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‘Nav1l.7 Following Spared Nerve
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. The sodium channel 1.7 (Nav1.7), which is encoded by SCN9A gene, is involved in neuropathic pain. As

. crucial regulators of gene expression, many miRNAs have already gained importance in neuropathic
pain, including miR-182, which is predicted to regulate the SCN9A gene. Navl.7 expression in L4-L6

. dorsal root ganglions (DRGs) can be up regulated by spared nerve injury (SNI), while miR-182 expression

. was down regulated following SNI model. Exploring the connection between Nav1.7 and miR-182 may

. facilitate the development of a better-targeted therapy. In the current study, direct pairing of miR-

. 182 with the SCN9A gene was verified using a luciferase assay in vitro. Over-expression of miR-182 via
microinjection of miR-182 agomir reversed the abnormal increase of Nav1.7 at both mRNA and protein
level in L4-6 DRGs of SNI rats, and significantly attenuated the hypersensitivity to mechanical stimulus
in the rats. In contrast, administration of miR-182 antagomir enhanced the Nav1.7 expression at both
mRNA and protein level in L4-6 DRGs, companied with the generation of mechanical hypersensitivity in
naive rats. Collectively, we concluded that miR-182 can alleviate SNI- induced neuropathic pain through
regulating Navl.7 in rats.

. Neuropathic pain has been widely recognized as “pain arising as a direct consequence of a lesion or disease affect-
© ing the somatosensory system,” since the International Association for the Study of Pain redefinition in 2008.
Patients who experience neuropathic pain often live lower quality lives due to this disorder. However, the treat-
: ment of neuropathic pain has been encumbered by the poorly understood molecular mechanisms. Peripheral
: nerve injury is one of the causes of neuropathic pain. Following nerve injury, ectopic hyperactivity of afferent
. neurons occurs in the DRGs due to the increased expression of voltage-gated sodium channels (Navs), mediating
: various enduring changes in the nervous system'=>. Navs contain a large pore-forming « subunit and auxiliary
* B subunits®. The genes for Nav1.1 to Nav1.9 encode for distinct channel isoforms (SCN1A to SCN5A, SCN8A,
SCN9A, SCN10A, and SCN11A), each displaying specific properties’. Clear evidence showed that Navs (e.g.
© Navl.3, Navl.7, Navl1.8, and Nav1.9) involved in the initiation and generation of action potentials in neurons in
© both the central and peripheral nervous systems, are important components in pain pathways®-'%. An increase in
- Navs after nerve injury was reported to result in ectopic spontaneous activity of afferent neurons'®!*.
Among Navs, the Nav1.7 whose o subunit is encoded by SCN9A, is specifically expressed in primary soma-
: tosensory neurons, which are afferent neurons specialized for nociception'?. Nav1.7 mainly accumulates at fiber
: endings and amplifies small subthreshold depolarizations, suggesting it to be a threshold channel that regu-
. lates neuron excitability'®. However, previous studies on the role of Nav1.7 in pain seem to have inconsistent
. results. In humans, Nav1.7 mutation is reported to result in either congenital insensitivity or severe episodic
. hypersensitivity to pain'*2°. Moreover, as voltage-gated sodium channels can be pharmacologically classified as
tetrodotoxin-sensitive and tetrodotoxin-resistant, Nav1.7 is one of tetrodotoxin-sensitive sodium channels. The
expression levels or tetrodotoxin-sensitive current density are increased in the DRG neurons in inflammatory
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Figure 1. Spared nerve injury-induced mechanical hypersensitivity and Nav1.7 activation in rat injured DRGs.
(A,B) Ipsilateral (A) and contralateral (B) paw withdrawal threshold (PWL) before or after SNI or sham surgery.
**P < 0.01 vs. the baseline (BL). n = 6 rats/group. Two-way ANOVA followed by post hoc Tukey, F, 5 =22.63

in (A), F,5=1.809 in (B). (C) Levels of SCN9A mRNA in L4-6 DRGs at days shown after SNT or sham surgery
in rats. n= 3 rats per group per time point. One-way ANOVA followed by post hoc Tukey, F; ="51.67 for SNI
group, F; ; =2.026 for sham group. (D) Levels of Nav1.7 protein in L4-6 DRGs at days shown after SNI surgery
in rats. One-way ANOVA followed by post hoc Tukey, F; s =0.9785 in contralateral side (Cont), F;3=109.7

in ipsilateral side (Ipsi) *P < 0.05, **P < 0.01, **#P < 0.001 vs. the zero day. n =3 for each time point. (E) Co-
localization of Nav1.7 with CGRP, IB4, and NF200 in rat L5 DRG, respectively. Scale bar: 100 pm.

pain, diabetic neuropathic pain, burn pain, and phantom limb pain'**'-2*. Though some studies suggest that
Nav1.7 expression is down regulated in SNI injured DRGs in mice and rats**?, a significant increase in Nav1.7
current after SNT in rats was observed’. This may due to the SNI model, where severed and intact nerves are
intermingled in the same DRG, inducing cross-excitation between cell bodies as well as fibers’. Our previous
study also showed that Nav1.7 protein and mRNA expression was strongly increased in relative DRGs of chronic
constriction injury-induced chronic pain in rats®. What’s more, our preliminary experiment suggested that,
regardless of declined expression in spinal nerve ligation-related DRG neurons, Nav1.7 significantly increased
in the DRG neurons from chronic constriction injury and in SNI rats. Thus, in this current study, we focused on
the mechanism of Nav1.7 in SNI-induced neuropathic pain to tap into its potential for neuropathic pain therapy/
analgesic therapy development.

MicroRNAs (miRNAs) are a class of non-coding RNAs that regulate mRNA translation repression and/or
transcript degradation?”?8. MiRNAs play essential roles in different neuropathic pain models, such as chronic
constriction injury?**°, spinal cord injury’!, spinal nerve ligation®?, and diabetic neuropathy rat models*.
Recently, several studies have suggested that miRNAs may alter gene regulation and protein expression as a con-
sequence of neuropathic pain®*4%,

In preliminary experiments, miR-31-5p, miR-22, miR-182, and miR-30b were found to be deregulated fol-
lowing SNI. It was predicted that Nav1.7 is one of the miR-182 target genes in rats by Target Scan (Target Scan
Human, release 6.2). Until now, there were no confirmed studies on the regulation of Nav1.7 expression by miR-
182 after SNI. In the current study, we investigated whether miR-182 can critically regulate neuropathic pain
behavior, and whether this effect is mediated by Nav1.7 in the DRGs of SNI rats.

