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Abstract

Genetic knockdown or knockout of the histone methytrans-
ferase G9a in the injured dorsal root ganglion (DRG) has
been shown to alleviate neuropathic pain development.
However, the application of genetic strategy in clinic is
highly limited. The present study sought to examine the
effect of intrathecal BIX01294, a specific G9a inhibitor,
on the development and maintenance of pain hypersen-
sitivities caused by unilateral L5 spinal nerve injury (SNL)
or chronic constriction injury (CCI) to the sciatic nerve in
rats. We found that intrathecal administration of BIX01294
reduced SNL- or CCl-induced mechanical allodynia, ther-
mal hyperalgesia and cold allodynia not only in the devel-
opment period but also in the maintenance period. These
effects were dose-dependent. Intrathecal administration of
BIX01294 also blocked the SNL-induced increase in the
level of H3K9me2, a marker of G9a activity, and reversed
SNL-induced downregulation of Oprm71 mRNA, Oprk1
mRNA, Oprd7 mRNA, Kcna2 mRNA and Kcna4 mRNA,
the downstream targets of G9a, in the ipsilateral L5 DRG.
These findings further implicate the G9a as a potential tar-
get in the management of neuropathic pain.
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Introduction

Chronic neuropathic pain, resulting from the dam-
ages in the peripheral or central nervous system, con-
tributes to prolonged suffering and substantially reduc-
es the quality of life in patients. Treatments strategies
for chronic neuropathic pain are highly limited because
conventional pharmacologic therapies are often inef-
fective and/or undesirable due to their side effects [1].
Elucidating the molecular and cellular mechanisms that
underlie the development and maintenance of neuro-
pathic pain may provide a novel approach to the treat-
ment of this disorder.
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Peripheral nerve injury produces the changes in the
expression of pain-associated genes in the dorsal root
ganglion (DRG) [2,3]. Recent studies have demonstrated
that epigenetic modifications including DNA methylation
and histone modifications influence the alterations in
gene expression at the transcriptional level in the injured
DRGs, contributing to the development of neuropathic
pain [4-10]. Histone methytransferase G9a dimethylates
histone H3 on lysine residue 9 (H3K9m2) and then con-
denses chromatin to repress the transcription of gene ex-
pression [11,12]. Peripheral nerve injury has been shown
to increase the expression of G9a protein and Ehmt2
MRNA, which encodes G93, in the injured DRG [4,6]. Fur-
thermore, these increases have been implicated in the
nerve injury-induced downregulation of opioid recep-
tor-encoding genes and several potassium channel-en-
coding genes in the injured DRG [4-6,9]. Genetic knock-
down or knockout of Ehmt2 in the injured DRG relieved
spinal nerve ligation (SNL)-induced pain hypersensitiv-
ities, enhanced morphine analgesia and prevented the
development of morphine or loperamide-induced an-
algesic tolerance under neuropathic pain conditions [4-
6,9]. Taken together, these findings indicate that G9a in
the injured DRG is required for neuropathic pain genesis.

Since the application of genetic strategy in clinic is
highly limited, the present study examined the effect of
intrathecal BIX01294, a specific G9a inhibitor [13,14],
on SNL- or chronic constriction injury of sciatic nerve
(CCl)-induced pain hypersensitivities during the devel-
opment and maintenance periods. We also investigated
the effect of intrathecal BIX01294 on the SNL-induced
increase in the level of H3K9me2, a marker of G9a ac-
tivity, in the ipsilateral L5 DRG. Finally, we examined
whether intrathecal BIX01294 reversed the expression
of downstream targets of G9a including Oprm1, Oprk1,
Oprd1, Kcna2 and Kcna4 mRNAs in the injured DRG.
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Methods

Animals

Male Sprague-Dawley rats weighing 250 g — 300 g
were used in this study. All experimental procedures
were approved by the Animal Care and Use Committee
at the Rutgers New Jersey Medical School and all
experiments were conducted in accordance with the
ethical guidelines of the US National Institutes of Health
and the International Association for the Study of Pain.
All efforts were made to minimize animal suffering
and to reduce the number of animals used. All the
experimenters were blind to treatment condition.

