Neurochemical Research (2022) 47:481-492
https://doi.org/10.1007/5s11064-021-03462-3

ORIGINAL PAPER q

Check for
updates

MiR-30d Participates in Vincristine-Induced Neuropathic Pain
by Down-Regulating GAD67

Han Wang' - Yang Sun®3 . Yu Wu' - Yi-Jia Shen' - Jun Xia' - Ye-Hao Xu' - Liang Yue' - Li Sun' - Xiu-Juan Li' - Yu Ma’ -
Yuan-Chang Xiong' - Dai Li'

Received: 14 June 2021/ Revised: 28 September 2021 / Accepted: 29 September 2021 / Published online: 8 October 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Vincristine is a common chemotherapeutic agent in cancer treatment, while it often causes chemotherapy-induced periph-
eral neuropathy(CIPN), which brings patients a great disease burden and associated economic pressure. The mechanism
under CIPN remains mostly unknown. The previous study has shown that cell-type-specific spinal synaptic plasticity in
the dorsal horn plays a pivotal role in neuropathic pain. Downregulation of GABA transmission, which mainly acts as an
inhibitory pathway, has been reported in the growing number of research. Our present study found that GAD67, responsible
for>90% of basal GABA synthesis, is down-regulated, while its relative mRNA remains unchanged in vincristine-induced
neuropathy. Considering microRNAs (miRNAs) as a post-transcription modifier by degrading targeted mRNA or repressing
mRNA translation, we performed genome-wide miRNA screening and revealed that miR-30d might contribute to GAD67
down-regulation. Further investigation confirmed that miR-30d could affect the fluorescence activity of GAD67 by bind-
ing to the 3 'UTR of the GAD67 gene, and intrathecal injection of miR-30d antagomir increased the expression of GAD67,
partially rescued vincristine-induced thermal hyperalgesia and mechanical allodynia. In summary, our study revealed the
molecule interactions of GAD67 and miR-30d in CIPN, which has not previously been discussed in the literature. The results
give more profound insight into understanding the CIPN mechanism and hopefully helps pain control.
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Introduction

Chemotherapy-induced peripheral neuropathy(CIPN),
which presents as hyperalgesia or allodynia, is a common
side effect of several chemotherapeutic agents and severely
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impacts a patient's cancer treatment, as well as the quality of
life (QoL). However, current treatment options for CIPN are
limited and inefficient, which deserve the new therapeutic
strategy development. The precise mechanism involved in
CIPN remains unclear mainly, making it more difficult to
find a new treatment approach. Recent reports have strongly
linked MicroRNAs (miRNAs) to nociceptive processing.
MiRNAs are small endogenous RNAs that regulate gene
expression post-transcriptionally. They consist of approxi-
mately 21-23 nucleotides and have uridine at their 5'-end,
which partially complements the 3’-end untranslated regions
of the messenger RNA (mRNA). miRNA also recruits Argo-
naute (AGO) protein complex to a complementary target
mRNA, which results in translation repression or degrada-
tion or deadenylation of the mRNA [1]. Previous studies
have demonstrated miRNA is involved in a variety of dis-
eases, such as neurodegenerative diseases [2], cardiovascular
diseases [3], or cancer [4]. In terms of neuropathic pain(NP),
miRNAs also play a pivotal role. Zhigiang Pan et al. [5]
suggested that miRNA-23a is involved in NP pathology via
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targeting CXCR4. Ménica Tramullas et al. [6] found that
miR-30c-5p contributes to allodynia development by inhibit-
ing TGF-B1 expression. These results could help us to shed
more light on the development of a new therapeutic strategy.
Several miRNA treatments have already been conducted to
phase II clinical trials [7].