Results

SCN9A expression is increased in L4-6 DRGs neurons following spared nerve injury and this
contributes to neuropathic pain.  Spared nerve injury produced mechanical hypersensitivity, evidenced
by a reduction in paw withdrawal threshold and hypersensitivity developed only on the ipsilateral side, and not
the contralateral side. Mechanical hypersensitivity presented 3 days after surgery, and then reached a maxi-
mum 14 days after surgery, and lasted for at least 28 days (Fig. 1A,B). Time-dependent Nav1.7 expression in the
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Figure 2. miR-182 directly targets SCN9A 3'UTR. (A) The binding site of miR-182 within SCN9A 3’-UTR. The
seed sequence is stressed in bold. (B) Co-localization of miR-182 with Nav1.7 in rat L5 DRG. Scale bar: 100 pm.
(C) miR-182 agomir dose-dependently decreased the relative activity in PC12 cells transfected with SCN9A3/-
UTR. One-way ANOVA followed by Tukey’s Multiple Comparison Test. F; 3= 86.367, **P < 0.01 vs. NC.n=3
for each treatment. (D) The relative activity of luciferase in PC12 cells with wild type and mutant SCN9A 3'UTR
after transfected with miR-182 agomir or scramble. n = 3 for each treatment. F, |, =37.508. **P < 0.01 vs. WT+
vehicle. (E) Levels of miR-182 in L4-6 DRGs at days shown after SNI or sham surgery in rats. F; ; =74.885 in
SNI group, F;g=0.123 in sham group. **P < 0.01 vs. the baseline. n =6 for each treatment.

ipsilateral L4-6 DRGs after SNI or sham surgery was then assessed. Compared with sham group rats, SCN9A
expression increased from 3 days after surgery, and maintained high expression at 14 days after surgery in SNI
group rats as compared to the sham surgery group (Fig. 1C). The western blot results further confirmed the signif-
icant increase in Nav1.7 protein level in the ipsilateral L4-6 DRGs at 14 days after SNI surgery (Fig. 1D; p < 0.001,
one-way ANOVA). This data suggests that SCN9A in DRGs may have an important role in neuropathic pain.

To define the cellular localization of Nav1.7 in the DRGs, immunofluorescence double-labeling was per-
formed. The results showed that the Nav1.7-positive signal co-located with CGRP, IB4, NF200, and was mostly
on neurons that were co-stained for CGRP and IB4 (Fig. 1E).

miR-182 targets SCN9A in DRG neurons. miRNAs are known to inhibit the translation of specific genes
by binding to their messenger RNA 3’UTR sequences. The sequence alignment of miR-182 and its binding site
in the 3'UTR of SCNYA, is highly conserved among mammals (Fig. 2A). The expressed correlation of miR-182
with that of Nav1.7 was confirmed using ISH combined with immunofluorescence. The result showed that the
Nav1.7 protein was completely co-localized with miR-182 in DRG neurons (Fig. 2B). The luciferase reporter assay
results suggested that, in SCN9A 3'UTR vector-transfected PC12 cells, the renilla/firefly value of luciferase was
dose-dependently decreased by transfection with miR-182 agomir (Fig. 2B), with a significant decrease from 10
pM to 100 pM miR-182 agomir and a 75.74% decrease occurred at 50 pM miR-182 agomir group when com-
pared with the NC group. This indicates the presence of a miR-182 target site in the SCN9A 3'UTR. However,
the renilla/firefly value of luciferase activity was not affected in the SCN9A mutation group (P > 0.05, one-way
ANOVA, Fig. 2C,D).

To check whether miR-182 is related to neuropathic pain, the expression of miR-182 in the L4-6 DRGs of
SNI group and sham group rats was assessed. The real-time PCR results indicated that miR-182 expression was
decreased in the ipsilateral DRGs of SNI axotomy. As shown in Fig. 2E, the expression of miR-182 gradually
declined from 3 days to at least 14 days after surgery in the SNI rats (*P < 0.01, one-way ANOVA), while the
expression of miR-182 did not change in the sham-treated animals (P > 0.05, one-way ANOVA).

MiR-182 regulates SCN9A expression in DRG neurons. To investigate the effect of miR-182 on
SCN9A expression, miR-182 agomir or antagomir was transfected into DRG cells. TNF-« treatment caused the
up-regulation of SCN9A expression, and miR-182 agomir transfection directly ameliorated the abnormal SCN9A
expression, concurrent with increased miR-182 expression. In contrast, transfection with a miR-182 antagomir
decreased miR-182 expression, while increasing SCN9A expression in the DRG cells (Fig. 3A). The western blot
results showed that miR-182 agomir transfection decreased the over-expression of Navl.7 protein stimulated by
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Figure 3. Administration of miR-182 affects Navl.7 mRNA and protein levels in primary cultured DRG cells.
(A) SCN9A mRNA and miR-182 expression in normal and TNF-a stimulated DRG cells after transfected with
miR-182 agomir, miR-182 antagomir or scramble. (B) Level of Nav1.7 protein in normal and TNF-« stimulated
DRG cells after transfected with miR-182 agomir or scramble. One-way ANOVA followed by post hoc Tukey,
F,10=165.06 (C) Level of Nav1.7 protein increased after transfected with miR-182 antagomir. One-way ANOVA
followed by post hoc Tukey, F, ;="71.86, *P < 0.05, **P < 0.01 vs. the naive group; **P < 0.01 vs. the TNF-«
group. n=13 for each treatment.

TNF-a (Fig. 3B), while down-regulating miR-182 expression through transfection with a miR-182 antagomir
increased Navl.7 expression (Fig. 3C).

Microinjection of a miR-182 agomir alleviates mechanical allodynia in SNl rats. The paw with-
drawal threshold was measured to evaluate the pain threshold of the SNI rats. Pain was apparent in the ipsilateral
side of the SNI rats starting from 3 days to at least 28 days after surgery, while the contralateral side demonstrated
no change. Then, we tried to in vivo deliver miR-182 agomir/antagomir through DRG microinjection to rats.
At 16 hours after injecting a negative control sequence marked by a 5/-FAM, fluorescence was detected in both
DRG neurons and glia, suggesting the injected sequence is actually taken up by DRG cells (Fig. S2). Moreover,
we found that miR-182 agomir relieved the pain condition, whereby the ipsilateral paw withdrawal threshold
was significantly increased it (Fig. 4A) while no change was observed on contralateral side (Fig. 4B). In contrast,
administration of a miR-182 antagomir induced mechanical pain, leading to a decrease in the ipsilateral paw
withdrawal threshold in naive rats (Fig. 4C,D).

DRG microinjection of amiR-182 agomir inhibits the expression of SCN9A in L4-6 DRGs in SNl rats.
In order to further characterize the relationship between miR-182 and Navl1.7 in DRGs after SNI, L4-6 DRGs
were isolated and mRNA and proteins levels were measured using real-time PCR and western blotting, respec-
tively. Nav1.7 mRNA level was reduced after administration with miR-182 agomir in SNI-group rats, concurrent
with increased miR-182 expression. In contrast, inhibiting miR-182 expression enhanced SCN9A expression
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Figure 4. DRG microinjection of miR-182 agomir attenuates mechanical hypersensitivity in spared nerve
injury rats. (A) Treatment with miR-182 agomir significantly attenuated the SNI-induced mechanical pain

on ipsilateral side. (B) And with no effect on contralateral side. Two-way ANOVA followed by post hoc Tukey,
F,3=11.70 in ipsilateral side, F, s =2.658 in contralateral side (C) miR-182 antagomir induced pain in normal
rat on ipsilateral side. (D) And with no effect on contralateral side. Two-way ANOVA followed by post hoc
Tukey, F; 5=14.26 in ipsilateral side, F; 5=0.3517 in contralateral side, **P < 0.01 vs. the baseline. n =6 for each
treatment.

