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Abstract

Trigeminal neuralgia (TN) is a type of chronic neuropathic pain that is caused by peripheral nerve lesions that result from
various conditions, including the compression of vessels, tumors and viral infections. MicroRNAs (miRs) are increasingly
recognized as potential regulators of neuropathic pain. Previous evidence has demonstrated that miR-195 is involved in
neuropathic pain, but the mechanism remains unclear. To investigate the pathophysiological role of miR-195 and Shh sign-
aling in TN, persistent facial pain was induced by infraorbital nerve chronic constriction injury (CCI-IoN), and facial pain
responses were evaluated by Von Frey hairs. qPCR and Western blotting were used to determine the relative expression
of miR-195 and Patched1, the major receptor of the Sonic Hedgehog (Shh) signaling pathway, in the caudal brain stem at
distinct time points after CCI-IoN. Here, we found that the expression of miR-195 was increased in a rat model of CCI-
IoN. In contrast, the expression of Patchedl decreased significantly. Luciferase assays confirmed the binding of miR-195
to Patched]. In addition, the overexpression of miR-195 by an intracerebroventricular (i.c.v) administration of LV-miR-195
aggravated facial pain development, and this was reversed by upregulating the expression of Patchedl. These results sug-
gest that miR-195 is involved in the development of TN by targeting Patched! in the Shh signaling pathway, thus regulating

extracellular glutamate.

Keywords MicroRNA-195 - Neuropathic pain - Patched]1 - Sonic Hedgehog

Introduction

TN is a type of severe and paroxysmal facial pain and
has a strong negative impact on quality of life. Although
most primary TN patients can be cured with microvascular
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decompression (MVD) [1], for TN patients who are not
suited for open Surgery or show no response to MVD, there
is no effective treatment.

Refractory and chronic neuropathic pain commonly
results from injuries or diseases of peripheral nerves and
the consequent sensitization of central nociceptive path-
ways [2]. However, the exact pathophysiological mecha-
nisms remain unknown. Gene expression and regulation is
an essential mechanism in neuropathic pain. Recent studies
suggest that the expression of various microRNAs, including
miR-183, miR-195, miR-124, and miR-125 are induced in
neuropathic pain [3, 4]. Some targets of these microRNAs
have been identified, including Nav1.3, BDNF, Cav1.2, and
Scn2b, respectively [4], the auxiliary voltage-gated calcium
channel subunits a26-1 and a25-2 and a special, light-touch-
sensitive neuronal type that normally does not elicit pain but
is recruited during mechanical allodynia [5]. A recent study
reported that miR-195 levels are associated with neuropathic
pain in rats [6]. However, the mechanism remains unclear.
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Previous evidence has shown that the Shh family plays
an important role in brain development, stem cell biology,
tissue homeostasis and cancers [7, 8], maintains many adult
nerve structures and regulates the proliferation of various
progenitor cells [9]. Recently, some evidence has shown
that Shh might protect some neural tissues against injuries
and induce the compensatory proliferation of neural tissues
post-traumatically [10, 11]. Peripheral nerve tissue injury
is an important cause of neuropathic pain, and it is sensible
to deduce that Shh is involved in neuropathic pain. A few
studies have demonstrated that Shh signaling is required for
nociceptive sensitization in neuropathic pain in rats [12, 13].
However, its up- and downstream mechanisms are not yet
completely clear.

Herein, we show that Patched1, an inhibitory receptor of
the Shh signaling pathway, is the direct target of miR-195.
Moreover, we report that miR-195 is involved in neuropathic
pain by activating Shh signaling.

Materials and Methods
Ethics Statement

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the Third Military Medical Uni-
versity (Army Medical University). All procedures were
performed according to protocols approved by the ethics
committee of the Third Military Medical University, and
adult male Sprague—Dawley rats were purchased from its
Experimental Animal Center. The ethical permit number is
SCXK2014-0004.

Animals and Trigeminal Neuralgia Model

The study was approved by the Committee for the Protec-
tion of Animal Care Committee at the Third Military Medi-
cal University. Adult male Sprague—Dawley rats weigh-
ing between 210 and 245 g were housed 3—4 per cage in a
temperature-control environment with a 12/12-h light—dark
cycle. Water and food were available ad libitum. Chronic

constriction injury of the infraorbital nerve (CCI-IoN) was
performed following the procedures established by Vos et al.
[14] and Dieb et al. [15]. Briefly, rats were anesthetized by
an intraperitoneal (i.p.) injection of pentobarbital (65 mg/
kg) and fixed to a board. All surgeries were performed under
the direct visual control of a microscope (6 X). A 1-cm-long
incision was made in the gingivobuccal margin, and the [oN
was dissected free. Two ligatures (using 5-0 chromic gut
sutures), separated by 1-2 mm, were loosely tied around
the IoN, reducing the diameter of the IoN slightly without
blocking the superficial vasculature to the nerves. The inci-
sion was sutured with 5-0 silk sutures. For the sham group
animals, the IoN was isolated without ligation. The opera-
tion was conducted in a temperature-controlled environment
(22 +£1° C), and a cotton blanket was used to maintain the
animal’s body temperature.