Pain transmission is the integral step of the pain path-
way related to dysregulation of the excitatory pathway and
inhibitory system. The y-Aminobutyric acid (GABAergic)
circuit in the spinal cord is an essential component of the
inhibitory system [8], and its effect is mediated through
activation of ionotropic (i.e., GABA-A and GABA-C) and
metabotropic (i.e., GABA-B) receptors [9]. The activated
GABA , receptor, a chloride ion channel, can hyperpolarize
the postsynaptic neuron or prevent depolarization caused by
concurrent excitatory input [8]. The GABA-B receptors are
metabotropic members of the seven-transmembrane G-pro-
tein coupled receptors superfamily; activation of GABA-B
receptor at presynaptic sites can lead to inhibition of high
voltage-gated Ca®* channel activity and inhibits glutamate
as well as substance P(SP) and Calcitonin Gene-Related
Peptide(CGRP) release [9]. GABA neurotransmission is
regulated at the level of interactions with GABA receptors
and also by synthesis, vesicular release or reuptake mecha-
nisms at the presynaptic site. GABA is synthesized from
glutamate by the rate-limiting enzyme glutamate decarbox-
ylase (GAD), which is consists of two isoforms, GAD67
and GADG65, and encoded by two separate genes, Gadl and
Gad2, respectively [10, 11]. Y Wang et al. [12]. suggested
that promotion of GAD65 or GAD67 expression by vector-
mediated gene transfer to dorsal root ganglion(DRG) can
alleviate pain-related behaviors in models of painful diabetic
neuropathy, and Kanao Megumi et al. [13]. also confirmed
the effect of GAD67 transfection to spinal cord in decreas-
ing pain in the HIV-related neuropathic pain model. These
results imply that targeting GABA neurotransmission is a
potential therapeutic strategy in pain management.

At present, whether GAD67 contributes to vincristine-
induced neuropathic pain and the underlying mechanism
remained unclear. The causal link between miR-30d and
GABAergic dysfunction has not been determined. The
objective of the study was to address the questions and to test
if miR-30d mediated modulation of GAD67 and its impact
on synaptic plasticity in rodent models with neuropathic pain
induced by vincristine.

Methods and Materials
Animals

Male Sprague Dawley rats (180-230 g) were provided by
the Animal Center of Naval military Medical University.
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All animals were kept in a temperature-controlled room
(23+1 °C) with a light / dark period of 12 h. All animal test-
ing procedures are approved by the local animal protection
and use committee and are carried out in accordance with
the animal protection and ethical guidelines of the National
Institutes of Health.

Drug Administration

Vincristine sulfate (Main Luck Pharmaceuticals Inc., China)
dissolved in saline to a concentration of 50 pg/ml was intra-
peritoneally injected at a dose of 0.1 mg/kg daily for 10
consecutive days [14, 15]. The control group was injected
intraperitoneally with the same dose of vehicle. In order to
carry out in vivo experiments, cholesterol-coupled miR-
30d antagomir and antagomir control were commercially
obtained from RiboBio (RiboBio Co., Ltd. Guangzhou,
China).

Intrathecal miRNA Modulator Application

The method of intrathecal injection of miR-30d antago-
mir(0.5 nmol/d) was referred to in our previous study [16].
In brief, a polyethylene-10 catheter was inserted into the
subarachnoid space of rats through the spinal cord segment
space between L5 and L6, with the tip at the level of the
spinal cord segment of L5. MiR-30d antagomir(0.5 nmol/d)
was administered intrathecally 30 min before the first dose
of vincristine and continuously injected for 5 days.

Behavioral Test
Mechanical Allodynia

Von Frey filaments were used to implement mechanical
stimulation to the hind paw's plantar surface to determine
the withdrawal threshold of the hind paw. A 50% foot with-
drawal threshold is defined as the lowest force that produces
5 or more foot withdrawal responses out of 10 stimuli.

Thermal Hyperalgesia

Thermal hyperalgesia was tested using the tester mentioned
above (7370; Ugo Basile Plantar Test Apparatus) [17]. In
short, the rats were placed on a glass plate under which a
radiant heat source was aimed at the plantar surface of the
hind paw. In each test phase, the foot's withdrawal latency
was measured three times for each rear claw. The inter-
val between three consecutive tests is>5 min. The aver-
age data on each side determined the final result of with-
drawal latency. In order to prevent tissue damage, the cut-off
time of the radiation heat source was set as the 20 s. The
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experimenter who carried out the behavioral test was set
blind to all treatment.

Application of miRNA Regulator in Glioma Cell Line
cé6

Malignant glioma cell line C6 was cultured in a conventional
medium (DMEM containing 10% fetal bovine serum and 1%
antibiotics). Then, according to the manufacturer's instruc-
tions, the 20 pmol of miR-30d mimic and scrambled control
miRNA (Guangzhou RiboBio Co., Ltd.) were transfected
into C6 cells in a 24-well plate with liposome 2000 (Invit-
rogen). One day after transfection, the expression of GAD67
was detected by Western blot.