(Fig. 5A). Meanwhile, Nav1.7 protein expression was reduced to normal levels after DRG microinjection of miR-
182 agomir in SNI rats or increased, even in naive rats, when miR-182 was inhibited (Fig. 5B).

MiR-182 agomir treatment reduces SNI-induced abnormal excitability of small DRG neu-
rons. Since Navs play a key role in neuron excitability, we finally investigated whether neuronal excitability of
small DRG neurons was affected by SNI using whole-cell current-clamp recording. We found that, RMP of small
DRG neurons showed a significant increase after SNI surgery (p < 0.05, two-tailed unpaired Student’s ¢-test),
which was restored by miR-182 agomir treatment (p < 0.01, two-tailed unpaired Student’s t-test) (Fig. 6A). The
rheobase of small DRG neurons was significantly decreased by SNI (Fig. 6B). Although not significant, the rhe-
obase was remedied through injection of miR-182 agomir. Moreover, the numbers of APs evoked by stimulation
of >1000 pA was significantly decreased in miR-182 agomir injection group when compared to those in SNI
group (Two-way ANOVA followed by post hoc Tukey test). The data of RMP, rheobase, and AP numbers indicate
the remission of SNI-induced abnormal excitability of small DRG neurons by miR-182 treatment.

Discussion

In the current study, the miR-182 regulation of Nav1.7 to participate in neuropathic pain was investigated at the
RNA, protein, cellular, and behavioral levels. Our results indicated that miR-182 decrease following SNI enhanced
the expression of Nav1.7, resulting in mechanical hypersensitivity. Rescuing the fall of miR-182 through microin-
jection of miR-182 agomir relived SNI-induced hyperalgesia.

The results also confirmed that Nav1.7 protein and mRNA expression was significantly increased in the L4-6
DRGs of SNI rats, which is consistent with our previous study®®. Currently, many researchers focus on blocking
sodium channels to treat neuropathic pain®”*. Specific and direct knockdown of Nav1.7 using a herpes vector has
been shown to alleviate inflammatory hyperalgesia®. However, it is still not possible to specifically inhibit Nav1.7
in NP without side effects.

Considering the fact that epigenetic modification methods such as DNA methylation, histone acetylation,
non-coding RNAs and microRNA mimics were widely used to regulate gene expression in recent years, we
hypothesized that miRNAs may help us reach such a goal. In preliminary study, miR-30b'’, miR-182 (current
study), miR-103 (unpublished data) et al. was reduced in neuropathic pain model rats. In current study, we regu-
lated the Nav1.7 expression using miR-182 agomir and antagomir with hardly any physical or psychological side
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of rats. (A) Resting membrane potential of small DRG neurons before SNI or after 7 days SNI with or without
miR-182 agomir treatment. *P < 0.05 vs. sham and #*P < 0.01 vs. SNI-scramble by two-tailed unpaired Student’s
t-test. (B) Rheobase for action potentials of small DRG neurons before SNI or after 7 days SNI with or without
miR-182 agomir treatment. n= 10, 7 and 6 neurons from Sham (5 rats), SNI-Scramble (5 rats), and SNI-miR182
groups (3 rats). *P < 0.05 vs. sham and *P < 0.05 vs. SNI-scramble by two-tailed unpaired Student’s ¢-test. (C)
Numbers of evoked action potentials from the Sham, SNI-Scramble and SNI-miR-182 group after application of
different currents. Two-way ANOVA followed by post hoc Tukey test, Fy,, (2, 20) =76.24, *P < 0.05, **P < 0.01
vs. the same stimulation intensity in the SNI-miR-182 group. (D) Representative traces of evoked action
potentials.
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effects. More importantly, mechanical hypersensitivity was distinctly relieved as a result of miR-182 agomir injec-
tion, verifying the effectiveness of miR-182 in neuropathic pain treatment. In fact, several publications dealing
with miRNAs and neuropathic pain have revealed that miRNAs would provide new insights into pain generation
and processing as well as relieving**4!.

However, it should be noted that DRG SCN9A mRNA down-regulation and Nav1.7 protein increase following
peripheral nerve injury might be the result of various epigenetic changes or other possible mechanisms. Whether
these mechanisms exist and how they work together are, however, unclear and call for future studies. Thus, plenty
of additional investigations are needed before the precise and high-efficient application of miRNAs as therapies.

Moreover, the adequate choice of time point for administration of a therapy can be considered as a crucial
issue, in not only experimental design but also in clinical therapy. In the current study, the DRG microinjection of
miR-182 agomir/antagomir was performed on 14 days after surgery when the neuropathic pain was stable. As the
current study mainly focuses on expression changes in DRG neurons, DRG microinjection was used*2. Although
this is an efficient method of administration, it may be difficult for clinical application. Moreover, the duration of
efficacy following a direct injection of miRNA is short. Using viral vectors and replacing the DRG microinjection
with an intrathecal administration method may have better clinical value.

Ectopic firing and hyperexcitability that occur in DRG neurons induced by nerve injury and the following
long-term changes such as periphery sensitization are considered to be a key role in the genesis of neuropathic
pain***. Nerve injury-induced high RMP and low rheobase in the small-diameter DRG neurons were found in
the relative DRG neurons following SNI surgery. Meanwhile, our result showed that Nav1.7 was preferentially
expressed in small-diameter DRG neurons. Given the knowledge that neuron RMP is mainly maintained by
Na + potentials*®, we assume at least part of the change in neuron excitability to be the presentation of increased
quantity or enhanced function of Nav1.7. This result suggested that Nav1.7 may contribute to neuropathic pain
development through changing relative neuron excitability. More importantly, those changes might be rescued
by miR-182 agomir treatment, reconfirming the regulating mechanism of miR-182 to Nav1.7 in neuropathic
pain. However, aside from identifying Nav1.7 as a target of miR-182, future studies are needed to investigate the
mechanisms underlying this pathway and the role and targets of additional miRNAs in maintaining and relieving
neuropathic pain.

In conclusion, the evidence presented here suggests that increased expression of SCN9A following SNI
resulted in Nav1.7 up-regulation, enhanced excitability of DRG neurons, and contributed to neuropathic pain
and that miR-182 might interact with this SCN9A gene to reduce Nav1.7 expression and alleviated mechanical
hypersensitivity.

Methods

Animals. Male Sprague-Dawley rats weighing 200-300 g were obtained from the Animal Experiment Center
of Henan Province. The rats were housed in a facility that was kept in a standard 12-hour light/dark cycle,
with available access to water and food. Animals were housed for 1-2 d before behavioral testing commenced.
Handling and care of all animals were approved by and adhere to ethical guidelines set by the Life Science Ethics
Committee of Zhengzhou University. All methods were performed according to the relevant guidelines and reg-
ulations of the International Association for the Study of Pain.