Animal models

SNL or CCl-induced neuropathic pain model was car-
ried out as described previously [15,16]. Before surgery,
general anesthesia was introduced in the rats. For the
SNL model, the unilateral lumbar 5 (L5) spinal nerve was
tightly ligated with 4-0 silk thread and transected distal
to the ligature and isolated from the adjacent nerves.
For the CCl model, the unilateral sciatic nerve was ex-
posed and loosely ligated with 4-0 silk thread at four
sites with an interval of about 1.0 mm proximal to tri-
furcation of the sciatic nerve. The sham-operated group
underwent identical procedures but without ligation
and/or transection of the respective nerve.

Intrathecal catheter implantation and drug ad-
ministration

Intrathecal catheter implantation was carried out as
described previously [17,18]. With the rats under iso-
flurane anesthesia, about 1 cm of polyethylene-10 (PE-
10) catheter was inserted into the subarachnoid space
from the intervertebral foramen between the L4 and L5
vertebrae. The residual catheter was anchored to the
muscles and tunneled under the skin to the neck area.
The outer part of the catheter was exposed, carefully
plugged, and fixed onto the skin for drug administra-
tion. Any animals with postoperative neurologic deficits
(e.g., paralysis) or poor grooming habits after surgery
were excluded from this study. After 7 days of recov-
ery, SNL, CCl, or sham surgery was carried out. Saline or
BIX01294 (Cayman Chemical, Ann Arbor, Ml) was intra-
thecally injected 30 min before surgery and once daily
for 6 days post-surgery starting on post-operative day 1,
or once daily for 5 days staring on post-operative day 7.

Mechanical test

Paw withdrawal thresholds (PWTs) in response to
mechanical stimuli (calibrated von Frey filaments) were
measured with the up-down testing paradigm described
previously [16,17]. Each rat was placed in a Plexiglas
chamber on an elevated mesh screen. After acclimation
in the environment, the calibrated von Frey filaments in

logincrements of force (0.69, 1.20, 2.04, 3.63, 5.50, 8.51,
15.14,and 26.00 g) were applied onto the plantar surface
of the rats’ hind paws. The 2.04-g von Frey filament was
the first to be applied. If a positive response occurred,
the next lower force von Frey filament was used; if a
negative response was observed, the next higher force
one was used. The test was terminated when either one
of below conditions occurred: (i) A negative response
was obtained with the 26.00-g hair or (ii) Three stimuli
were applied after the first positive response. PWT was
calculated by converting the pattern of positive and
negative responses to the von Frey filament stimulation
to a 50% threshold value with a formula provided by
Dixon and Chaplan [19,20].

Thermal test

Paw withdrawal latencies (PWLs) to noxious heat
were measured with a Model 336 Analgesia Meter (IITC
Inc. Life Science Instruments. Woodland Hills, CA) as
described previously [15-17]. Before testing, rats were
placed in a Plexiglas chamber on a glass for 1 h each
day for 3 days to acclimate for the environment. A beam
of light that provided radiant heat was aimed at the
middle of the plantar surface of each hind paw through
the glass plate. When the animal lifted its foot, the light
beam was turned off automatically. PWL was defined
as the time(s) between the start of the light beam and
the foot response. The cutoff time is 20 s to avoid tissue
damage. Each trial was repeated five times at 5-min
interval for each side.

Cold plate test

Paw withdrawal latencies (PWLs) to noxious cold (0
°C) were measured with a cold aluminum plate, which
was monitored continuously by a thermometer [16,17].
The time started once the rat was placed on the cold
aluminum plate in the Plexiglas chamber and stopped
when the first paw flinching response was observed.
Only one hind paw on the ipsilateral side was recorded
in each rat. A cutoff time of 60 s was used to avoid tissue
damage if no paw flinching was observed. The length of
time that rat stayed on the plate was defined as PWL.
Three trials were tested at 15-min interval.