Luciferase Reporter Vector Construction

The luciferase reporter vector (psi-CHECK2 vector), in
which the 3-UTR of Gadl was fused to the luciferase cod-
ing sequence, was constructed. The luciferase reporter vector
and miR-30d mimic were cotransfected to human embryonic
kidney 293 (HEK-293) cells, and the luciferase signal was
recorded.

RNA Isolation and Microarray Experiments

The total RNA of the spinal dorsal horn was extracted
by TRIzol reagent (Invitrogen). According to the previ-
ous research [18], RNA labeling and hybridization were
performed on miRNA microarray chips. To put it simply,
RNA was purified using a mirVANA miRNA separation kit
(Applied Biosystems), then labeled with fluorescein, and
hybridized on a miRNA microarray chip (miRNA microar-
ray V4.0) containing 1965 probes. The microarray probe
corresponds to the miRNA genes of 988 humans, 627 mice,
and 350 rats designed according to miRbase Release 12.0.
Three independent RNA samples from rat spinal dorsal horn
treated with vincristine or excipient at different time points
were hybridized with miRNA microarray. The hybridization
strength value of a single sample is filtered and normalized
to each chip's average value. The candidate miRNAs with
intensity signal > 500 were regarded as positive.

Western Blot

In short, the protein extracted from the spinal dorsal horn
or experimental cells was first separated by gel electropho-
resis (SDS-PAGE) and transferred to the PVDF membrane.
The cells were sealed at room temperature for 1 h and then
incubated with GAD67 primary antibody (1:1000, Abcam)
at 4 °C overnight. After the first antibody was incubated,
Western blot was used to incubate with IgG secondary
antibody bound to horseradish peroxidase. Finally, the

immunocomplexes were detected by electrochemilumines-
cence (Pierce). The protein was quantified by a computer-
aided analysis system (Imagel).

Immunohistochemistry

In short, rats were anesthetized by intraperitoneal injection
of pentobarbital sodium (50 mg/kg) and perfused with 4%
paraformaldehyde through the ascending aorta. The lumbar
spinal cord was removed and fixed overnight in 4% para-
formaldehyde. Frozen sections with a thickness of 16 pm
were taken and stained with GAD67 (1:200; Santa Cruz Bio-
technology) monoclonal antibody by immunohistochemical
staining. After incubation overnight at 4 °C, Cy3 or fluores-
cein isothiocyanate was combined with a secondary anti-
body and incubated for 2 h at room temperature. Then, the
slices were observed with a Leica (Leica, Oskar-Barnack,
Germany) fluorescence microscope, and the images were
taken with a Leica DFC350FX camera. The GADG67 positive
immunoreactivity area was quantitatively analyzed by the
Leica Qwin V3 image analysis system.

PCR Amplification of MiRNAs and mRNAs

TagMan miRNA probe (biological system) was used to
quantify the mature miRNAs by stem-loop qRT-PCR
analysis. The specific conditions for real-time PCR, using
TagMan PCR kit and Biosystems 7500 sequence detection
system are as follows: 95 °C for 10 min, 95 °C for 60 cycles,
15 s, and 60 °C for 1 min. All the samples involved in the
reaction, including the no-template control, were in tripli-
cate. The relative expression rate of miRNA in spinal cord
tissue of rats was counted by the 27*ACT measuring method.

GAD67 mRNA detection: According to the manufactur-
er's protocol, we use SYBR Green qPCR SuperMix (Invitro-
gen) and the ABI PRISM7500 Sequence Detection System
for real-time qRT-PCR. The PCR reaction conditions were
as follows: incubation at 95 °C for 3 min, then thermal cycle
for 40 cycles (95 °C 105,58 °C 20's, 72 °C 10 s). The prim-
ers used in PCR are shown in Table 1.

Spinal Cord Section Preparation and Patch-Clamp
Recording

Male SD rats (25-35 days) were anesthetized by intra-
peritoneal injection of pentobarbital sodium (50 mg/kg,
ip). The spinal cord was quickly removed and put into the
following cold culture medium (unit mM): 95 NaCl, 1.8
K(Cl, 1.2 KH,PO,, 0.5 CaCl,, 7 MgSO,, 26 NaHCO;, 15
glucose, 50 sucrose, oxygenated with 95% O,/5% CO,,
the pH was adjusted to 7.4, and the osmotic pressure was
310 to 320 mOsm/L. The dura mater and ventral roots of
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Table 1 Specific primer sequences