Behavioral tests. Mechanical behavioral tests were carried out as described previously*®. Paw withdrawal
thresholds to mechanical stimuli were measured using the up-down test method, as described previously*’.
Briefly, rats were placed in a transparent box on an elevated mesh screen. Von Frey filaments, ordered in force log
increments (0.4,0.6,1.0,2.0,4.0,6.0,8.0,15.0 g) were applied to the left and right hind paws, on the plantar surface.
The 2.0 g stimulus was used first. If a positive response occurred, the smaller von Frey hair (1.0 g) was used; ifa
negative response was observed, then the next larger hair would be used. The test was performed when (i) a neg-
ative response was obtained using the 15.0 g stimuli or (ii) three positive responses followed the first stimuli. The
paw withdrawal threshold was determined by transforming the model of positive and negative responses into a
50% threshold value on the von Frey filament stimulation using a formula provided by Dixon'".

Spared nerve injury model. The SNI model was implemented in Sprague-Dawley rats following estab-
lished procedures®. Briefly, rats were anesthetized using isoflurane, and the tibial nerve and common peroneal
nerve were isolated and then ligated using a 3-0 silk suture. The rest of the peripheral branch of the sciatic nerve
and the sural nerve remained intact without any contact or stretching. Finally, the incision was closed.

Drug administration and DRG microinjection. The miR-182 agomir (5-UUUGGCAAUGGUAGAA
CYCACACCG-3), its scrambled negative control (5'-UUC UCC GAA CGU GUC ACG UTT-3’), the miR-182
antagomir (5-CGG UGU GAG UUC UAC CAU UGC CAA A-3’), and its scrambled negative control (5'-CAG
UAC UUU UGU GUA GUA CAA-3’) were synthesized by GenePharma (Shanghai, China). Before the DRG
microinjection, they were mixed with invivofectamine® 3.0 transfection reagent (Invitrogen, Carlsbad, CA).

The DRG microinjection was performed as previously described®. In brief, a midline incision was made in
the lower lumbar back region to expose the unilateral L4 and L5 DRG. The mixed miR-182 agomir/antagomir
(20 uM, 2 pL) was injected into the DRG using a glass micropipette (tip diameter 20-40 pm) which was connected
to a Hamilton syringe®*!. The same volume of saline was used as a control. The micropipette was removed 10 min
after administration. The surgical field was washed using sterile saline and the incision was closed.

Primary DRG neuron culture and transfection. Primary DRG neuron culture and transfection were
performed as previously described®. In brief, rats (3 weeks old) were euthanized using isoflurane and then their
DRGs were collected in cold Neurobasal Medium (Thermo Fisher Scientific) with 10% fetal bovine serum (FBS;
Gibco), 100 ug/mL streptomycin, and 100 units/mL penicillin (Gibco). The DRGs were then treated using a
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Gene name Primer sequence
5’-TGG CGT CGT GTC GCT TGT-3'
SCN9A
5/-TGG CCC TTT GCC TGA GAT-3
5'-TCG GTG TGA ACG GAT TTG GC-3’
GAPDH
5’-CCT TCA GGT GAG CCC CAG C-3
Us 5/-GCT TCG GCA GCA CAT ATA CTA A-3/
5’-CGA ATT TGC GTG TCA TCC TT-3’
Ro182 5'-ACC TGG ATT TGG CAA TGG TAG-3’
miR-
5'-TAT GCT TGT TCT CGT CTC TGT GTC-3’

Table 1. Primer sets used in qPCR for rat samples.

mixed enzyme solution (1 mg/mL collagenase I, 5mg/mL dispase II in Neurobasal Medium). Dissociated cells
were collected in mixed Neurobasal Medium and plated in a six-well plate pre-coated with poly-L-lysine (Sigma).
The cells were cultured in 5% CO, at 37°C. After 1day, 5uL of miR-182 agomir/antagomir or negative control
(20 uM; GenePharma, Shanghai, China) was diluted using 100 uL of Neurobasal Medium for 5 min. Meanwhile,
1L of lipo2000 (Invitrogen, Carlsbad, CA) was diluted using 100 pL of Neurobasal Medium for 5min, and then
the two were mixed for 25 min. Finally, the mixture was placed into each 2mL well and an additional 800 pL of
Neurobasal Medium was added. The cells were collected 30h later. The cells were treated in the fresh medium
without or with 100 ng/mL tumor necrosis factor-a (TNF-a) for 30 minutes after 3 d of culture®.

Luciferase assay. The sequences were subcloned into the Sacl and Xhol restriction sites of the GP-miRGLO
vector (GenePharma, Shanghai, China).

PC-12 cells were cultured in high glucose Dulbecco’s modified Eagle’s medium (Gibco) containing 5% FBS
(Gibco) and 1% antibiotics (Gibco). The cells were incubated at 37 °C with 5% CO,. PC-12 cells with a confluency
of 60-70% were transfected using luciferase reporter plasmids. After 24 h of culture, the cells were transfected
using 0.5 ug of the GP-miRGLO plasmid (GenePharma, Shanghai, China) mixed with 1, 10, or 100 pM miR-182
agomir/antagomir using Lipofectamine 2000 (Invitrogen). The transfection was conducted in an antibody- and
serum-free medium, according to the manufacturer’s instructions. After 6 hours, the medium was replaced with
high glucose medium containing 5% FBS and 1% antibiotics. After an additional 30h of culture, the transfected
cells were lysed using 1 x passive lysis buffer, and 20 uL of the supernatant was assayed for luciferase activity using
the Dual-Luciferase Reporter Assay System (Promega). The relative reporter activity was calculated by normaliz-
ing the activity of firefly to renilla luciferase. Three replicates were used for each group.

gqRT-PCR. For quantitative real-time PCR, total RNA was extracted from L4-6 DRGs using the Trizol method
(Invitrogen) and reverse-transcribed using ThermoScript reverse transcriptase (Thermo Fisher Scientific). The
procedure was carried out as described in published studies®***. The template (2 pL) was amplified using real-time
PCR with the primers listed in Table 1. GAPDH was used as an internal control for normalization. Triplicate sam-
ples of 20 uL were used. Reactions were performed using a 7500 Fast Real-Time PCR detection system (Applied
Biosystems, USA). The ratios of ipsilateral-side levels to contralateral-side levels were calculated using the
—AACt method (2724, All data were normalized to the GAPDH mRNA or U6, as they has been demonstrated
to be stable*245,

In situ hybridization (ISH) of miR-182 and single- or double-labeled immunofluorescence. Rats
were anesthetized using isoflurane and then perfused with 4% paraformaldehyde before the DRGs were collected
for single- or double-labeled immunohistochemistry. L4 and L5 DRGs were removed, post-fixed, and gradient
dehydrated before frozen sectioning to a 16 um thickness.