Locomotor functions

The following locomotor function tests were per-
formed: (1) Placing reflex: The rat was held with the
hind limbs slightly lower than the forelimbs, and the
dorsal surfaces of the hind paws were brought into con-
tact with the edge of a table. The experimenter record-
ed whether the hind paws were placed on the table sur-
face reflexively; (2) Grasping reflex: The rat was placed
on a wire grid, and the experimenter recorded whether
the hind paws grasped the wire on contact; (3) Righting
reflex: The rat was placed on its back on a flat surface,
and the experimenter recorded whether it immediately

Transl Perioper & Pain Med 2019; 6 (4) e Page 107 o



DOI: 10.31480/2330-4871/097

Table 1: Primers used.

Genes Forward primer sequences (5’-3’)
Oprm1 TTCCTGGTCATGTATGTGATTGT
Oprk1 TTTGTGGTGGGCTTAGTGGG
Oprd1 GGGTCTTGGCTTCAGGTGTT
Kcna2 CCCATCTGCAAGGGCAACGT
Kcna4 CCCATACCTACCTTCTAATTTGC
Gapdh TCGGTGTGAACGGATTTGGC

assumed the normal upright position. Scores for plac-
ing, grasping, and righting reflexes were recorded based
on counts of each normal reflex exhibited in five trials.

Western blotting

Western blot analysis was performed as described
previously [5,6,16]. Briefly, to achieve enough pro-
teins, two ipsilateral L5 DRGs from 2 rats were pooled
together. DRGs were homogenized in chilled lysis buf-
fer (10 mM Tris, 1 mM phenylmethylsulfonyl fluoride,
5 mM MgCl, 5 mM EGTA, 1 mM EDTA, 1 mM DTT, 40
UM leupeptin, 250 mM sucrose). After centrifugation at
4 °C for 15 min at 1,000 g, the pellet was collected for
nuclear proteins and sonicated in lysis buffer with 1%
sodium dodecyl sulfate (SDS) and 0.1% TritonX-100 by
ultrasonic. The protein concentration of each sample
was measured using the Bio-Rad protein assay (Bio-Rad
Laboratories, Hercules, CA). The samples were heated
at 99 °C for 5 min before loading onto a 4-15% stack-
ing/7.5% separating SDS-polyacrylamide gel (Bio-Rad).
The proteins were then electrophoretically transferred
onto a polyvinylidene difluoride membrane (Bio-Rad).
After the membranes were blocked with 3% nonfat milk
in Tris-buffered saline containing 0.1% Tween-20 for 1
h, rabbit anti-H3K9me2 (1:500, EMD Millipore, Darm-
stadt, Germany), or rabbit anti-histone H3 (1:1,000,
Cell Signaling, Danvers, MA) were incubated at 4 °C
overnight. The proteins were detected by horseradish
peroxidase-conjugated anti-rabbit secondary antibody
(1:3,000, Jackson ImmunoResearch, West Grove, PA),
developed by western peroxide reagent and luminol/
enhancer reagent (Clarity Western ECL Substrate, Bio-
Rad) and visualized by ChemiDoc XRS and System with
Image Lab software (Bio-Rad). The intensity of blots was
guantified with densitometry using Image Lab software
(Bio-Rad). The bands labelled by H3K9me2 were nor-
malized to their corresponding histone H3.

Quantitative real-time RT-PCR

Two ipsilateral L5 DRGs from 2 rats were pooled to-
gether to achieve enough RNA. Total RNA was extracted
by the Trizol method (Invitrogen/ThermoFisher Scientif-
ic), treated with DNase | (New England Biolabs, Ipswich,
MA), and reverse-transcribed using the ThermoScript
reverse transcriptase by oligo (dT) primer (Invitrogen/
ThermoFisher Scientific, Grand Island, NY). Template (1
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Reverse primer sequences (5-3’)
GGGCAGTGTACTGGTCGCTAA
CTCTGGAAGGGCATAGTGGT
ACGGTGATGATGAGAATGGG
CACAGCCTCCTTTGGCTGGC
TGTTTTTATCTGTCTCGCTGTCA
CCTTCAGGTGAGCCCCAGC