Behavioral Test and Analysis

According to the procedures used in previous studies by Vos
et al. [14] and Han et al. [16], mechanical allodynia was
induced with a graded series of Von Frey hairs, consisting
of 1 g,2¢g,4¢g, 9¢gand 16 g, and assessed by a second
experimenter according to the method used by Vos et al. The
rats’ responses to mechanical stimulation consisted of one
or more of the following elements: detection, withdrawal,
escape/attack, and asymmetric grooming. Each category
was given a score (0—4) based on the number of observed
response elements (Table 1).

Intracerebroventricular (i.c.v.) Catheter
Insertion and the Measurement of Glutamate
in the Cerebrospinal Fluid (CSF)

Each rat was anesthetized via an intraperitoneal injection
of chloral hydrate (300 mg/kg). The head was fixed on a
stereotaxic frame under sterile conditions, and a 21-gauge
stainless-steel guide cannula (12 mm) was implanted in
the right lateral ventricle. The stereotaxic coordinates
were 0.8 mm posterior, 1.5 mm right lateral, and 4.0 mm
ventral to bregma, according to Paxinos and Watson
[17]. The guide cannula was fixed to two stainless screws

Table 1 Response scoring

Response category
system

Observed response elements

Detection With-drawal Escape/ Face-groom- Score
attack ing
No response 0 0 0 0 0
Non aversive response 1 0 0 0 1
Mild aversive response 1 1 0 0 2
Strong aversive response 1 1 1 0 3
Prolonged aversive behavior 1 1 1 1 4
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anchored to the skull with bone cement and sealed with
a cannula rod. Motor deficiencies and signs of infection
were monitored after surgery, and rats with any deficits
were excluded from further experimentation. The rats were
allowed to recover for 7 days and then used for subse-
quent experiments [18]. The lentivirus-miR-195 mimic,
lentivirus-miR-195 inhibitor, lentivirus-Patchedl, and
lentivirus-shPatched1 were purchased from Genepharma
(Shanghai, China). Ten microliters of recombinant len-
tivirus (107 p.f.u. viruses per rat) was delivered by i.c.v.
administration every other day from days 0 to 6 after CCI
using a microinjection syringe through a PE-20 catheter
filled with drug and connected to the guide cannula.

Throughout the experiment, CSF was collected from
rats anesthetized by chloral hydrate. The animals were
placed in a prone position with the neck flexed. The occipi-
tal muscles of the rats were separated, and the atlanto-
occipital membrane was exposed. We punctured the cis-
terna magna and extracted 100-200 pl of CSF [19]. After
centrifugation at 250xg, 10 min, we removed the super-
natant and froze it at — 80 °C. Glutamate was measured
using high-performance liquid chromatography (HPLC).
The analysis was carried out by using a Waters HPLC
system (Waters Breeze 1525, Etten-Leur, Netherlands)
equipped with an isocratic pump (Waters 1515), an autosa-
mpler (Waters 2707) and a UV-Visible detector (Waters
2489). Then, the caudal medulla was removed and frozen
for analysis.

Western Blotting

Total protein from the tissues was prepared after treatment
with RIPA buffer (Beyotime, Shanghai, China). The BCA
protein assay was used to determine protein concentra-
tions. For the Western blot assay, proteins (50 pug/well)
were separated by 8% sodium dodecylsulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) and then transferred
to a polyvinylidene difluoride (PVDF) membrane (Milli-
pore, Billerica, MA, USA). After blocking with 5% nonfat
milk for 2 h at room temperature, the membranes were
incubated overnight at 4 °C with specific primary anti-
bodies. The following antibodies were used: mouse anti-
Patched1 (1:800; Novus Biologicals, Littleton, USA), anti-
Gli2 (1:1000; Proteintech Rosemont, USA), anti-SUFU
(1:1000; Cell Signaling Technology, USA) and mouse
anti-f-actin (1:5000; Cell Signaling Technology, USA).
The blots were then washed in TBST (Tris-buffered saline
(TBS) containing 0.1% Tween 20) and incubated in the
appropriate secondary antibody for 1 h at room tempera-
ture. Immunoreactive bands were detected with an ECL kit
(Millipore, Billerica, MA, USA) according to the manu-
facturer’s instructions.
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Quantitative Real-Time RT-PCR Analysis

Total RNA was extracted from the tissues using Trizol
reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. The amount of RNA was
measured using a spectrophotometer. The reverse transcrip-
tion reactions were performed using the M-MLV Reverse
Transcriptase kit (Invitrogen) and the PrimeScript® miRNA
cDNA Synthesis kit (Perfect Real Time; TaKaRa, Dalian,
China). The Thermo Scientific Maxima SYBR Green gPCR
Master Mix kit (Thermo Scientific) was used to detect
the expression of miR-195 and the mRNA expression of
Patchedl. U6 snRNA and GAPDH were used as internal
controls for the expression of miRNA and mRNA, respec-
tively. Each sample was analyzed in triplicate. The 2744t
method was used to quantify the relative levels of gene
expression.

