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Background: Pannexin-1 can release many signaling molecules, and blocking pannexin-1 at the spinal cord level reduces
chronic pain.
Results: Nerve injury increases pannexin-1 expression in primary sensory neurons via histone modifications. Pannexin-1
knockdown reduces pain hypersensitivity.
Conclusion: Pannexin-1 up-regulation in primary sensory neurons contributes to neuropathic pain.
Significance: Understanding the molecular mechanism of neuronal plasticity will improve treatments for neuropathic pain.

Pannexin-1 (Panx1) is a large-pore membrane channel
involved in the release of ATP and other signaling mediators.
Little is known about the expression and functional role of
Panx1 in the dorsal root ganglion (DRG) in the development of
chronic neuropathic pain. In this study, we determined the epi-
genetic mechanism involved in increased Panx1 expression in
the DRG after nerve injury. Spinal nerve ligation in rats signifi-
cantly increased the mRNA and protein levels of Panx1 in the
DRG but not in the spinal cord. Immunocytochemical labeling
showed that Panx1 was primarily expressed in a subset of
medium and large DRG neurons in control rats and that nerve
injury markedly increased the number of Panx1-immunoreac-
tive DRG neurons. Nerve injury significantly increased the
enrichment of two activating histone marks (H3K4me2 and
H3K9ac) and decreased the occupancy of two repressive histone
marks (H3K9me2 and H3K27me3) around the promoter region
of Panx1 in the DRG. However, nerve injury had no effect on the
DNA methylation level around the Panx1 promoter in the DRG.
Furthermore, intrathecal injection of the Panx1 blockers or
Panx1-specific siRNA significantly reduced pain hypersensitiv-
ity induced by nerve injury. In addition, siRNA knockdown of
Panx1 expression in a DRG cell line significantly reduced
caspase-1 release induced by neuronal depolarization. Our find-
ings suggest that nerve injury increases Panx1 expression levels
in the DRG through altered histone modifications. Panx1 up-
regulation contributes to the development of neuropathic pain
and stimulation of inflammasome signaling.

Chronic neuropathic pain causes excruciating suffering and
remains difficult to treat. Despite intense research in this area,
the mechanisms underlying neuropathic pain development are
not well understood. Nerve injury increases the excitability of

primary sensory nerves and neurons (1, 2) and alters the expres-
sion level of many pro- and antinociceptive genes in the dorsal
root ganglion (DRG)2 (3, 4). Also, increased release of proin-
flammatory cytokines, including high-mobility group box 1 (5)
and interleukin-1� (6), and inflammasomes (7) in primary sen-
sory neurons and nerves can lead to pain hypersensitivity. How-
ever, it remains unclear exactly how injured primary sensory
neurons are involved in neuropathic pain development.

Pannexin 1 (Panx1) is a large-pore membrane channel, and
Panx1 activation can release ATP (8) and cytokines, including
high-mobility group box 1 (9) and interleukin-1� (10). Panx1
channels can be opened by membrane depolarization (11),
cytoplasmic calcium (12), and NMDA receptor activation (13,
14). Unlike connexins, which form intercellular gap junction
channels, there is no in vivo evidence for the existence of Panx1-
based intercellular channels (15, 16). In the central nervous sys-
tem, Panx1 is expressed in many neuronal populations, includ-
ing the hippocampus, olfactory bulb, cortex, and cerebellum
(11, 17). It has been reported that Panx1 activation in the brain
plays a role in the development of epilepsy (18) and headache
(9). However, we know little about the distribution of Panx1 in
DRG neurons and how nerve injury affects Panx1 expression in
the DRG in neuropathic pain.

In this study, we determined the expression level and func-
tional role of Panx1 in the DRG in a rat model of neuropathic
pain. We showed that nerve injury significantly increased the
expression level of Panx1 in the DRG. DNA methylation and
histone modifications are two major components of epigenetic
regulation of gene expression. We found that nerve injury-in-
duced increases in Panx1 expression are associated with
changes in histone modifications, but not DNA methylation, in
the promoter region of Panx1. In addition, Panx1 inhibition
reduces nerve injury-induced hypersensitivity and caspase-1
release. Our study provides important new evidence about the
epigenetic mechanism regulating Panx1 expression in the DRG
and the role of Panx1 in the development of neuropathic pain.
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Experimental Procedures

Rat Model of Neuropathic Pain—Male Sprague-Dawley rats
(7– 8 weeks old, Harlan, Indianapolis, IN) were used for the
entire study. All surgical preparations and experimental proto-
cols were approved by the Animal Care and Use Committee of
the University of Texas MD Anderson Cancer Center and con-
formed to the National Institutes of Health guidelines for the
ethical use of animals. L5/L6 spinal nerve ligation (SNL) was
used as an experimental model of neuropathic pain in our
study. In brief, we induced anesthesia with 2–3% isoflurane,
isolated the left L5 and L6 spinal nerves under a surgical micro-
scope, and ligated them with a 6-0 silk suture. Control rats
underwent a sham surgical procedure without nerve ligation. In
this SNL model, stable pain hypersensitivity is typically devel-
oped within 10 –14 days after SNL and lasts for at least 8 weeks
(19, 20).