Cellular localization of miR-182 was performed using the rat miR-182 ISH Assay Kit (Boster Bio-Tech,
Wuhan, China). Briefly, ISH was performed in 16 um cryosections from the DRGs. Sections were fixed in 4%
paraformaldehyde/0.1 M phosphate buffered saline (dissolved in DEPC-treated ultrapure water) for 30 min then
washed in DEPC-treated ultrapure water. After treatment with 30% H,0, mixed with methanol (v/v=1:50)
for 30 min, sections were treated with pepsase and diluted with 3% citric acid for 120 s at room temperature.
Prehybridization procedures were performed at 42 °C for 4 h. Then, hybridization was carried out overnight
in hybridization buffer at 42 °C using a hybridization probe specific to miR-182. After washing, the sections
were incubated in blocking solution at 37 °C for 30 min and in mouse-anti-DIG-biotin for 60 min. The sections
were then washed again, and were incubated using a SABC-FITC reagent for 30 min. To test whether SCN9A
co-locates with miR-182, the sections were incubated overnight at 4°C with primary antibodies against Nav1.7
(rabbit, 1:200, Abcam) following ISH. On the following day, a Cy3-conjugated secondary antibody (1:200, Jackson
ImmunoReserch, West Grove, PA) was added, and sections were incubated for 2h at room temperature. The sig-
nal was detected using a confocal microscope (Olympus Fluoview FV1000, Japan).

To identify the cell types expressing Navl.7, sections were blocked for 1h at room temperature in 0.01 M
phosphate-buffered saline, containing 10% goat serum as well as 0.3% Triton X-100. The sections were then
incubated with primary antibodies over 1 or 2 nights at 4°C. The antibodies included: anti-Nav1.7 (rabbit,
1:200, Abcam), anti-calcitonin gene-related peptide (CGRP) (rat, 1:200, SIGMA, C8198), anti-lectin from
Bandeirae simplicifolia BS-I Isolectin B4FITC Conjugate (1:200, Sigma), or anti-Neurofilament 200 (NF200)
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(mouse, 1:200, Boster Bio-Tech, Wuhan, China). On the following day, the sections were then incubated with
either a donkey anti-rabbit antibody conjugated to Cy3 (1:200, Jackson ImmunoResearch, West Grove, PA), a
donkey anti-mouse antibody conjugated to Alexa Fluor 488 (1:200, Jackson ImmunoResearch), or a donkey
anti- mouse antibody conjugated to Cy3 (1:200, Jackson ImmunoResearch) for 2 h at room temperature. All
the immunofluorescence-labeled sections were examined using a laser scanning confocal microscope (Olympus
Fluoview FV1000, Japan). Single- or double-labeled neurons were quantified using Image J Software*®.

Western blotting. Protein was isolated from harvested unilateral L4-6 rat DRGs. The DRGs were homoge-
nized and the cells were ultrasonicated in chilled lysis buffer. After centrifugation (15 min at 1000 x gat 4°C), the
supernatant was collected to isolate the protein. The concentration of the protein in the samples was measured
using the Bio-Rad protein assay (Bio-Rad). The samples were boiled at 99 °C for 5min and loaded onto a 5%
stacking/6% separating SDS-polyacrylamide gel. The proteins were then transferred onto polyvinylidene difluo-
ride membranes. After the membranes were blocked using 5% FBS for 2h at room temperature, the following pri-
mary antibodies were applied: anti-Nav1.7 (mouse, 1:1000, Abcam) and anti-3-actin (mouse, 1:1000, Zhongshan
Jinqiao, China). The proteins were detected using ECL detection reagents (Alphalmager proteinsimple, San Jose,
USA) and exposed using FluorChem E (Alphalmager proteinsimple, San Jose, USA). The immunoreactive den-
sity was analyzed using Alpha Viem SA. All cytosol protein bands were normalized to 3-actin®’.

DRG neuron preparation for patch clamp recording.  Before DRG neuron preparation, glass coverslips
(10 mm round, Assistant, Germany) were first cleaned by 75% (vol/vol) ethanol and air dried in a sterile cul-
ture hood. Cleaned coverslips were coated with poly-D-lysine (0.1 mg/ml, 90 ul per coverslip, O/N) and laminin
(20 pg/ml, 5l per coverslip). Coated coverslips were sterilized again with UV light for 10 min before plating into
the sterile 60 mm central well dish.

Seven days after SNI surgery or three days after microRNA agomir/antagomir microinjection, L4 and L5
DGRs were used for whole-cell patch clamp recording. After animals were euthanized with isoflurane, fresh
DRGs ipsilateral and contralateral to SNI surgery site were quickly isolated and placed into cold Neurobasal
Medium. The excess nerves and blood vessels were dissected under a stereoscopic microscope (Nikon, Japan)
using micro scissors and forceps. The isolated DRGs were dissociated with 1 mg/ml collagenase type I and 2 mg/
ml dispase in Neurobasal Medium for 30-35 min. DRG cell suspension was added to the dishes with pre-coated
coverslips and placed into the incubator (37 °C, 5% CO?2) for 2-4h before recording.

Whole-cell patch clamp recording. Whole-cell current-clamp recording was performed using pipettes
(3-5 MQ) fabricated from borosilicate capillary glass (P-97, Sutter Instruments, CA). Cell cultures were plated
into a thermostatic chamber (Warner, USA) mounted on an inverted microscope (Nikon, Japan). The extra-
cellular solution contained (in mM): 145 NaCl, 3 KCI, 2 MgCl,, 2 CaCl,, 10 HEPES, and 10 glucose (pH 7.4
with NaOH). The intracellular pipette solution contained (in mM): 135 KCI, 2 MgCl,, 2 Na,-ATP, 10 glucose,
10 HEPES, and 10 EGTA, with pH adjusted to 7.2 by KOH and osmolarity adjusted to 300 mOsm with sucrose.
Signals were low-pass filtered at 2.9kHz (EPC 10, HEKA, Germany) and digitized at 10kHz using Patchmaster
(HEKA, Germany) software. No holding current was injected into neurons. The bridge was 100% balanced.
Action potentials (APs) were generated by injection of a series of current pulses (100 to 1500 pA in steps of 100
PA, 200 ms). The baseline potential had been recorded for 10 ms before the stimulus pulses were injected into the
neurons. We defined the resting membrane potential (RMP) as the mean value of the 10 ms pre-stimulus potential
in the first trial and the AP rheobase as the minimum current required to evoke the first AP.

Statistical analysis. All of the results are presented as mean =+ standard error of the mean. GraphPad Prism
v5.0 was used for statistical analyses. The data were analyzed statistically using a two-tailed, paired Student’s ¢-test
and one or two-way ANOVA. When the ANOVA showed a significant difference, pairwise comparisons between
means were tested using the post hoc Tukey method. Significance is set at p < 0.05.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

References

1. Laumet, G. et al. G9a is essential for epigenetic silencing of K(+ ) channel genes in acute-to-chronic pain transition. Nature
neuroscience 18, 1746-1755, https://doi.org/10.1038/nn.4165 (2015).

2. Xiao, H. S. et al. Identification of gene expression profile of dorsal root ganglion in the rat peripheral axotomy model of neuropathic
pain. proceedings of the National Academy of Sciences of the United States of America 99, 8360-8365, https://doi.org/10.1073/
pnas.122231899 (2002).

3. Wang, H. et al. Chronic neuropathic pain is accompanied by global changes in gene expression and shares pathobiology with
neurodegenerative diseases. Neuroscience 114, 529-546 (2002).