Luciferase Reporter Assay

The 3'-UTR of Patched1 harboring either the seed sequence
of the miR-195 wild-type binding sites or the mutant bind-
ing sites was cloned into the pmirGLO dual-luciferase vec-
tor (Promega, Madison, WI, USA). For the luciferase assay
in 293T cells, cells seeded at a density of 1.0 x 10° cells
per well in 24-well plates were cotransfected with the Luc-
pGL3-Patched1-WT-3'UTR or Luc-pGL3-Patched1-MUT-
3'UTR vector and miR-195 mimic or scrambled miRNA
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. After transfection
for 48 h, the cells were harvested for detection using a dual-
luciferase reporter assay kit (Promega, Madison, WI, USA).
The results are expressed as the relative luciferase activ-
ity (firefly Luc/renilla Luc). All experiments were repeated
three times.

Cell Culture

293T cells were purchased from the Cell Bank of the Com-
mittee on Type Culture Collection of the Chinese Academy
of Sciences (CCTCC, Shanghai, China). Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin and 0.1 mg/ml strepto-
mycin. Antibiotics and FBS were purchased from HyClone
(Waltham, MA, USA). The cells were maintained under an
atmosphere of 95% air and 5% CO, at 37 °C.

Statistical Analysis
Data are reported as the mean and standard error of the mean

(SEM) from at least three independent experiments, and the
P value was evaluated and calculated using a two-tailed
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Results

Expression Levels of miR-195 Are Increased in a Rat
Model of CCI-loN

A decline was shown in mechanical allodynia within 7 days
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«Fig. 1 The expression of miR-195 is increased in a rat model of CCI-
IoN. a, b The effect on CCI-induced neuropathic pain (ipsilateral and
contralateral) was determined on days 0, 3, 7, 10 and 14 post-CCI-
IoN. Each bar represents the mean+S.D., N=6 for each time point,
**p<0.01 versus sham group. ¢ A heatmap of negative delta cycle
threshold values showing changes in miRNA expression in the cau-
dal medulla of rats that underwent CCI-IoN surgery on postoperative
day 7. Each row represents a miRNA, and each column represents a
caudal medulla sample. Red represents high expression, and blue rep-
resents low expression. Based on the results of a t-test, volcano plot
filtering was performed between the two groups. Twenty significant
miRNAs were upregulated in the CCI-IoN model rats compared with
the control rats. p<0.01 was used (N=5 per group). d The expres-
sion of miR-195 in the caudal medulla of rats that underwent CCI-
IoN surgery was examined by RT-PCR on days 0, 3, 7, 10 and 14
after CCI-IoN. **p<0.01 compared with the sham group. e The
concentration of glutamate was measured in the cerebrospinal fluid
(CSF) of the rat model on days 0, 3, 7, 10 and 14 post-CCI-IoN.
**p <0.01 versus sham (Color figure online)

after surgery both on the ipsilateral side and on the contralat-
eral side in the rat CCI-IoN model, and this decline lasted
for 14 days after surgery (Fig. 1a, b). Glutamate levels are
related to neuropathic pain. Here, we found that the gluta-
mate level in the cerebrospinal fluid (CSF) was markedly
increased in the CCI-IoN group compared to the sham group
at postoperative day 7, and this increase lasted for 14 days
(Fig. le). These results indicated that the nerve injury model
was successful in establishing mechanical allodynia. Micro-
array analysis of small RNAs was also performed. Using
a paired t-test, 20 miRNAs were found to be differentially
expressed between the CCI group and the sham group
(P <0.01, false discovery rate < 0.05; Fig. 1c).

Among these miRNAs, miR-195 was one of the most
prominently upregulated miRNAs (Fig. 1c¢). We also found
that miR-195 expression was significantly increased on post-
operative days 0, 3, 7, 10 and 14 (Fig. 1d) in CCI-IoN rats
compared to rats that received sham surgery, and the con-
centration of glutamate was also significantly increased on
postoperative days 7, 10 and 14 (Fig. le), implying a positive
correlation between miR-195 expression and TN develop-
ment in CCI-IoN rats.

