Measurement 
data were expressed as the mean ± SD. In- 
dependent sample t-tests were used for group 
comparisons. Welch tests were used for data 
calibration. The Shapiro Wilk method was used 
to test the normality of multiple groups of data. 

Table 1. qRT-PCR primer sequence
Gene Sequence (5’-3’)
miR-132-3p
    Upstream ATGGCTGTAGACTGTT
    Downstream ACGTCTATACGCCCA
U6
    Upstream CGCTTCGGCAGCACATATAC
    Downstream TTCACGAATTTGCGTGTCAT
Notch 1
    Upstream CTGTCCCGTGTCAAGCTGAT
    Downstream CCATCCTGGGTTGTGCTCTT
NICD
    Upstream CGATATCGTGCGGCTTTTGG
    Downstream GGTGAGGCCACATCTGACAA
GAPDH
    Upstream TGTGAACGGATTTGGCCGTA
    Downstream GATGGTGATGGGTTTCCCGT
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A univariate analysis of variance was used to 
analyze measurement data with a normal dis-
tribution. LSD was used to compare the mean 
values between multiple groups. Non-parame- 
tric Kruskal-Wallis tests were used to compare 
data that did not conform to a normal distribu-
tion. P<0.05 was deemed a significant diffe- 
rence.

Results

Thermal and mechanical pain threshold re-
sponses in rats

To explore the effects of miR-132-3p and Not- 
ch signaling on the pain tolerance of rats, we 
assessed the thermal pain threshold during 
thermal withdrawal latency (Figure 1A). Mech- 
anical withdrawal thresholds were assessed 
following mechanical stimulation (Figure 1B). 
We found that, excluding the normal and sham 
group, the thermal withdrawal latency and me- 
chanical pain threshold significantly decreas- 
ed post-modeling (all P<0.05). On the 14th day 
of modeling, the thermal withdrawal latency 
and mechanical pain thresholds varied across 
the groups. Compared to the model group, the 
thermal withdrawal latency and mechanical pa- 

in threshold of rats in the miR-132-3p mimic  
and DAPT groups significantly increased (both 
P<0.05). Compared to the miR-132-3p mimic 
group, the thermal withdrawal latency and me- 
chanical pain threshold of the miR-132-3p mi- 
mic + DAPT group were significantly higher, 
whilst the thermal withdrawal latency and me- 
chanical pain threshold of the miR-132 mimic ± 
oe-Notch 1 group were significantly lower (all 
P<0.05). These data suggested that the over- 
expression of miR-132-3p and/or the inhibition 
of Notch signaling improved the thermal and 
mechanical pain thresholds of rats. The com-
bined overexpression of miR-132-3p and Notch 
inhibition were most effective.

Astrocytes and microglia damage assessments

The activation of astrocytes and microglia leads 
to enhanced pain sensitivity. We assessed the 
levels of GFAP (Figure 2A and 2B) and OX-42 
(Figure 2C and 2D) expression in each gro- 
up through immunofluorescence labeling. Com- 
pared to the normal group, the expression of 
GFAP and OX-42 in the spinal cords of rats in  
all groups, except for the sham group, were sig-
nificantly higher (all P<0.05). Compared to the 
model group, the expression of GFAP and OX-42 

Figure 1. Thermal and mechanical pain threshold responses in rats. A: Thermal pain threshold responses in rats; B: 
Mechanical pain threshold responses in rats. Compared with normal group, *P<0.05; compared with model group, 
#P<0.05; compared with miR-132-3p mimic group; &P<0.05.
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in miR-132-3p mimic and DAPT groups were 
significantly reduced (all P<0.05). Compared to 
the miR-132-3p mimic group, the expression of 
GFAP and OX-42 in miR-132-3p mimic + DAPT 
groups were significantly lower, whilst the ex- 
pression of GFAP and OX-42 in the miR-132-3p 
mimic ± oe-Notch 1 group were significantly 
higher (all P<0.05). These results indicated 
that the overexpression of miR-132-3p or the 
inhibition of Notch signaling inhibited the acti-
vation of astrocytes and microglia.

Apoptosis of spinal cord cells

To detect apoptosis in the spinal cord cells, 
TUNEL staining was performed (Figure 3). Com- 
pared to the normal group, the apoptosis rates 
of spinal cord cells in all groups excluding the 
sham group significantly increased (all P<0.05). 
Compared to the model group, the apoptosis 
ratio of miR-132-3p mimic and DAPT groups 
decreased significantly (both P<0.05). More- 
over, compared to the miR-132-3p mimic gr- 

oup, the apoptosis rates of miR-132-3p mimic 
+ DAPT groups were significantly lower, whilst 
those of miR-132 mimic + oe-Notch 1 groups 
were significantly higher (P<0.05). These data 
suggested that the overexpression of miR-132-
3p or the inhibition of Notch signaling prevent-
ed apoptotic induction in the spinal cord cells.

miR-132-3p regulates notch signaling

Dual luciferase reporter assays were performed 
to investigate the effects of miR-132-3p on 
Notch 1. Binding sites between miR-132-3p 
and Notch 1 were identified using Targetscan 
(Figure 4A). Dual luciferase reporter assays 
showed that, compared to NC mimics, the fluo-
rescence intensity of miR-132-3p mimics sig-
nificantly decreased following the co-transfec-
tion with Notch 1-WT, indicating an interaction 
(Figure 4B). The expression of miR-132-3p and 
Notch 1 in the spinal cord cells of each group 
were assessed by qRT PCR and western blot. 
The results showed that, compared to the nor-