Gene Primer Sequence

rno-mir-30d  Forward 5'-GCCTGTAAACATCCCCGAC-3'
Reverse  5'-GTGCGTGTCGTGGAGTCG-3'

rno-mir-181  Forward 5-GCCCAACATTCAACGCTGTC-3'
Reverse  5'-GTGTCGTGGAGTCGGCA-3’

rno-mir-188  Forward 5'-GCCCCATCCCTTGCATGG-3'
Reverse  5'-GTGTCGTGGAGTCGGCA-3’

rno-mir-331  Forward 5'-GCCCGCCCCTGGGCCTAT-3'
Reverse  5'-GTGTCGTGGAGTCGGCA-3’

u6 Forward 5-CTCGCTTCGGCAGCACA-3’
Reverse  5-AACGCTTCACGAATTTGCGT-3’

GADG67 Forward 5-CACCTCTTCTCACAACCAACG-3'
Reverse  5-GACTCTTCTCTTCCAGGCTATTG-3'

B-actin Forward 5-AGGGAAATCGTGCGTGACAT-3’
Reverse  5'-GAACCGCTCATTGCCGATAG-3'

the spinal cord were removed. The parasagittal slices with
dorsal roots (10-15 mm long) were cut into 400-600 pm
thick with a vibrating micro slicer (DTK-1000; Dosaka)
and put into 33 °C incubation medium for at least 60 min.
After incubation, a single slice attached to the dorsal root
was transferred to the recording chamber, and oxygenated
ACSF solution was continuously perfused at room tem-
perature. The dorsal root is gently connected to the suction
electrode. The neurons in the I-II lamina were observed
with a 60-degree water immersion objective lens on an
upright infrared Nikon microscope. The suction electrode
(4-6 mQ) consists of both the EPC-10 amplifier and the
PULSE program (HEKA Electronics), internal solution
containing the following (in mM): 120 CsSO,, 20 TEA-CI,
2 MgCl,, 2 Na,ATP, 10 EGTA, 0.5 NaGTP, biocytin 5, 10
HEPES, pH 7.28, with CsOH at a measured osmolarity of
300 mOsm/L. The electrode stimulation signal stimulates
the dorsal root of the spinal cord (A360; World Precision
Instruments) with a pulse width of 0.1 ms. The clamping
voltage of neurons was controlled at 0 mV to minimize
NMDA and AMPA/ kainic acid receptors' effect. After
incubation with strychnine at 1 pM, IPSCs was induced
by inhaling electrode to stimulate the attached dorsal root.
At the end of the experiment, bicuculline (10 pM) was
immersed and IPSCs, were wholly blocked to prove that
the recorded current was mainly mediated by the GABA ,
receptor. For GABA mIPSCs, the slices were incubated
with glycine and glutamatergic ion transfer antagonists
[1 pM strychnine, 50 pM Dink 2-amino-5-phosphopen-
tanoic acid and 10 pM 6-cyano-7-nitroquinoxaline-2-dik-
etone] and recorded in the presence of lidocaine (2 mM)
to block the action potential dependence of cells. In all
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experiments, only one neuron was recorded in each spinal
cord section.

C-Fiber-Evoked Field Potentials Recording

The rat sciatic nerve was electrical stimulated, and a glass
microelectrode was inserted into the dorsal horn of the
L4-L5 spinal cord to record the field potential. The glass
microelectrode was inserted into the dorsal horn at a depth
of about 50-500 pm and was driven by an electronically
controlled micro-stepping motor (Narishige Scientific
Instrument Laboratory, Japan). The field potential data were
recorded and analyzed by the LTP program (http://www.
Itp-program.com). Before recording the field potential, the
rat's sciatic nerve was tested by putting single square pulses
(0.5-ms duration, in 1-min intervals). The intensity of stimu-
lation was adjusted to 1.5-2 times the threshold of C-fiber
response. The length from the sciatic nerve stimulation site
to the dorsal horn field potential recording point was about
10 cm, and the experiment was performed only once in each
rat.

Statistical Analysis

All data were expressed as mean+ SD and analyzed by
SPSS13.0 software. Two-way ANOVA analyzed Western
blot, qRT-PCR and electrophysiological data, and then
Tukey's post hoc test. The behavior data were analyzed by
repeated measures of one-way or two-way ANOVA and
then Tukey's post hoc test. The standard of statistical sig-
nificance was p <0.05. The sample size is based on our and
others' experience in pain behavior studies to provide power
analysis.