Overexpression of miR-195 Aggravates Neuropathic
Pain Development

To investigate the biological effect of miR-195 in TN, we
experimentally overexpressed miR-195 expression in rats
by an intracerebroventricular injection of lentivirus carry-
ing miR-195 (LV-miR-195). The expression of miR-195
was significantly increased in CCI-IoN rats infected with
LV-miR-195 (Fig. 2a). We also tested the CSF and found
that the glutamate level in the CSF was markedly increased
by miR-195 overexpression on postoperative days 0, 3, 7,
10 and 14 (Fig. 2b). Interestingly, subsequent behavior
experiments showed that ipsilateral mechanical allodynia
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was significantly aggravated by miR-195 overexpression
only on postoperative day 7, but on the contralateral side,
this significant difference in mechanical allodynia was
observed from postoperative day 7 on (Fig. 2c—d). These
results indicate a facilitative role for miR-195 in TN.

Patched1, an Inhibitory Receptor of the SHH
Signaling Pathway, Is Downregulated in Response
to TN Development

We measured the expression of Patchedl, an inhibitory
receptor of the SHH signaling pathway in the caudal
medulla of CCI-IoN rats via quantitative real-time PCR
analysis and Western blot analysis. In our study, we found
that the mRNA and protein expression levels of Patchedl
were significantly decreased in the caudal medulla of the
CCI-IoN group on postoperative days 3, 7, 10 and 14 com-
pared with those in the same region of the sham group
(Fig. 3a—c). This result contradicts our previous study on
miR-195 expression.

Patched1 Is a Direct Target of miR-195

To predict whether the 3'-UTR of Patched] mRNA con-
tains a miR-195 binding site, TargetScan 7.1 was used.
Our results indicate that the seed sequence of miR-195 is
paired with the Patched1 3’-UTR in both humans and rats
(Fig. 4a). To verify whether miR-195 targets the Patched1
3'-UTR, a dual luciferase reporter vector containing the
sequence of the Patchedl 3'-UTR was designed (pmir-
GLO Patchedl 3'-UTR, WT-Patchedl). 293T cells were
cotransfected with the wild-type plasmid vector and three
different doses (10, 50, and 100 nM) of miR-195 mim-
ics. The miR-195 mimics reduced the relative luciferase
activity in a dose-dependent manner (Fig. 4b). We also
inserted the Patchedl 3'-UTR harboring a mutant bind-
ing site (MUT-Patchedl) into the dual-luciferase vector
(Fig. 4c). Cotransfection of miR-195 mimics with the
luciferase vector containing WT-Patched] resulted in a
significant decrease in relative luciferase activity com-
pared with that of the scrambled miRNA (Fig. 4d). How-
ever, mutated binding sites abrogated the inhibitory effect
of miR-195 overexpression on relative luciferase activ-
ity (Fig. 4d), implying that miR-195 directly targets the
3'UTR of Patched] mRNA. Furthermore, the overexpres-
sion of miR-195 mimics (50 and 100 nM) significantly
inhibited Patched] mRNA and protein levels compared
with those in cells transfected with scramble miRNA in a
dose-dependent manner (Fig. 4e—g). These findings sug-
gest that the Patchedl gene is a direct target of miR-195
and that miR-195 inhibits the expression of Patched]1.
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Fig.2 Overexpression of miR-195 aggravates neuropathic pain
development. a The expression of miR-195 in CCI-IoN rats infected
with LV-miR-195 or LV-negative control (NC) by RT-PCR on post-
operative day 7. **p<0.01 versus sham group; #p<0.01 versus
CCI+LV—-NC. b The concentration of glutamate was measured
in the cerebrospinal fluid (CSF) of CCI-IoN rats infected with LV-

Patched1 Is Responsible for miR-195-Mediated
Neuropathic Pain

To investigate whether miR-195 exerts its function in reg-
ulating facial neuropathic pain by targeting Patchedl, we
performed experiments in which rats were infected with
LV-miR-195, LV-miR-195 inhibitor, LV-Patched1, or LV-sh
Patched], or coinfected with LV-miR-195 and LV-Patched1
or LV-miR-195 inhibitor and LV-sh Patchedl after CCI-
IoN. The results showed that the miR-195 inhibitor mark-
edly decreased facial pain in CCI-IoN rats compared with
control rats (Fig. 5a). Moreover, facial pain was also attenu-
ated when we infected the rats with LV-Patched1 (Fig. 5a).
Conversely, similar to the results in CCI-IoN rats infected
with LV-miR-195, facial pain was significantly aggravated
when we infected the rats with LV-sh Patchedl, but this
was mainly observed on the contralateral side (Fig. 5a).
Meanwhile, the facilitated effects of miR-195 overexpres-
sion on neuropathic pain were also markedly reversed by
Patched1 overexpression when we coinfected the rats with
LV-miR-195 and LV-Patched1 (Fig. 5a). However, knock-
down of Patched1 blocked the inhibitory effect of the miR-
195 inhibitor on TN when we coinfected the rats with LV-
miR-195 inhibitor and LV-sh Patched1 (Fig. 5a).