Figure 2. The expression levels of GFAP and OX-42 in the spinal cords of rats. A: The expression of GFAP detected by 
immunofluorescence; B: Statistical analysis of GFAP fluorescence expression; C: The expression of OX-42 detected 
by immunofluorescence; D: Statistical analysis of OX-42 fluorescence expression. GFAP, glial fibrillary acidic protein. 
Compared with normal group, *P<0.05; compared with model group, #P<0.05; compared with miR-132-3p mimic 
group; &P<0.05.
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Figure 3. Comparison of apoptosis of spinal cord cells. A: TUNEL staining; B: The ratio of apoptosis of spinal cord cells. Compared with normal group, *P<0.05; 
compared with model group, #P<0.05; compared with miR-132-3p mimic group; &P<0.05.
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mal group, the expression of miR-132-3p in all 
groups excluding the sham group, significantly 
decreased, whilst the expression of Notch 1 
and NICD significantly increased (all P<0.05). 
Compared to the model group, the expressi- 
on of Notch 1 and NICD decreased in the miR-
132-3p mimic group (P<0.05). There were no 
significant changes in miR-132-3p expression 
in the DAPT group, but the expression of Notch 
1 and NICD decreased (P<0.05). Notch 1 and 
NICD levels were also lower in the miR-132-3p 
mimic + DAPT group (P<0.05), but increased in 
the miR-132 group (P<0.05). Compared to the 
miR-132-3p mimic group, miR-132-3p mimic + 
DAPT groups showed no changes in miR-132-
3p levels (P>0.05), but the expression of Notch 
1 and NICD significantly decreased (all P<0.05). 
MiR-132-3p expression in the miR-132 mimic + 
oe-Notch 1 group showed no significant chang-

es (P>0.05), whilst the expression of Notch 1 
and NICD increased (all P<0.05).

Discussion

Neuropathic pain is a common pathological dis-
ease. To-date, the pathogenesis of neuropathic 
pain remains poorly defined. In the clinic, the 
treatment of neuropathic pain involves drug 
analgesia which is not curative [21]. The occur-
rence of neuropathic pain impacts the quality 
of life of those afflicted. Exploring the patho-
genesis of neuropathic pain provides a theo-
retical basis for clinical treatments with pro-
found significance for radical treatment strate- 
gies.

To-date, studies have reported that Notch 1 sig-
naling plays an important regulatory role in the 

Figure 4. The regulatory mechanism of miR-132-3p and Notch signal pathway. A: The binding sites of miR-132-3p 
and Notch 1 predicted by Targetscan; B: The targeting relationship between miR-132-3p and Notch 1 confirmed by 
the dual luciferase assay; C: The expression of miR-132-3p, Notch 1 and NICD detected by qRT-PCR; D: Western blot 
results; E: The statistics of Notch 1 and NICD expression. Compared with normal group, *P<0.05; compared with 
model group, #P<0.05; compared with miR-132-3p mimic group; &P<0.05.
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development of the nervous system [22]. Fo- 
llowing ligand stimulation, the intracellular seg-
ments of Notch receptors (NICD) are separated 
[23] and bind to downstream transcription fac-
tors to promote the expression of downstream 
genes that regulate cell proliferation and apop-
tosis [24-26]. DAPT, an inhibitor of Notch signal-
ing, prevents the neuropathic pain caused by 
nerve injury in rats in response to Notch activa-
tion [27, 28]. Xu et al. suggested that blocking 
Notch signaling can improve autoimmune neu-
ritis [29]. Yang et al. showed that the inhibition 
of Notch signaling in the spinal cord of rats can 
inhibit diabetic neuropathy [30]. In this study, 
we assessed Notch 1 and NICD in normal and 
neuropathic pain models. The results showed 
that the expression of Notch 1 and NICD at the 
mRNA and protein level significantly increased 
in neuropathic pain models in rats. In addition, 
following DAPT treatment, pain sensitivity, as- 
trocyte and microglia activation, and the apop-
totic ratio of spinal cord cells were significantly 
reduced. These results were consistent with 
the finding that Notch signaling aggravates ne- 
uropathic pain and may be related to enhanc- 
ed apoptosis and pain transmission of spinal 
neurons.

To explore the upstream regulatory factors of 
Notch signaling, we screened miR-132-3p bind-
ing partners using Targetscan. A binding site 
between miR-132-3p and Notch 1 was identi-
fied and confirmed through dual luciferase re- 
porter assays. To-date, studies on miR-132-3p 
have focused on oncology, whilst the regulatory 
roles of miR-132-3p in the nervous system ha- 
ve rarely been studied. Leinders and Majer and 
colleagues suggested that miR-132-3p had a 
positive effect on neuropathic pain [31, 32]. In 
this study, we detected the expression of miR-
132-3p in the spinal cord of normal and neuro-
pathic pain modeled rats. We found that the 
expression of miR-132-3p was down-regulated 
in diseased rats whilst the pain sensitivity of 
diseased rats was significantly improved follow-
ing the overexpression of miR-132-3p. In addi-
tion, after the treatment of miR-132-3p and 
DAPT, pain sensitivity improved and the apop- 
tosis of spinal cord cells was significantly re- 
duced. These results indicated that miR-132-
3p alleviates neuropathic pain in rats through 
the inhibition of pain transmission and neuro-
nal apoptosis, through inhibiting Notch signa- 
ling.

In summary, we have confirmed that miR-132-
3p reduces neuropathic pain in rats through 
Notch inhibition, providing new insight into the 
pathogenesis of neuropathic pain in rats. Other 
target genes of miR-132-3p are likely to contrib-
ute to the regulation of neuropathic pain.
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