ul) was amplified by real-time PCR by using the prim-
ers for Oprm1, Oprk1, Oprd1, Kcna2, Kcna4 and Gapdh
MRNAs (Integrated DNA Technologies, Coralville, 1A). All
primes’ sequences are listed in Table 1. Each sample was
run in triplicate in a 20 pL reaction with 250 nM forward
and reverse primers, 10 pl of SsoAdvanced Universal
SYBR Green Supermix (Bio-Rad) and 20 ng of cDNA. Re-
actions were performed in a BIO-RAD CFX96 real-time
PCR system. Ratios of ipsilateral-side mRNA levels to
contralateral-side mRNA levels were calculated using
the ACt method (22%). Glyceraldehyde-3-phosphate de-
hydrogenase (Gapdh) was used as an internal control
for normalization. All data were normalized to Gapdh,
which has been demonstrated to be stable, even after
peripheral nerve injury insult [15,16].

Statistical analysis

The rats were randomly distributed into various
treatment groups. All results were given as means %
SEM. The data were statistically analyzed with two-way
Repeated Measure (RM) Analysis of Variance (ANOVA)
in behavior tests or one-way ANOVA in Western blot-
ting analysis and quantitative RT-PCR experiments.
When ANOVA showed a significant difference, pairwise
comparisons between means were tested by the post
hoc Turkey method (SigmaPlot 12.5, San Jose, CA). Sig-
nificance was set at P < 0.05.

Results

Intrathecal BIX01294 attenuates pain hypersensi-
tivities in the development of neuropathic pain

Firstly, we examined the effect of intrathecal BIX01294
on the SNL-induced pain hypersensitivities in the de-
velopment of neuropathic pain. BIX01294 or saline was
intrathecally administrated 30 min prior to surgery on
the first day and then once daily for 6 days post-sur-
gery. In concordance with previous data [15,16], SNL
led to mechanical allodynia, thermal hyperalgesia and
cold allodynia on the ipsilateral (but not contralateral)
side of the saline-treated group on days 3, 5 and 7 post-
SNL (Figure 1A-1E). These pain hypersensitivities were
attenuated by pre-intrathecal injection of BIX01294,
in a dose-dependent fashion (Figure 1A, 1C, 1E). Paw
withdrawal thresholds (PWTs) to mechanical stimula-
tion and paw withdrawal latencies (PWLs) to thermal
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Figure 1: Effect of intrathecal pre-administration of BIX01294 (BIX) on the SNL-induced pain hypersensitivities during the
development period. BIX01294 at three doses (0.25, 1, and 2.5 ug) or saline was administered intrathecally starting 30 min
before SNL or sham surgery and once daily for 6 days after surgery. Behavioral tests were performed one day before sham
or SNL surgery and on days 3, 5, and 7 after surgery. (A, B) Effect of BIX01294 or saline on paw withdrawal thresholds
(PWTs) to mechanical stimulation on the ipsilateral (A) and contralateral (B) sides. (C, D) Effect of BIX01294 or saline on paw
withdrawal latencies (PWLs) to thermal stimulation on the ipsilateral (C) and contralateral (D) sides. (E) Effect of BIX01294
or saline on paw withdrawal latencies (PWLs) to cold stimulation on the ipsilateral side. N = 8 rats/group. *P < 0.05 or **P <
0.01 vs. the saline-treated SNL rats at the corresponding time points by two-way RM ANOVA followed by post hoc Tukey test.
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and cold stimuli were significantly higher in the 2.5 ug
BIX01294-treated group than those in the saline-treat-
ed group on the ipsilateral side from days 3 to 7 post-
SNL (Figure 1A, 1C, 1E). BIX01294 at 1 pg only markedly
reversed the SNL-induced decrease in the PWTs to me-
chanical stimuli (Figure 1A), but had no effect on the
SNL-induced reductions in the PWLs to thermal or cold
stimuli on the ipsilateral side (Figure 1C, 1E). BIX01294
at 0.25 pg did not affect the SNL-induced reductions in
both PWTs and PWLs on the ipsilateral side. BIX01294 at
the highest dose (2.5 pg) did not affect locomotor func-
tion (Table 2) or basal paw withdrawal responses on the
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Table 2: Locomotor function tests.