To determine the expression of miR-195 and Patched1
in the caudal medulla of CCI-IoN rats, we performed qRT-
PCR and Western blot analyses (on tissues acquired on day

miR-195 or LV-negative control (NC) on days 0, 3, 7, 10 and 14.
#p<0.01 versus sham group; *p<0.01 versus CCI+LV —NC. c,
d The effect of miR-195 overexpression on neuropathic pain was
assessed by the analysis of behavioral tests. **p <0.01 versus sham
group; #p<0.01, #p<0.05 versus CCI+LV—-NC; N=6 for each
group

7 post-CCI-IoN surgery). The results also showed that the
overexpression of miR-195 mimics in the rats resulting
from an intracerebroventricular injection of LV-miR-195
markedly suppressed Patched] mRNA and protein expres-
sion, and these levels were significantly increased by an
intracerebroventricular injection of LV-miR-195 inhibi-
tor (Fig. 5b—d). The decreased expression of Patchedl
induced by miR-195 overexpression was also reversed by
Patched1 overexpression when we coinfected the rats with
LV-miR-195 and LV-Patched1 (Fig. 5b—d). The knockdown
of Patched1 significantly reversed the promoting effect of
the miR-195 inhibitor on Patchedl expression when we
coinfected the rats with LV-miR-195 inhibitor and LV-sh
Patchedl (Fig. Sb—d). Taken together, these results indi-
cate that miR-195 promotes neuropathic pain by targeting
Patched]1.

miR-195 Increases the Extracellular Glutamate
Levels and Is Involved in TN Through the SHH
Signaling Pathway

To further investigate the underlying molecular mechanism
of the role of miR-195 in regulating neuropathic pain, the
protein expression of SUFU (an inhibitory regulation factor
of the Shh signaling pathway) and Gli2 (a positive regulation
factor of the Shh signaling pathway) was measured. In line
with Patchedl expression, compared to the sham groups,
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Fig.3 Patchedl is downregulated in response to TN development.
a The expression of Patched] in the caudal medulla of the rats was
examined by RT-PCR on days 0, 3, 7, 10 and 14 after CCI-IoN.
*#p <0.01 compared with the sham group. N=6 for each group b
The protein expression level of Patched] in the caudal medulla of the
rats was tested by Western blotting on days 0, 3, 7, 10 and 14 after
CCI-IoN. ¢ Patchedl protein expression was quantified using Quan-
tity One software after normalization with Actin. **p <0.01 versus
sham. N =3 for each group in b and ¢

the CCI-IoN group exhibited significantly decreased SUFU
expression and increased Gli2 expression in the caudal
medulla at the level of both mRNA and protein (Fig. 6a—e).
In addition, the overexpression of miR-195 markedly
increased Gli2 expression but repressed SUFU expression
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in CCI-IoN rats. These results were reversed by infection
with LV-miR-195 inhibitor (Fig. 6a—e). An intracerebroven-
tricular injection of LV-Patched1 resulted in elevated SUFU
expression and decreased GLI2 expression on day 7 postin-
jection. The effect of an intracerebroventricular injection of
LV-sh Patched]1 was the opposite (Fig. 6a—e). The increased
expression of Gli2 and the decreased expression of SUFU
induced by miR-195 overexpression were also reversed by
Patchedl overexpression when we coinfected the rats with
LV-miR-195 and LV-Patched! (Fig. 6a—e). Furthermore, the
knockdown of Patchedl significantly reversed the effect of
the miR-195 inhibitor on SUFU and Gli2 expression when
we coinfected the rats with LV-miR-195 inhibitor and LV-sh
Patched1 in TN rats (Fig. 6a—e). These results show that the
regulation of Patched] alters the effect of miR-195 and the
miR-195 inhibitor on neuropathic pain development and the
Shh signaling pathway, indicating that miR-195 functions by
targeting Patched1 and regulating the Shh signaling pathway.