Intrathecal Catheter Cannulation and Injection—Intrathecal
catheters were implanted in rats during isoflurane-induced
anesthesia 2 weeks after SNL surgery. Briefly, we made a small
incision at the back of the neck of the animal. Next, we made a
small opening in the atlanto-occipital membrane of the cisterna
magna and inserted a PE-10 catheter (�8.0 cm) so that its cau-
dal tip reached the lumbar spinal region (19, 21). The rostral
end of the catheter was exteriorized, and the wound was closed
with sutures. The animals were allowed to recover for 4 –5 days
after the surgery. Animals displaying signs of motor or neuro-
logical dysfunction were excluded from the study.

For intrathecal injections, we used two structurally dissimilar
Panx1 blockers, 10Panx (Tocris Bioscience, Bristol, UK) and
carbenoxolone (CBX; Sigma-Aldrich) (9), as well as universal
negative control siRNA (SIC001, Sigma-Aldrich) and Panx1-
specific siRNA (GAACAUAAGUGAGCUCAAA, Sigma-Al-
drich). 10Panx and CBX were freshly dissolved in saline and
injected in a 5-�l volume followed by a 5-�l flush with normal
saline. Control siRNA and Panx1-specific siRNA were mixed
with i-FECT for intrathecal delivery (22). Intrathecal injections
started at 3 weeks after SNL when the chronic pain was fully
developed.

Behavioral Assessment of Tactile Allodynia and Hyperalgesia
in Rats—To quantify tactile allodynia, rats were placed in indi-
vidual plastic boxes on a mesh floor. After 30 – 45 min of accli-
mation, a series of calibrated von Frey filaments was applied
perpendicularly to the plantar surface of the hind paw with
sufficient force to bend the filaments for 6 s. Brisk paw with-
drawals or flinching was considered a positive response. In the
absence of a response, the filament of next greater force was
applied. The tactile stimulus producing a 50% likelihood of
withdrawal was determined using the “up-down” calculating
method.

Hyperalgesia was measured by testing the paw withdrawal
threshold in response to a noxious pressure stimulus (Randall-
Selitto test) using the paw pressure analgesy meter (Ugo Basile
Biological Research, Comerio, Italy). When the rat displayed
pain by either withdrawing the paw or vocalizing, the pedal was
released immediately to record the nociceptive withdrawal
threshold (19, 21).

Quantitative RT-PCR—The left DRG and dorsal spinal cord
tissues at the L5 and L6 levels were removed from rats during
isoflurane-induced anesthesia. Total RNA was extracted from the
tissue using TRIzol/chloroform and treated with DNase I (Invitro-
gen). cDNA was prepared by using the Superscript III first-strand
synthesis kit and treated with RNase H (Invitrogen). Quantitative
RT-PCR was performed using the iQ5 real-time PCR detection
system and SYBR Green. The thermal cycle condition used was as
follows: 95 °C for 1 min, 40 cycles at 95 °C for 15 s, and 60 °C for
15 s. Primers used for quantitative PCR were as follows: Panx1
(forward), CTTCGCTCAGGAGATCTCCA; Panx1 (reverse),
GGTTTCCAGACTCACTCTGC; Panx2 (forward), TTTTGA-
CAAGCTGCACAAGG; Panx2 (reverse), CCGGTTAAGC-
GACTTGATGT; GAPDH (forward), TGCCACTCAGAA-
GACTGTGG; and GAPDH (reverse), TTCAGCTCT-
GGGATGACCTT. Relative mRNA levels were calculated using
the 2���CT method.

Western Immunoblotting—The DRG at the L5 and L6 levels
were homogenized using a sonicator in ice-cold radioimmune
precipitation assay buffer containing protease mixture inhibi-
tors (Sigma-Aldrich). Proteins were separated by 4 –12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis. The
following primary antibodies were used: rabbit anti-Panx1
(1:1000, catalog no. 488000, Invitrogen) and rabbit anti-
GAPDH (1:5000, Cell Signaling Technology, Beverly, MA).
ECL plus Western blotting substrate was used for visualizing
immunoreactive protein bands. The Panx1 protein bands were
normalized by GAPDH (used as a loading control) on the same
gel.