Groups Placing | Grasping  Righting
Sham + Saline 5(0) 5(0) 5(0)
Sham + 2.5 ug BIX 5(0) 5(0) 5(0)
SNL + Saline 5(0) 5(0) 5(0)
SNL + 2.5 ug BIX 5(0) 5(0) 5(0)

N = 8 rats/group; 5 trials. SNL: spinal nerve ligation; BIX:
BIX01294.

contralateral side in SNL rats and on both ipsilateral and
contralateral sides in sham rats (Figure 1A-1E).
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A similar anti-nociceptive effect of BIX01294 at the
highest dose (2.5 ug) was also seen in the development
of CCl-induced neuropathic pain (Figure 1E, 2A, 2C). Like
SNL, CCl produced significant decreases in PWTs to me-
chanical stimulation and PWLs to thermal or cold stimuli
on the ipsilateral (but not contralateral) side (Figure 2A-
2E). The PWTs to mechanical stimulation and PWLs to
thermal or cold stimuli were significantly higher in the
BIX01294-treated group than those in the saline-treat-
ed group on the ipsilateral side on days 3, 5 and 7 post-
CCl (Figure 2A, 2C, 2E). BIX01294 at the dose used had
no effect on basal paw withdrawal responses on the

contralateral side in the CCl rats (Figure 2B, 2D).

Intrathecal BIX01294 attenuates pain hypersensi-
tivities in the maintenance of neuropathic pain

To test the effect of intrathecal BIX01294 on neu-
ropathic pain maintenance, we intrathecally adminis-
tered BIX01294 once daily for 5 days starting on day 7
post-surgery. Behavioral tests were carried out one day
before surgery, on day 7 before BIX01294 or saline ad-
ministration and on days 10 and 12 after surgery. Me-
chanical allodynia, thermal hyperalgesia and cold allo-
dynia were dose-dependently diminished by intrathecal
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Figure 2: Effect of intrathecal pre-administration of BIX01294 (BIX) on the CCl-induced pain hypersensitivities during the
development period. BIX01294 at the dose of 2.5 g or saline was administered intrathecally starting 30 min before CCI
surgery and once daily for 6 days after CCl surgery. Behavioral tests were carried out one day before CCI surgery and
on days 3, 5, and 7 post-CCl. (A, B) Effect of BIX01294 or saline on paw withdrawal thresholds (PWTs) to mechanical
stimulation on the ipsilateral (A) and contralateral (B) sides. (C, D) Effect of BIX01294 or saline on paw withdrawal latencies
(PWLs) to thermal stimulation on the ipsilateral (C) and contralateral (D) sides. (E) Effect of BIX01294 or saline on paw
withdrawal latencies (PWLs) to cold stimulation on the ipsilateral side. N = 8 rats/group. **P < 0.01 vs. the saline-treated
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CCl rats at the corresponding time points by two-way RM ANOVA followed by post hoc Tukey test.
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BIX01294 on days 10 and 12 post-SNL (Figure 3A, 3C, 3B, 3D).
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thermal or cold stimuli were significantly higher in the

2.5 ug and 1 pg BIX01294-treated groups than those in ~ Verses some pain-related gene expression in the
the saline-treated group on the ipsilateral side on days injured DRG of SNL rats

10 and 12 post-SNL (Figure 3A, 3C, 3E). BIX01294 at 0.25
ug only significantly reversed the SNL-induced decrease
in PWLs to thermal stimulation on day 12 post-SNL.
BIX01294 at any doses used did not affect basal paw
withdrawal responses on the contralateral side (Figure