Collectively, our results show that miR-195 exerts its pro-
moting effect on TN development by targeting Patched]l.
Shh signaling participates in epilepsy development by
regulating extracellular glutamate levels [20], an important
factor related to neuropathic pain [19, 21]. To explore the
mechanism by which miR-195 regulates neuropathic pain,
we assessed glutamate concentrations in the cerebrospinal
fluid (CSF) and found that the glutamate levels in the CSF
markedly increased in the CCI-IoN group compared with
the sham group (Fig. 6f). The glutamate levels were signifi-
cantly increased in CCI-IoN rats infected with LV-miR-195
and markedly decreased in rats infected with the miR-195
inhibitor (Fig. 6f). The administration of LV-Patchedl and
LV-sh Patchedl decreased the glutamate levels in the CSF
and influenced facial pain (Fig. 6f). The increased level of
glutamate induced by miR-195 overexpression was also
reversed by Patchedl overexpression when we coinfected
the rats with LV-miR-195 and LV-Patchedl (Fig. 6f). The
knockdown of Patched] significantly reversed the inhibitory
effect of the miR-195 inhibitor on glutamate levels when we
coinfected the rats with LV-miR-195 inhibitor and LV-sh
Patched! (Fig. 6f). This evidence reveals that miR-195 and
Patched! are crucial players in neuropathic pain.

Discussion

Our results show that miR-195 aggravates mechanical allo-
dynia in CCl rats by upregulating the Shh signaling pathway.
miR-195 is upregulated due to the CCI-IoN procedure, and
it targets Patched1, an inhibitory receptor of the Shh sign-
aling pathway, and reduces its expression, resulting in the
activation of the Shh signaling pathway (as evidenced by the
increased expression of Gli2 and the decreased expression of
SUFU). These effects also aggravate facial pain by elevating
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the concentration of extracellular glutamate (Fig. 7). These
findings add to the growing evidence for the crucial role
of miR-195 in the regulation of neuropathic pain and may
help establish miR-195 as a biomarker or therapeutic target
for TN and other types of orofacial neuropathic pain in the
future.

In this study, our results initially showed that the expres-
sion of miR-195 gradually and markedly increased in the
caudal medulla after CCI-IoN surgery. We administered
LV-miR-195 via an intracerebroventricular catheter, result-
ing in the upregulated expression of miR-195. After that,
significantly worse allodynia was observed bilaterally.
In fact, exacerbated allodynia was easily observed on the
contralateral side. We hypothesized that the odd results
could likely be ascribed to the limitations of the methods
of the pain test. In a previous study by Vos et al. [14], four
responses to mechanical stimulation for each rat were used
to assess the degree of facial pain degree so that the highest

Relative Patched1 protein level

50nM 100nM
miR-195 mimics

sramble

possible score was only 4. If the degree of facial pain was
beyond this range, this method would be unable to assess
the degree of pain accurately. According to our results, the
mean pain score was approximately 3.5 on day 10 after sur-
gery. In this situation, even though the actual degree of pain
obviously increased due to the upregulated expression of
miR-195, it was difficult to observe the significant differ-
ences between these two groups. In contrast, the contralat-
eral pain score was significantly lower than the ipsilateral
score postoperatively, so the increase in the degree of facial
pain was more noticeable. The results showed that infec-
tion with LV-miR-195 inhibitor obviously alleviated facial
pain in the TN rats, suggesting that miR-195 participates in
and promotes TN development. Similar to our results, Shi
et al. found that upregulated miR-195 in spinal microglia of
rats with SNL contributes to neuropathic pain by inhibiting
autophagy and inducing neuroinflammation [6]. However,
they did not detect the expression of miR-195 in neurons
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Fig.5 Patchedl is Responsible for miR-195-mediated Neuropathic
Pain. a The effect on neuropathic pain was assessed by behavio-
ral testing and analysis on days O, 3, 7, 10 and 14 by infecting rats
with LV-miR-195, LV-miR-195 inhibitor, LV-Patchedl, or LV-sh
Patched1, or coinfecting the rats with LV-miR-195 and LV-Patched1
or LV-miR-195 inhibitor and LV-sh Patchedl after CCI-IoN.
?p<0.01 (CCI+LV-miR-195 inhibitor vs. CCI+LV-miR-195);
5»<0.01 (CCI+LV-Patchedl vs. CCI+LV-NC); ©p<0.01

or astrocytes. In addition, they demonstrated upregulated
expression of miR-195 in isolated primary microglial cells.
The regulation and expression patterns of miRNAs were
always varied according to temporal-spatial specificity and
stimulus-dependence [22, 23]; this method likely affected
the accuracy of the results.