Results

Vincristine Administration Leads to Decreased
GABAergic Synaptic Function

As our results show, vincristine administration (100 pg/
kg-day, for consecutive 10 days) can induce marked mechan-
ical allodynia (Fig. 1A) and thermal hyperalgesia (Fig. 1B)
starting at day 3 since the first injection, compared with the
saline vehicle group. The mechanical allodynia reached its
peak on day 5. Both of them were persisting until the exper-
imental endpoint, day 20. Next, we examined the altera-
tions of electrophysiological character in superficial dorsal
horn neurons after 10 days of vincristine administration.
Our results suggested that the frequency of mIPSCs was
significantly decreased in the vincristine group, while the
amplitude was not altered (Fig. 1C). These results prompt
that vincristine inhibits the presynaptic GABA releases in
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Fig.1 The presynaptic GABAergic function is decreased in the vin-
cristine induced neuropathic pain model. A Changes of mechani-
cal hypersensitivity with time course.(**p<0.01, ***p<0.001 vs
the vehicle group; n=10 in each group.) B Time course of thermal

the spinal dorsal horn, and the impaired inhibitory synaptic
connections in the dorsal horn may contribute to vincristine-
induced hyperalgesia and allodynia.

The Protein of GAD67, But Not mRNA,
is Significantly Decreased in the Vincristine Group

GAD is essential for converting glutamate to GABA, and
GADG67 is the major component of GAD in developing
animals [19]. To identify whether GADG67 is involved in
vincristine-induced GABAergic electrophysiological char-
acter alterations, we conducted Western blot and revealed
that GAD67 is markedly downregulated in the dorsal horn
after 5 days of administration of vincristine (Fig. 2A).
However, the JPCR result suggests that the mRNA level of
GADG67 is not significantly changed in the vincristine group
(Fig. 2B). In addition to this, the immunofluorescence result
also pointed that GAD67 is downregulated on days 10 after
vincristine injection (Fig. 2C). These results suggest that
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hyperalgesia changes. (**p <0.01 vs the vehicle group; n=10 in each
group.) C The traces represent mIPSCs alteration, and chart bars
express its statistic counting between rvincristine and vehicle group.
(**p<0.01 vs the vehicle group; n=45 cells in each group.)

post-transcriptional epigenetic modification may contribute
to GAD67 downregulation.

MiR-30d Contribute to GAD67 Downregulation
Through the Predicted Sites

MicroRNAs are small non-coding RNAs that regulate gene
expression by translational inhibition or mRNA degrada-
tion [20]. Previous studies have already confirmed the role
of miRNA in regulating neuropathic pain development [21,
22]. To explore the potential miRNA regulating GAD67
expression, we conducted genome-wide miRNA screening
in the vincristine pain model and set at least 2.5-fold upregu-
lation as the evaluation criterion. The result reveals that a
total of 29 miRNAs were upregulated on days 4 and 10 after
vincristine administration (Fig. 3A). Since we are exploring
the miRNA involved in GAD67 expression, the potential
binding sites of the 29 miRNAs were predicted using the
databases of TargetScan and Miranda analysis. By collecting
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Fig.2 Vincristine leads to GAD67 protein, but not mRNA, down-
regulation. A Western blotting and histogram showed the changes
of GAD67 protein with the time course of vincristine injection.
(**p<0.01 vs the vehicle group; n=5 in each group.) B Histogram

the predictions made on the databases, we finally screened
4 candidate miRNAs meeting the requirements, including
miR-30d, miR-181a, miR-331, and miR-188 (Fig. 3A). Next,
we performed qRT-PCR and revealed that only miR-30d, but
not the other three miRNAs, was significantly increased on
both 4 and 10 days after vincristine administration (Fig. 3B),
implying its specific function in CIPN.