4. Amir, R., Michaelis, M. & Devor, M. Membrane Potential Oscillations in Dorsal Root Ganglion Neurons: Role in Normal
Electrogenesis and Neuropathic Pain. The Journal of Neuroscience 19, 8589-8596 (1999).

5. Costigan, M., Scholz, J. & Woolf, C. J. Neuropathic Pain: A Maladaptive Response of the Nervous System to Damage. Annual Review
of Neuroscience 32, 1-32, https://doi.org/10.1146/annurev.neuro.051508.135531 (2009).

6. Payandeh, J., Gamal El-Din, T. M., Scheuer, T., Zheng, N. & Catterall, W. A. Crystal structure of a voltage-gated sodium channel in
two potentially inactivated states. Nature 486, 135-139, https://doi.org/10.1038/nature11077 (2012).

7. Laedermann, C. J. et al. Dysregulation of voltage-gated sodium channels by ubiquitin ligase NEDD4-2 in neuropathic pain. J. Clin.
Invest. 123, 3002-3013, https://doi.org/10.1172/jci68996 (2013).

8. Doppler, K. & Sommer, C. Neuropathic pain associated with Nav1.7 mutations: clinical picture and treatment. Der Nervenarzt 84,
1428-1435, https://doi.org/10.1007/s00115-012-3621-7 (2013).

SCIENTIFIC REPORTS |

(2018) 8:16750 | DOI:10.1038/s41598-018-34755-3 9


http://dx.doi.org/10.1038/nn.4165
http://dx.doi.org/10.1073/pnas.122231899
http://dx.doi.org/10.1073/pnas.122231899
http://dx.doi.org/10.1146/annurev.neuro.051508.135531
http://dx.doi.org/10.1038/nature11077
http://dx.doi.org/10.1172/jci68996
http://dx.doi.org/10.1007/s00115-012-3621-7

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

. Zuliani, V., Rivara, M., Fantini, M. & Costantino, G. Sodium channel blockers for neuropathic pain. Expert opinion on therapeutic

patents 20, 755-779, https://doi.org/10.1517/13543771003774118 (2010).

Su, S. et al. MiR-30b Attenuates Neuropathic Pain by Regulating Voltage-Gated Sodium Channel Nav1.3 in Rats. Frontiers in
molecular neuroscience 10, 126, https://doi.org/10.3389/fnmol.2017.00126 (2017).

Chaplan, S. R., Bach, F. W, Pogrel, J. W,, Chung, J. M. & Yaksh, T. L. Quantitative assessment of tactile allodynia in the rat paw.
Journal of neuroscience methods 53, 55-63 (1994).

Shields, S. D. et al. Sodium channel Na(v)1.7 is essential for lowering heat pain threshold after burn injury. The Journal of
neuroscience: the official journal of the Society for Neuroscience 32, 10819-10832, https://doi.org/10.1523/J]NEUROSCI.0304-12.2012
(2012).

Dib-Hajj, S. D., Yang, Y., Black, J. A. & Waxman, S. G. The Na(V)1.7 sodium channel: from molecule to man. Nature reviews.
Neuroscience 14, 49-62, https://doi.org/10.1038/nrn3404 (2013).

Fertleman, C. R. et al. SCN9A mutations in paroxysmal extreme pain disorder: allelic variants underlie distinct channel defects and
phenotypes. Neuron 52, 767-774, https://doi.org/10.1016/j.neuron.2006.10.006 (2006).

Cox, J. J. et al. An SCN9A channelopathy causes congenital inability to experience pain. Nature 444, 894-898, https://doi.
org/10.1038/nature05413 (2006).

Reimann, E et al. Pain perception is altered by a nucleotide polymorphism in SCN9A. proceedings of the National Academy of
Sciences of the United States of America 107, 5148-5153, https://doi.org/10.1073/pnas.0913181107 (2010).

Harrer, J. U. et al. Neuropathic pain in two-generation twins carrying the sodium channel Nav1.7 functional variant R1150W. pain
155, 2199-2203, https://doi.org/10.1016/j.pain.2014.08.003 (2014).

Sawal, H. A. et al. Biallelic truncating SCN9A mutation identified in four families with congenital insensitivity to pain from Pakistan.
Clinical genetics, https://doi.org/10.1111/cge.12860 (2016).

Price, N. et al. Safety and Efficacy of a Topical Sodium Channel Inhibitor (TV-45070) in Patients with Post Herpetic Neuralgia
(PHN): A Randomized, Controlled, Proof-of-Concept, Crossover Study, With a Subgroup Analysis of the Navl.7 R1150W
Genotype. The Clinical journal of pain, https://doi.org/10.1097/AJP.0000000000000408 (2016).

Cregg, R. et al. Novel mutations mapping to the fourth sodium channel domain of Nav1.7 result in variable clinical manifestations
of primary erythromelalgia. Neuromolecular medicine 15, 265-278, https://doi.org/10.1007/s12017-012-8216-8 (2013).
Chattopadhyay, M., Mata, M. & Fink, D. J. Continuous delta-opioid receptor activation reduces neuronal voltage-gated sodium
channel (Na(V)1.7) levels through activation of protein kinase C in painful diabetic neuropathy. J. Neurosci. 28, 6652-6658, https://
doi.org/10.1523/jneurosci.5530-07.2008 (2008).

Black, J. A, Liu, S. J., Tanaka, M., Cummins, T. R. & Waxman, S. G. Changes in the expression of tetrodotoxin-sensitive sodium
channels within dorsal root ganglia neurons in inflammatory pain. pain 108, 237-247, https://doi.org/10.1016/j.pian.2003.12.035
(2004).

Black, J. A., Nikolajsen, L., Kroner, K., Jensen, T. S. & Waxman, S. G. Multiple Sodium Channel Isoforms and Mitogen-Activated
Protein Kinases Are Present in Painful Human Neuromas. Ann. Neurol. 64, 644-653, https://doi.org/10.1002/ana.21527 (2008).
Laedermann, C. ], Pertin, M., Suter, M. R. & Decosterd, I. Voltage-gated sodium channel expression in mouse DRG after SNI leads
to re-evaluation of projections of injured fibers. Mol pain 10, 19, https://doi.org/10.1186/1744-8069-10-19 (2014).

Berta, T. et al. Transcriptional and functional profiles of voltage-gated Na(+4) channels in injured and non-injured DRG neurons in
the SNI model of neuropathic pain. Molecular and cellular neurosciences 37, 196-208, https://doi.org/10.1016/j.mcn.2007.09.007
(2008).

Liu, C,, Cao, J., Ren, X. & Zang, W. Nav1.7 protein and mRNA expression in the dorsal root ganglia of rats with chronic neuropathic
pain. Neural regeneration research 7, 1540-1544, https://doi.org/10.3969/j.issn.1673-5374.2012.20.003 (2012).

Bartel, D. P. MicroRNAs: Genomics, Biogenesis, Mechanism, and Function. Cell 116, 281-297, https://doi.org/10.1016/50092-
8674(04)00045-5 (2004).

Tan, P. H,, Yang, L. C. &Ji, R. R. Therapeutic potential of RNA interference in pain medicine. The open pain journal 2, 57-63, https://
doi.org/10.2174/1876386300902010057 (2009).