The evidence from our studies confirms observa-
tions from previous literature and demonstrated that
peripheral nerve injury increased the level of H3K9me?2,
a G9a substrate that reflects G9a activity, and produced
G9a-controlled downregulation of opioid receptors and
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Figure 3: Effect of intrathecal pre-administration of BIX01294 (BIX) on the SNL-induced pain hypersensitivities during the
maintenance period. BIX01294 at three doses (0.25, 1, and 2.5 ug) or saline was administered intrathecally once daily for
5 days starting on day 7 post-SNL. Behavioral tests were performed one day before SNL surgery, prior to BIX01294 or
saline injection on day 7 post-SNL and on days 10 and 12 post-SNL. (A, B) Effect of BIX01294 or saline on paw withdrawal
thresholds (PWTs) to mechanical stimulation on the ipsilateral (A) and contralateral (B) sides. (C, D) Effect of BIX01294 or
saline on paw withdrawal latencies (PWLs) to thermal stimulation on the ipsilateral (C) and contralateral (D) sides. (E) Effect
of BIX01294 or saline on paw withdrawal latencies (PWLs) to cold stimulation on the ipsilateral side. N = 8 rats/group. *P <
0.05 or **P < 0.01 vs. the saline-treated SNL rats at the corresponding time points by two-way RM ANOVA followed by post
hoc Tukey test.
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Figure 4: Effect of intrathecal pre-administration of BIX01294 (BIX) on SNL-induced increase in H3K9me2 expression and
decreases in the levels of opioid receptor genes and some potassium channel genes in the ipsilateral lumbar 5 (L5) DRGs.
BIX01294 at the dose of 2.5 ug or saline (Sal) was administered intrathecally starting 30 min before SNL or sham surgery and
once daily for 6 days after surgery. (A) Effect of BIX01294 or saline on H3K9me2 expression in the ipsilateral L5 DRG on day
7 post-SNL or sham surgery. (B) Effect of BIX01294 or saline on the levels of Oprm1, Oprk1, Oprd1, Kcna2, Kcna4 and Kcna1
mRNAs in the ipsilateral L5 DRG on day 7 post-SNL or sham surgery. N = 6 rats/group. *P < 0.05 or **P < 0.01 vs. the saline-
treated sham rats. #P < 0.05 or ##P < 0.01 vs. the saline-treated SNL rats. One-way ANOVA followed by post hoc Tukey test.
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potassium channels in the injured DRG [4-6,9]. We fi-
nally determined whether the anti-nociceptive effect
caused by intrathecal BIX01294 was attributed to the
inhibition of nerve injury-induced increases in G9a activ-
ity and the rescue of G9a-controled downregulation of
opioid receptor genes (Oprm1 mRNA, Oprk1 mRNA and
Oprdl mRNA) and potassium channels (Kcna2 mRNA
and Kcna4 mRNA) in the injured DRG. As expected, in-
trathecal pretreatment with BIX01294 at 2.5 pug signifi-
cantly blocked the SNL-induced increase in the amounts
of H3K9me?2 in the ipsilateral L5 DRG on day 7 post-SNL,
although it had no effect on basal level of H3K9me2 in
ipsilateral L5 DRG on day 7 post-sham surgery (Figure
4A). Consistent with the previous studies [4-6,9], the
amounts of Oprm1, Oprkl, Oprd1, Kcna2 and Kcna4
MRNAs were dramatically reduced in the ipsilateral L5
DRG of sham rats on day 7 post-SNL compared with
saline-treated sham rats (Figure 4B). These reductions
were significantly reversed by intrathecal pre-treat-
ment of BIX01294 (Figure 4B).

Discussion

In this study, we found that intrathecal BIX01294,
a specific inhibitor of G9a [13,14], alleviated SNL- or
CCl-induced pain hypersensitivities in the development
and maintenance of neuropathic pain. In addition, in-
trathecal BIX01294 blocked SNL-induced the increase of
H3K9me2 and rescued the expression of Oprm1, Oprk1,
Oprd1, Kcna2 and Kcna4 mRNAs in the injured DRG.
These findings further confirmed the role of DRG G9a in
neuropathic pain.

G9a, a histone methyltransferase, methylates his-
tone H3 on lysine residue 9 (H3K9) to produce dimeth-
ylation (H3K9me2) and, consequently, results in con-
densed chromatin and gene transcriptional repression

Trans| Perioper & Pain Med 2019; 6 (4)