To further confirm miR-30d in regulating GAD67 expres-
sion, we first conducted the luciferase reporter assay to
explore the interaction of miR-30d and GAD67 mRNA.
As illustrated in Fig. 3C, the luciferase signal in 20 pmol
or 50 pmol dose of the miR-30d group is significantly
decreased compared with the scramble group, implying
that miR-30d may regulate GAD67 expression by interacting
with the 3'-UTR region of its mRNA. To confirm our con-
jecture, we then constructed a mutant vector of Gadl in
the putative binding site of miR-30d (Fig. 3C). Further
luciferase reporter assay by transfecting the mutant vector
and miR-30d mimic to HEK-293 cells showed that the sup-
pression of luciferase signal is significantly reversed in the
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showed the time-course changes of GAD67 mRNA after vincristine
administration. (n=>5 in each group.) C Immunofluorescence showed
that the expression of GAD67 decreased after 10 days of vincristine
injection. (**p <0.01 vs the vehicle group; n=5 in each group.)

mutant vector group (Fig. 3C). Besides, we transfected the
miR-30d mimic into the C6 cells that exhibited a detectable
endogenous GADG67 expression. As shown in Fig. 3D, the
miR-30d mimic could significantly downregulate GAD67
expression in C6 cells. These results suggested that miR-30d
contributes to GAD67 downregulation by interacting with
3'-UTR of Gadl mRNA.

The Involvement of miR-30d in the Behavioral
Changes of Pain Induced by Vincristine in Rats
is Related to Its Effect on C-Fiber-Evoked Field
Potentials and the Expression of GAD67

In order to further clarify the mechanism of miR-30d
involved in vincristine-induced hyperalgesia and allodynia,
we intrathecally administrated miR-30d antagomir in rats to
observe its effect on pain behavior. First of all, the intrathe-
cal administration of miR-30d antagomir alone did not cause
mechanical or thermal hyperalgesia, and control antagomir
in the vincristine group had no significant effect on existing
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ther contributes to GAD67 downregulation. A Heatmap of miRNA
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sion, and blue means low miRNA expression.) B Histogram show-
ing the time course of different miRNA expression after vincristine
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mechanical or thermal hyperalgesia. However, compared
with the control antagomir administration in the vincris-
tine group, miR-30d antagomir could significantly prevent
mechanical and thermal hyperalgesia induced by vincristine
injection (Fig. 4A, B). Besides, we also carried out Western
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each group.) C Histogram showing the relative luciferase activity
of reporter containing Gadl or mutated Gadl and MiR-30d mimic.
(##p <0.01 versus the scramble group, **p<0.01 vs the MiR-30d
mimic group; n=6 in each group.) D Western blotting and histogram
showed the changes of GADG67 protein after transfecting miR-30d
mimic. (**p<0.01 vs the scramble group; n==6 in each group.)

blot experiments to detect the effect of antagomir on the
expression of GAD67 at the general animal level. Since the
use of miR-30d antagomir alone had no significant effect on
pain behavior, the follow-up trial used miR-30d antagomir
alone as the control group. As shown in Fig. 4C, the control
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Fig.4 Intrathecal administration of miR-30d antagomir could alle-
viate vincristine induced neuropathic pain by upregulation GAD67
expression and inhibit dorsal horn's sensitivity to C-fiber evoked field
potential. A Changes of mechanical hypersensitivity in different inter-
vention groups.(**p<0.01, ***p<0.001 vs the vehicle+miR-30d
antagomir group, #p <0.05, ##p <0.01 vs the vincristine + antagomir
control group; n=10 in each group.) B Thermal hyperalgesia changes
in different intervention groups. (¥**p<0.01 vs the vehicle +miR-
30d antagomir group, ##p <0.01 vs the vincristine 4+ antagomir con-
trol group; n=10 in each group.) C Western blotting and histogram

antagomir didn't change the downregulated GAD67 protein
expression in the vincristine group, supported by our previ-
ous experiments, while miR-30d antagomir administration
could reverse the decreased GAD67 protein level in the vin-
cristine induced pain model.

Further, we performed electrophysiology to study the
effect of miR-30d on the nerve transmission function of the
spinal dorsal horn in rats. Since the pathology of peripheral
neuropathy that leads to neuropathic pain is mainly involved
with unmyelinated C fibers [23]. We compared the strength
of synaptic transmission mediated by C-fibers by recording
spinal C-fiber—evoked field potentials in different interven-
tion groups of rats 7 to 10 days after injection of vincristine
or vehicle with or without miR-30d antagomir application.
As shown in Fig. 4Da, the stimulus—response trace in the
dorsal horn evoked by afferent C-fibers is significantly
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showed the changes of GADG67 protein expression after intrathe-
cal administration of miR-30d antagomir. (**p<0.01 vs the vehi-
cle+antagomir group, ##p<0.01 vs the antagomir control+ VCR
group; n=6 in each group.) D The traces represent the original
recordings of the field potentials, and the line chart expresses the
stimulus-response curves of C-fiber—evoked field potentials in differ-
ent groups. (*p<0.05, **p <0.01 vs the vehicle + miR-30d antagomir
group, #p<0.05, ##p<0.01 vs the vincristine +antagomir control
group; n=6 in each group.)