Li, H., Shen, L., Ma, C. & Huang, Y. Differential expression of miRNAs in the nervous system of a rat model of bilateral sciatic nerve
chronic constriction injury. International journal of molecular medicine 32, 219-226, https://doi.org/10.3892/ijmm.2013.1381
(2013).

Genda, Y. et al. microRNA changes in the dorsal horn of the spinal cord of rats with chronic constriction injury: A TagMan(R) Low
Density Array study. International journal of molecular medicine 31, 129-137, https://doi.org/10.3892/ijmm.2012.1163 (2013).

Liu, N. K., Wang, X. F, Lu, Q. B. & Xu, X. M. Altered microRNA expression following traumatic spinal cord injury. Experimental
neurology 219, 424-429, https://doi.org/10.1016/j.expneurol.2009.06.015 (2009).

Aldrich, B. T, Frakes, E. P, Kasuya, J., Hammond, D. L. & Kitamoto, T. Changes in expression of sensory organ-specific microRNAs
in rat dorsal root ganglia in association with mechanical hypersensitivity induced by spinal nerve ligation. Neuroscience 164,
711-723, https://doi.org/10.1016/j.neuroscience.2009.08.033 (2009).

El-Lithy, G. M. et al. Prophylactic L-arginine and ibuprofen delay the development of tactile allodynia and suppress spinal miR-155
in a rat model of diabetic neuropathy. Translational research: the journal of laboratory and clinical medicine, https://doi.org/10.1016/j.
trsl.2016.06.005 (2016).

Neumann, E. et al. MicroRNA-1-associated effects of neuron-specific brain-derived neurotrophic factor gene deletion in dorsal root
ganglia. Molecular and cellular neurosciences 75, 36-43, https://doi.org/10.1016/j.mcn.2016.06.003 (2016).

Leinders, M., Uceyler, N., Pritchard, R. A., Sommer, C. & Sorkin, L. S. Increased miR-132-3p expression is associated with chronic
neuropathic pain. Experimental neurology 283, 276-286, https://doi.org/10.1016/j.expneurol.2016.06.025 (2016).

Shao, J. et al. MicroRNA-30b regulates expression of the sodium channel Nav1.7 in nerve injury-induced neuropathic pain in the rat.
Molecular pain 12, https://doi.org/10.1177/1744806916671523 (2016).

Weston, R. M., Subasinghe, K. R., Staikopoulos, V. & Jarrott, B. Design and assessment of a potent sodium channel blocking
derivative of mexiletine for minimizing experimental neuropathic pain in several rat models. Neurochemical research 34, 1816-1823,
https://doi.org/10.1007/s11064-009-0012-y (2009).

Priest, B. T. Future potential and status of selective sodium channel blockers for the treatment of pain. Current opinion in drug
discovery & development 12, 682-692 (2009).

Yeomans, D. C. et al. Decrease in inflammatory hyperalgesia by herpes vector-mediated knockdown of Nav1.7 sodium channels in
primary afferents. Human gene therapy 16, 271-277, https://doi.org/10.1089/hum.2005.16.271 (2005).

Niederberger, E., Kynast, K., Lotsch, J. & Geisslinger, G. MicroRNAs as new players in the pain game. pain 152, 1455-1458, https://
doi.org/10.1016/j.pain.2011.01.042 (2011).

Sun, Y. et al. miR-203 regulates nociceptive sensitization after incision by controlling phospholipase A2 activating protein
expression. Anesthesiology 117, 626-638, https://doi.org/10.1097/ALN.0b013e31826571aa (2012).

Li, Z. et al. Dorsal root ganglion myeloid zinc finger protein 1 contributes to neuropathic pain after peripheral nerve trauma. pain
156, 711-721, https://doi.org/10.1097/j.pain.0000000000000103 (2015).

Ji, R. R. & Woolf, C. J. Neuronal plasticity and signal transduction in nociceptive neurons: implications for the initiation and
maintenance of pathological pain. Neurobiology of disease 8, 1-10, https://doi.org/10.1006/nbdi.2000.0360 (2001).

Devor, M. Ectopic discharge in AB afferents as a source of neuropathic pain. Experimental Brain Research 196, 115128, https://doi.
org/10.1007/500221-009-1724-6 (2009).

SCIENTIFICREPORTS|  (2018)8:16750 | DOI:10.1038/s41598-018-34755-3 10


http://dx.doi.org/10.1517/13543771003774118
http://dx.doi.org/10.3389/fnmol.2017.00126
http://dx.doi.org/10.1523/JNEUROSCI.0304-12.2012
http://dx.doi.org/10.1038/nrn3404
http://dx.doi.org/10.1016/j.neuron.2006.10.006
http://dx.doi.org/10.1038/nature05413
http://dx.doi.org/10.1038/nature05413
http://dx.doi.org/10.1073/pnas.0913181107
http://dx.doi.org/10.1016/j.pain.2014.08.003
http://dx.doi.org/10.1111/cge.12860
http://dx.doi.org/10.1097/AJP.0000000000000408
http://dx.doi.org/10.1007/s12017-012-8216-8
http://dx.doi.org/10.1523/jneurosci.5530-07.2008
http://dx.doi.org/10.1523/jneurosci.5530-07.2008
http://dx.doi.org/10.1016/j.pian.2003.12.035
http://dx.doi.org/10.1002/ana.21527
http://dx.doi.org/10.1186/1744-8069-10-19
http://dx.doi.org/10.1016/j.mcn.2007.09.007
http://dx.doi.org/10.3969/j.issn.1673-5374.2012.20.003
http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://dx.doi.org/10.2174/1876386300902010057
http://dx.doi.org/10.2174/1876386300902010057
http://dx.doi.org/10.3892/ijmm.2013.1381
http://dx.doi.org/10.3892/ijmm.2012.1163
http://dx.doi.org/10.1016/j.expneurol.2009.06.015
http://dx.doi.org/10.1016/j.neuroscience.2009.08.033
http://dx.doi.org/10.1016/j.trsl.2016.06.005
http://dx.doi.org/10.1016/j.trsl.2016.06.005
http://dx.doi.org/10.1016/j.mcn.2016.06.003
http://dx.doi.org/10.1016/j.expneurol.2016.06.025
http://dx.doi.org/10.1177/1744806916671523
http://dx.doi.org/10.1007/s11064-009-0012-y
http://dx.doi.org/10.1089/hum.2005.16.271
http://dx.doi.org/10.1016/j.pain.2011.01.042
http://dx.doi.org/10.1016/j.pain.2011.01.042
http://dx.doi.org/10.1097/ALN.0b013e31826571aa
http://dx.doi.org/10.1097/j.pain.0000000000000103
http://dx.doi.org/10.1006/nbdi.2000.0360
http://dx.doi.org/10.1007/s00221-009-1724-6
http://dx.doi.org/10.1007/s00221-009-1724-6

www.nature.com/scientificreports/

45. Cummins, T. R., Rush, A. M., Estacion, M., Dib-Hajj, S. D. & Waxman, S. G. Voltage-clamp and current-clamp recordings from
mammalian DRG neurons. Nature protocols 4, 1103-1112, https://doi.org/10.1038/nprot.2009.91 (2009).