[11,12]. Several studies have provided convincing evi-
dence that G9a in the injured DRG contributes neuro-
pathic pain by epigenetically regulating the pain-related
gene expression. G9a knockdown or knockout in the in-
jured DRG attenuated the development of neuropathic
pain in rats or mice [4,6]. However, these genetic strat-
egies have limitations in clinical application. Laumet G,
et al. reported that intrathecal G9a inhibitors partially
blocked SNL-induced mechanical allodynia starting
from 3 weeks post-SNL [21]. However, whether these
inhibitors affected heat hyperalgesia and cold allodyn-
ia in induction and maintenance of neuropathic pain is
unknown. In addition, whether pharmacological G9a in-
hibition, like genetic knockout/knockdown of DRG G9a,
blocks the development of nerve injury-induced me-
chanical allodynia is unclear. The present study provid-
ed further evidence that intrathecal administration of
BIX01294 significantly mitigated nerve injury-induced
mechanical allodynia, thermal hyperalgesia and cold
allodynia during both development and maintenance
periods. Although BIX01294 was administered daily for
5 days, it provided full anti-nociceptive effect on day 3
post-SNL or CCl. It appears that a shorter treatment of
BIX01294 might produce similar effect. These findings
demonstrate that G9a is likely a potential target in neu-
ropathic pain management.

Peripheral nerve injury leads to abnormal ectopic
firing in the neuromas at the injured site and DRG neu-
rons. This ectopic firing is considered to participate in
neuropathic pain genesis [22,23]. The potassium chan-
nels are crucially involved in controlling the membrane
potential and excitability of DRG neurons [10,16,24].
Nerve injury-induced downregulation of many potas-
sium channel genes, including Kcna2 mRNA and Kcna4
mMRNA, in the injured DRG contributes to neuropathic
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pain genesis [6,10,16,25,26]. The anti-nociceptive effect
of DRG G9a knockdown/knockout/inhibition on neuro-
pathic pain is likely due to the expressional rescue of po-
tassium channels, such as Kcna2, Kcna4, Kcnd2, Kcng2
and Kcnmal mRNAs in the injured DRG [4,6]. This con-
clusion is further supported by our observation that G9a
activity inhibition in the injured DRG caused by intrathe-
cal BIX01294 attenuated neuropathic pain development
and maintenance possibly through rescuing the expres-
sion of Kcna2 and Kcna4 mRNAs in the injured DRG.

In addition, nerve injury-induced downregulation
of opioid receptor genes in the injured DRG also par-
ticipates in neurobiological mechanisms of neuropathic
pain genesis and may be responsible, at least in part, for
the reduced analgesic effects of opioids in neuropathic
pain patients [27-29]. This downregulation is also con-
trolled by nerve injury-induced increase in DRG G9a, as
blocking increased G9a in the injured DRG reversed the
expression of Oprm1, Oprk1 and Oprd1 mRNAs in the ip-
silateral L5 DRG, attenuated opioid receptors-controlled
primary afferent neurotransmitter release, enhanced
morphine analgesic effect and delayed morphine an-
algesic tolerance [5,9]. Therefore, the anti-nociceptive
effect caused by intrathecal injection of BIX01294 may
also be attributed to the rescue of the nerve injury-in-
duced downregulation of Oprm1, Oprk1 and Oprd1 mR-
NAs in the injured DRG. It should be noted that intrathe-
cal BIX01294 partially, but not fully, attenuated nerve
injury-induced pain hypersensitivities. This partial effect
may be related to multiple mechanisms by which opioid
receptor genes and potassium channel genes are down-
regulated under neuropathic pain conditions. Besides
the role of G9a, DNA methyltransferases (DNMTs), such
as DNMT3a and DNMT1, also participated in nerve inju-
ry-induced silencing of Kcna2 mRNA, Oprm1 mRNA and
Oprd1l mRNA in the injured DRG [7,8,10,15,30]. Nerve
injury-induced downregulation of Kcna2 mRNA might
also be related to nerve injury-induced upregulation of
endogenous long non-coding Kcna2 antisense RNA in
the injured DRG [15,16]. Therefore, the combined dif-
ferent strategies that target distinct epigenetic mech-
anisms underlying neuropathic pain may produce pro-
found effects in management of this disorder.

Conclusions

The present study demonstrated the anti-nocicep-
tive effect of the G9a inhibitor BIX01294 on both the
development and maintenance of neuropathic pain.
Our finding that intrathecal administration of BIX01294
at the study dosage did not affect acute/basal pain
responses and locomotor function, suggesting that
BIX01294 may have potential application for neuro-
pathic pain treatment in clinic.
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