enhanced in the vincristine group, compared with the vehi-
cle+miR-30d antagomir group. Intrathecal administration
of miR-30d antagomir in the vincristine group could par-
tially reverse the elevated field potential induced by vincris-
tine, compared with antagomir control injection. In addition
to this, with the stimulation intensity increasing, the magni-
tude of field potential elevation is significantly different in
each group. The field potentials increasing in the vincristine
and vincristine 4+ antagomir control group were most robust,
and miR-30d antagomir could substantially inhibit the field
potentials change, especially in higher intensity of stimula-
tion (Fig. 4Db). These results were suggesting that miR-
30d may involve in vincristine induced neuropathic pain by
downregulating GAD67 expression, and miR-30d antagomir
attenuates the vincristine-induced LTP but does not affect
basal synaptic transmission mediated by C-fibers.
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Discussion

Peripheral neuropathy caused by chemotherapeutic drugs
is a prevalent side effect in the process of tumor chemo-
therapy. Some commonly used chemotherapeutic drugs,
such as vincristine, paclitaxel, oxaliplatin, bortezomib,
et al., can cause peripheral neuropathy. Cancer patients
often stop chemotherapy because they cannot tolerate
CIPN, which brings significant challenges to tumor treat-
ment and seriously affects patients' physical and mental
health. However, there is no effective prevention and treat-
ment for CIPN, and its specific pathophysiological mecha-
nism is not very clear. Previous studies have shown that
inhibitory and excitatory neurons at the spinal cord level
are closely related to pain sensitization of neuropathic pain
[24]. GABA neurons are one of the primary inhibitory
neurons in the mammalian spinal cord, closely related to
the development of neuropathic pain [25]. The GABA of
embryonic medial ganglion eminence (MGE) can recover
the spinal cord's GABA signal by transplanting the cor-
tical precursor cells of embryonic medial ganglion emi-
nence neurons into the spinal cord, which can reverse the
mechanical hyperalgesia or hypersensitivity induced by
paclitaxel [26]. At present, some drugs for the treatment
of neuropathic pain, such as Carbemazepine, Clobezam
and so on, can also relieve pain by activating or partially
activating the function of GABA neurons [27]. Glutamate
decarboxylase (GAD) is a key enzyme in GABA synthe-
sis, in which GADG67 plays a major role [19]. There is
also study have shown that transplanting GAD67 expres-
sion vector into DRG through human foamy virus (HFV)
can relieve neuropathic pain caused by spinal cord injury
[28]. Our study first confirmed that vincristine can cause
mechanical and thermal hyperalgesia and reduce the fre-
quency of GABA-inhibitive postsynaptic potentials. Fur-
ther experiments showed that vincristine could reduce the
expression of GAD67 protein, but had no significant effect
on the amount of GAD67 mRNA. The difference in the
amount of protein and mRNA makes us very interested in
the upstream regulation mechanism of GADG67.

In recent years, there are accumulating studies on the
mechanism of epigenetics in the occurrence and devel-
opment of neuropathic pain. Epigenetics includes DNA
methylation, histone modification, and the function of non-
coding RNA. MicroRNA is a kind of non-coding RNA. Its
main function is to regulate protein expression by inhibit-
ing the translation of mRNA or degrading mRNA at the
post-transcriptional level. Also, more and more studies
have shown that some miRNA (miR-30c-5p, miR-17-92,
miR-183, miR-7a, miR-21, miR-103) are closely related to
the occurrence and development of neuropathic pain [6,
29-33]. Based on our previous study results, we speculate

that the down-regulation of GAD67 may be caused by the
role of miRNA. In order to confirm our hypothesis, we
first carried out genome-wide miRNA screening of the
vincristine pain model to find miRNA with differential
expression, and then finally targeted miR-30d through
binding site prediction and qRT-PCR. In previous stud-
ies, it has been found that miR-30d is closely related to
pathophysiological processes such as myocardial remod-
eling [34], tumor invasion, and metastasis [35, 36], but its
role in CIPN has not been studied. Our study suggests that
miR-30d may interact with the specific region of GAD67
mRNA, which we identified as 3'UTR 1085-1109, to
inhibit the expression of GAD67 and thus participate in
the development of CIPN. Intrathecal administration of
miR-30d antagonist can reverse the sensitivity of stimu-
lus—response in spinal dorsal horn neurons to peripheral
C-fibres evoked field potentials, upregulate the expression
of GADG67 and alleviate the hyperalgesia and allodynia
induced by VCR in rats.