miR-195 is a member of the miR-15/107 family, is only
expressed in mammals, and is expressed especially in the
central nervous system [24]. Rapid upregulated and long-
term expression is observed after peripheral nerve liga-
tion [25]. Existing evidence shows that miR-195 is mainly
involved in neuroprotection against some neural injuries
and alleviates dementia induced by chronic brain hypop-
erfusion and Alzheimer’s disease via multiple targets [26,
27], including BDNF and VAMP1, which have been veri-
fied by many studies to play pivotal roles in neuropathic
pain [28]. In addition, miR-195 contributes to the differ-
entiation of neural stem cells and nerve regeneration [29],
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(CCI+LV-sh Patchedl vs. CCI+LV-Patched1); 9p <0.01 (CCI+LV-
miR-195 + LV-Patched]1 vs. CCI+LV-miR-195); °p <0.01 (CCI+LV-
miR-195 inhibitor + LV-sh Patchedl vs. CCI+LV-miR-195 inhibitor).
b The relative expression of Patchedl mRNA and protein ¢, d was
detected by RT-PCR and Western blotting on day 7. **p <0.01 versus
sham group. N=6 for each group in a and b. N=3 for each group in
candd

and these processes were generally observed to participate
in neuropathic pain. Many noncoding RNAs, especially
microRNAs, including miR-183, 195, 124, and 125, have
been shown to play key roles in pain caused by periph-
eral nerve injury and inflammation [3, 4]. As an example,
Aldrich et al. found that, in animals that underwent spi-
nal nerve ligation (SNL), the expression of the miR-183
family significantly decreased [30], and an intrathecal
injection of miR-183 suppressed mechanical allodynia in
rats with neuropathic pain [31]. Recently, more advanced
studies demonstrated that miR-183 targets the auxil-
iary voltage-gated calcium channel subunits «28-1 and
a20-2 and a special, light-touch-sensitive neuronal type
that normally does not elicit pain but is recruited during
mechanical allodynia [5]. In these ways, miR-183, a single
microRNA cluster, can continuously control acute noxious
mechanical sensitivity in nociceptive neurons and suppress
neuropathic pain transduction.



Neurochemical Research (2019) 44:1690-1702 1699
Fig.6 miR-195 increases the A B
extracellular glutamate levels 2.0
and is Involved in TN Through N 8 -8 :
the SHH Signaling Pathway. = i § .
The Gli2 mRNA and protein (a, (U} GE’. 2 s
c and d) expression levels were g X 23 1
measured by RT-PCR and West- i § L] §
. [] [ 0
ern blotting on day 7. **¥p <0.01 (' n:% -
versus CCI+LV-miR-195. b E
The SUFU mRNA and protein 0.0- 0.0-
(b, ¢ and e) expression levels sham + - - “ B ow s sham = =
were measured by RT-PCR ccl + o+ + o+ o+ CCl * *
and Western blotting on day 7. L'V-NC -+ - - - - L.V-NC = =
*%p <0.01 versus sham group. f LV-mir195 - -+ = B = LV:mlr-195 B SR e R
The concentration of glutamate LV-mir-195IN - - - - - - + LVmir495IN - - -+ - - -+
was measured in the cerebrospi- LV-Patched1 - - - + -+ LV-Patchedt - - - -+ - + -
nal fluid (CSF) of the rat model LV-shPatched1 - - - - + - + LVshPatchedt - - - - - + - +
on day 7. ¥**p <0.01 versus
sham. N =6 for each group in a, C D
b and f. N=3 for each group in diii o o e - o s 1.81
c,dande CCl - + + + + 4+ 4+ ~ e
LV.NC - + - 5 @ 3 2 1.01
LV-mir-195 - - + 2= 5 g X
LV-mir-19SIN - - -+ - -t S £ 0.5 o
m“
LV-Patchedl - - - + - g_
LV-shPatchedl - - - - + - 4 0.01= b i
88kD sham + - - - - - - -
GLI2|7~ *‘| CCl - + + + + + + +
LV.NC - + - - - - - -
SUFUP———-.. -— |54kD LV-mir-195 - R + _ R R + _
. LV-mir-196IN - - - + - - - 4
Actml ’43‘@ LV-Patchedl - - - - + - + -
LV-shPatched1 - - - - -+ -+
E 1.5 F g
5 =
= 25+
L g g5 3 -
(7 &5 = 207 =
o O3
>0 S E 15
&£ e =
© 2 L & 10-
c2 8O
a Eg 5
@
: o
sham s 0-
CcCl Ogham + - - - - -« - -
LV-NC CCl - + + + + + + +
LV-mir-195 - - + 4 L o o LV1P;<; -+ + - - - +— -
z -mir- - - - - - -
LV-mir498IN - - - T T Lvmir19sIN - - -+ - o -
LV-Patched1 - - - + -+ - LV-Patched! - - - - i = 5
LV-shPatched1 - - - - + - + |LV.shPatched1 - - - - T