46. Bonin, R. P,, Bories, C. & De Koninck, Y. A simplified up-down method (SUDO) for measuring mechanical nociception in rodents
using von Frey filaments. Molecular pain 10, 26, https://doi.org/10.1186/1744-8069-10-26 (2014).

47. Li, S. E. et al. G9a is transactivated by C/EBPbeta to facilitate mitotic clonal expansion during 3T3-L1 preadipocyte differentiation.
American journal of physiology. Endocrinology and metabolism 304, E990-998, https://doi.org/10.1152/ajpendo.00608.2012 (2013).

48. Bourquin, A. F. et al. Assessment and analysis of mechanical allodynia-like behavior induced by spared nerve injury (SNI) in the
mouse. pain 122(14), e11-14, https://doi.org/10.1016/j.pain.2005.10.036 (2006).

49. Zhao, X. et al. A long noncoding RNA contributes to neuropathic pain by silencing Kcna2 in primary afferent neurons. Nature
neuroscience 16, 1024-1031, https://doi.org/10.1038/nn.3438 (2013).

50. Han, X. et al. Inhibition of prostaglandin E(2) receptor EP3 mitigates thrombin-induced brain injury. Journal of Cerebral Blood Flow
& Metabolism 36, 1059-1074, https://doi.org/10.1177/0271678X15606462 (2016).

51. Zhang, Z. et al. Distinct role of heme oxygenase-1 in early- and late-stage intracerebral hemorrhage in 12-month-old mice. Journal
of cerebral blood flow and metabolism: official journal of the International Society of Cerebral Blood Flow and Metabolism 37, 25-38,
https://doi.org/10.1177/0271678x16655814 (2017).

52. Tamura, R. et al. Up-regulation of NaV1.7 sodium channels expression by tumor necrosis factor-alpha in cultured bovine adrenal
chromaffin cells and rat dorsal root ganglion neurons. Anesthesia and analgesia 118, 318-324, https://doi.org/10.1213/
ANE.0000000000000085 (2014).

53. Li, Q. et al. Inhibition of neuronal ferroptosis protects hemorrhagic brain. 2, €90777, https://doi.org/10.1172/jci.insight.90777
(2017).

54. Wang, J. et al. CXCR4(+)CD45(—) BMMNC subpopulation is superior to unfractionated BMMNC:s for protection after ischemic
stroke in mice. Brain, behavior, and immunity 45, 98-108, https://doi.org/10.1016/j.bbi.2014.12.015 (2015).

55. Li, Q. et al. Inhibition of tPA-induced hemorrhagic transformation involves adenosine A2b receptor activation after cerebral
ischemia. Neurobiology of disease 108, 173-182, https://doi.org/10.1016/j.nbd.2017.08.011 (2017).

56. Lan, X. et al. Pinocembrin protects hemorrhagic brain primarily by inhibiting toll-like receptor 4 and reducing M1 phenotype
microglia. Brain, behaviot, and immunity 61, 326-339, https://doi.org/10.1016/j.bbi.2016.12.012 (2017).

57. Wang, J. et al. Cerebral ischemia increases bone marrow CD4+ CD25+ FoxP3+ regulatory T cells in mice via signals from
sympathetic nervous system. Brain, behavior, and immunity 43, 172-183, https://doi.org/10.1016/j.bbi.2014.07.022 (2015).

Acknowledgements

This study was supported by grants from the National Natural Science Foundation of China (No. 81471144) to
W.Z.; and the National Natural Science Foundation of China (No. 81671091) to J.C. The funders had no role in
study design, data collection and analysis, decision to publisher, or preparation of the manuscript. We would like
to thank Jamie Bono for the assistance with the manuscript revising.

Author Contributions

J.C. and W.Z. designed and conducted all experiments and data analysis, drafted the manuscript. W.C. and Q.Z.
performed all experiments, data analysis and drafted the manuscript. J.S. helped with data analysis, manuscript
draft. J.Z. performed the patch clamp recording, data analysis and modifying the manuscript. L.L., X.R., S.S., Q.B,,
M.L., X.C. and J.W. contributed with technical assistance, data analysis advices, final revision and discussion of
the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-34755-3.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFIC REPORTS |

(2018) 8:16750 | DOI:10.1038/s41598-018-34755-3 11


http://dx.doi.org/10.1038/nprot.2009.91
http://dx.doi.org/10.1186/1744-8069-10-26
http://dx.doi.org/10.1152/ajpendo.00608.2012
http://dx.doi.org/10.1016/j.pain.2005.10.036
http://dx.doi.org/10.1038/nn.3438
http://dx.doi.org/10.1177/0271678X15606462
http://dx.doi.org/10.1177/0271678x16655814
http://dx.doi.org/10.1213/ANE.0000000000000085
http://dx.doi.org/10.1213/ANE.0000000000000085
http://dx.doi.org/10.1172/jci.insight.90777
http://dx.doi.org/10.1016/j.bbi.2014.12.015
http://dx.doi.org/10.1016/j.nbd.2017.08.011
http://dx.doi.org/10.1016/j.bbi.2016.12.012
http://dx.doi.org/10.1016/j.bbi.2014.07.022
http://dx.doi.org/10.1038/s41598-018-34755-3
http://creativecommons.org/licenses/by/4.0/

	MicroRNA-182 Alleviates Neuropathic Pain by Regulating Nav1.7 Following Spared Nerve Injury in Rats

	Results

	SCN9A expression is increased in L4-6 DRGs neurons following spared nerve injury and this contributes to neuropathic pain. 
	miR-182 targets SCN9A in DRG neurons. 
	MiR-182 regulates SCN9A expression in DRG neurons. 
	Microinjection of a miR-182 agomir alleviates mechanical allodynia in SNI rats. 
	DRG microinjection of a miR-182 agomir inhibits the expression of SCN9A in L4-6 DRGs in SNI rats. 
	MiR-182 agomir treatment reduces SNI-induced abnormal excitability of small DRG neurons. 

	Discussion

	Methods

	Animals. 
	Behavioral tests. 
	Spared nerve injury model. 
	Drug administration and DRG microinjection. 
	Primary DRG neuron culture and transfection. 
	Luciferase assay. 
	qRT-PCR. 
	In situ hybridization (ISH) of miR-182 and single- or double-labeled immunofluorescence. 
	Western blotting. 
	DRG neuron preparation for patch clamp recording. 
	Whole-cell patch clamp recording. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Spared nerve injury-induced mechanical hypersensitivity and Nav1.
	Figure 2 miR-182 directly targets SCN9A 3′UTR.
	Figure 3 Administration of miR-182 affects Nav1.
	Figure 4 DRG microinjection of miR-182 agomir attenuates mechanical hypersensitivity in spared nerve injury rats.
	Figure 5 DRG microinjection of miR-182 agomir relieved abnormal increased Nav1.
	Figure 6 miR-182 treatment reduces SNI-induced abnormal excitability in L4 and L5 DRG small neurons of rats.
	Table 1 Primer sets used in qPCR for rat samples.