At present, there is still no standard treatment for neuro-
pathic pain caused by chemotherapeutic drugs. Gabapentin
and pregabalin have partial GABA activation functions
and are commonly used in the clinical treatment of CIPN
[37, 38]. However, some studies have shown that the thera-
peutic effect of these two drugs on CIPN is not accurate,
and there are side effects in the process of drug use [39,
40]. Although miRNA in neuropathic pain treatment is
still in the experimental animal stage, some studies on
tumor treatment have shown potential clinical value [41,
42]. There are two main strategies in applying miRNA
in the treatment of neuropathic pain: one is the direct
strategy, including the direct use of oligonucleotides or
active viruses to inhibit the overexpression of miRNA or
supplement the loss of miRNA expression. The other is
the indirect strategy, including using drugs to regulate
the expression of miRNA by acting on the transcription
and processing of targeted miRNA[43]. In order to over-
express miRNA, miRNA mimics can be used as precur-
sors or mature miRNA sequences[44]. The most common
synthetic miRNA inhibitors are antagomirs, chemically
modified for enhanced stability and cholesterol conju-
gated for high-efficiency delivery[45]. The miRNA mim-
ics and miRNA antagomir were used in our experiment.
The results showed that miRNA antagomir could prevent
mechanical and thermal hyperalgesia and reverse the
decrease of mIPSC frequency induced by CIPN, which
to some extent suggested the feasibility of designing tar-
geted drugs for miR-30d to prevent CIPN. In addition,
some studies have shown that the expression of miR-30d
in tumors is increased and related to tumor metastasis [35,
36]. These studies suggested that the prevention of CIPN
against miR-30d does not affect the therapeutic effect of
chemotherapeutic drugs on the tumor but may also be
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beneficial to tumor treatment. However, our experiment
uses the direct intrathecal injection of miRNA mimics
and antagomir, which is not a conventional way of drug
use in the clinic, and whether drugs can pass through the
blood—brain barrier in routine clinical use, such as oral
administration and intravenous administration, need to be
further studied in future experiments.

Our experiment also has some limitations: firstly, we
did not do the co-localization of miR-30d and GAD67. On
the other hand, we confirmed through cell experiments that
miR-30d could act on GAD67 mRNA; Secondly. Genome-
wide miRNA screening suggested that the expression of
multiple miRNAs was increased. In our investigation,
we finally determined the target miRNA as miR-30d by
qRT-PCR, but the effect of other miRNAs is worth further
exploration. Thirdly, this study only studied the pain model
induced by vincristine, and the role of miR-30d in differ-
ent pain models needs to be further explored. Last but not
least, Our experiments did not identify the effect of miR-
30d antagomir on spinal GABA tissue levels. The current
experimental methods for identifying tissue GABA levels
are mainly high-pressure liquid chromatography, and we
were unable to perform this experiment due to experimen-
tal constraints. In previous studies on pain [46-48], spi-
nal GABA levels have been closely associated with pain
behavioral relief, and alterations in the levels of GADG65,
one of the key enzymes for GABA synthesis, have also
been confirmed to lead to GABA levels change [49]. Our
experiments investigated the alterations of spinal GAD67
and pain behavior in the CIPN model or miR-30d antago-
mir application rats. Combined with previous experiments,
we hypothesized that spinal GABA levels also have cor-
responding changes in these processes. In our subsequent
experiments, we will also conduct more in-depth studies to
explore the alterations of tissue GABA levels and provide
our conclusions more definitive evidence.

In conclusion, Our study found for the first time that in
vincristine-induced neuropathic pain, the down-regulated
expression of GADG67 is related to the increased expres-
sion of miR-30d. MiR-30d affects its translation by acting
on the 3'-UTR region of GAD67 mRNA, and then inhibits
the spinal GABAergic synaptic function and affects the
synaptic plasticity of peripheral C fibers transmitted to
the center to participate in the development of neuropathic
pain. However, our experiment needs further mechanism
discussion and data analysis to confirm.
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