In this study, using Target Scan software, the seed
sequence of miR-195 was paired with the Patched1 3'-UTR
in both humans and rats. By using a luciferase assay, we
verified that miR-195 negatively regulates Patched1 by bind-
ing to with the Patchedl 3’-UTR. As expected, the trans-
fection of scrambled miRNA or mutant Patchedl 3-UTR
was not able to significantly change the firefly/Renilla ratio,
indicating that miR-195 and the 3'-UTR of Patched1 are
specific. Moreover, Patched] mRNA and protein expression
levels were inhibited in a dose-dependent manner by the

transfection of miR-195 mimics. Consistent with the results
obtained in 293T cells, Patched1 was increased at both the
mRNA and protein levels upon intracerebroventricular injec-
tion of LV-miR-195, which was significantly increased by
intracerebroventricular injection of LV-miR-195 inhibitor
in the caudal medulla of TN rats. In addition, we demon-
strated that miR-195 aggravated pain by inhibiting Patched1
through the evaluation of behavior and changes in molecular
levels in TN rats. Moreover, we also found that an intracere-
broventricular injection of LV-miR-195 inhibitor contributed
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Fig.7 A schematic diagram
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to the alleviation of pain behaviors and the upregulation of
Patched]1 in the caudal medulla of TN rats. This evidence
reveals that miR-195 and Patched] are crucial players in
neuropathic pain, implying that miR-195 inhibitors and
Patched1 might be practical drug targets for the treatment
of TN.

Our results showed that the mRNA and protein expression
levels of Patched1 were significantly decreased in the caudal
medulla of the TN group compared with the sham group,
suggesting that Patched1 levels are inversely related to the
levels of miR-195. In vivo, in contrast to the results obtained
upon infection with LV-miR-195 and LV-miR-195 inhibitor,
the administration of LV-Patched1 significantly decreased
facial pain, and LV-sh Patched1 lessened facial pain, which
was still observed easily on the contralateral side. Exist-
ing studies have shown that the Shh signaling pathway may
be involved in neuropathic pain by increasing the perme-
ability of the blood—nerve barrier and enhancing neuroin-
flammation [13]. Additionally, Shh signaling participates
in epilepsy development by inhibiting glutamate transport-
ers, resulting in an elevated level of extracellular glutamate
[20], which is an important factor related to neuropathic
pain [19, 21]. Here, we tested the glutamate concentration
in the cerebrospinal fluid (CSF) and found that the glutamate
levels in the CSF were markedly increased in the CCI-IoN
group compared with the sham group, were increased by
LV-miR-195 infection, and were markedly decreased by
infection with the miR-195 inhibitor. The administration of
LV-Patched! and LV-sh Patchedl decreased and increased
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the glutamate levels in the CSF, respectively, and influenced
facial pain. These results suggest that Shh is involved in TN
by regulating extracellular glutamate levels. Previous stud-
ies have shown that Shh signaling plays an important role
in the development and patterning of the central nervous
system and other organs [8] and influences the development
of some peripheral nerves, including the trigeminal nerve,
facial nerve [32], and spinal nerve [33] and the sympathetic
nervous system [34]. All Shh pathway components can
be found in the mature brain [35], but their functions are
not completely clear. Recent evidence has shown that Shh
may be secreted by dying cells and induce compensatory
proliferation and remyelination after tissue injury [10, 11],
which stimulates mature astrocytes during nerve injury and
results in reactive gliosis and inflammation [36]. These can
be seen in TN patients and CCI-IoN animal models [37,
38]. Furthermore, Shh family molecules are expressed in
many structures involved in the pain pathway. Martinez et al.
suggested that essential members of the Shh signaling path-
way, including the Shh protein, Patchedl, SMO, Gli2 and
Gli3, are expressed in adult dorsal root ganglia (DRG) and
upregulated following sciatic injury; this expression pattern
facilitates the regeneration of axons and Schwann cells [39].
However, only a few studies have focused on the relationship
between the Shh pathway and neuropathic pain. One study
demonstrated that Shh signaling is required for thermal allo-
dynia and hyperalgesia. Intrathecal or peripheral administra-
tion of a special inhibitor of SMO suppresses inflammatory
pain and enhances and sustains morphine analgia in animals
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with neuropathic pain [12]. Another study showed that Shh
signaling in vascular endothelial cells participates in neu-
ropathic pain development by disrupting the blood-nerve
barrier and inducing local inflammation [13].

There are some limitations to our study. Our animal model
of CCI-IoN did not simulate typical TN or orofacial neuro-
pathic pain well. Although several other TN animal models,
including a model involving the ligation of the infraorbital
nerve and the facial tissue inflammation model [40], have
been developed, all the models face this limitation. It is well
known that a single microRNA has many targets. However,
including our results, there are only two known mechanisms
by which miR-195 influences neuropathic pain. Therefore,
we have no way to evaluate the weight of our results on
the field. Although there was no significant change in miR-
195 expression in neurons after the surgeries, we should not
ignore this process. We will investigate the underlying role
of miR-195 in neurons in subsequent studies.
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