Double Immunofluorescence Labeling—Under deep anesthe-
sia with sodium pentobarbital (60 mg/kg intraperitoneally), rats
were perfused intracardially with 4% paraformaldehyde in 0.1 M

PBS and 10% sucrose in PBS. The L5/L6 DRG were removed,
fixed in the fixative solution for 2 h, and cryoprotected in PBS
containing 30% sucrose for 48 h at 4 °C. The tissues were cut to
30 �m in thickness in 0.1 M Tris-NaCl-Tween (TNT) buffer,
rinsed in 0.1 M TBS, and blocked in 4% normal goat serum in
TBS for 1 h. The floating sections were then incubated with
rabbit anti-Panx1 and mouse anti-NeuN (a neuronal marker,
Millipore, Billerica, MA) antibodies diluted in TBS (1:200)
overnight at 4 °C. The sections were rinsed in TNT buffer three
times and then incubated in secondary antibodies for 1 h. The
sections were rinsed in TNT and PBS buffers and then mounted
on slides, dried, and coverslipped. The sections were examined
on a laser-scanning confocal microscope (Zeiss). Omission of
the above primary antibodies resulted in negative labeling in all
DRG sections examined. Also, the Panx1 antibody produced a
single protein band at the predicted size (�45 kDa) of Panx1
proteins in the Western blotting experiments (Fig. 1C). To
examine the number of Panx1-expressing DRG neurons in the
control and SNL rats, five sections from the L5 DRG (1 DRG/
rat, n � 4 rats per group) were sampled.

DNA Methylation Analysis—Genomic DNA from the DRG
was isolated using the PureLink genomic DNA mini kit (Invitro-
gen). Bisulfite treatment of DNA was carried out using the Epitek
bisulfite kit (Qiagen, Valencia, CA). Bisulfite sequencing PCR was
carried out using the following primers: Panx1-1 (forward),
TAAGGATTTTTTGATTATTGTTTGG; Panx1-1 (reverse),
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AACTAAAAATAACCCCACCCTATCT; Panx1-2 (forward),
TGGGGTTATTTTTAGTTAGTT; and Panx1-2 (reverse),
AAAACAAAACTAACTCTC. The PCR condition was as fol-
lows: 94 °C for 2 min, 36 cycles at 95 °C for 20 s, 58 °C for 20 s,
72 °C for 20 s, and 7 min at 72 °C. PCR products were purified
using the Gene JET gel extraction kit (Thermo Fisher Scientific,
Waltham, MA) and then inserted into the PMD-19 vector
(Takara, Mountain View, CA) according to the instructions of
the manufacturer. Constructed plasmids were mixed with com-
petent cells (Bioline, Taunton, MA) and placed on ice for 30
min. The mixture was heat-shocked in a water bath at 42 °C for
90 s, followed by adding 500 �l of lysogeny broth to the mixture
at 37 °C for 40 min. The competent cells were then placed onto
a lysogeny broth agar plate and incubated at 37 °C overnight.
Thirty clones were randomly selected for sequencing.

ChIP—The ChIP assay was carried out using the Magna ChIP G
tissue kit (Millipore) according to the instructions of the manufac-
turer. Briefly, fresh DRG tissues were stabilized for 3 min in the
stabilization buffer. Then the DRG were incubated in 2% formal-
dehyde for 20 min at 25 °C. After washing three times with PBS,
the DRG were incubated in lysis buffer for 15 min on ice. Finally,
the DRG were sonicated in dilution buffer using a sonicator with a
microprobe (Qsonica, Newtown, CT) at 4 °C. Chromatin was
pulled down using the following antibodies: IgG (catalog no.
ab124055, Abcam, Cambridge, MA), total H3 (catalog no. 2650s,
Cell Signaling Technology), H3K4me3 (catalog no. 9751s, Cell Sig-
naling Technology), H3K9ac (catalog no. 39917, Active Motif,
Carlsbad, CA), H3K9me2 (catalog no. ab1220, Abcam), and
H3K27me3 (catalog no. 9773s, Cell Signaling Technology). Real-
time PCR was performed after chromatin precipitation. The real-
time PCR condition was as follows: 95 °C for 1 min, 40 cycles at
95 °C for 15 s, and 60 °C for 15 s. Primers used in the ChIP-PCR
were as follows: Panx1-1 (forward), AGGACCCCCTGACTACT-
GCT; Panx1-1 (reverse), GCTGCACCTTTCCAGAGTTC;
Panx1-2 (forward), CGCTTCCGGAAACTGCTC; Panx1-2 (re-
verse), CTCTCCGCTACAGCTGCTC; Panx1-3 (forward),
CTCGGACTTCTTGCTGAAGG; and Panx1-3 (reverse),
GATGAGCAGCAGAGGCAGAC.

F11 Cell Culture and Caspase-1 Release—F11 cells, a DRG
cell line, were cultured in DMEM supplemented with 10% (v/v)
fetal bovine serum in 5% CO2 at 37 °C. About 1 � 106 cells were
planted in a 10-cm dish, and some F11 cells were transfected
with negative control siRNA or Panx1-specific siRNA using
Lipofectamine 2000. Approximately 48 h after transfection, the
culture medium was replaced with DMEM containing 20 mM

KCl for 24 h. The supernatant and F11 cells were then collected
separately. Caspase-1 proteins in the supernatant were isolated
using trichloroacetic acid and quantified using Western immu-
noblotting with the use of rabbit anti-caspase-1 antibody
(1:1000; Millipore). Also, total proteins from F11 cells used in
each experiment were collected to measure the GAPDH pro-
tein level as a control.

Statistical Analysis—All data were expressed as the mean �
S.E. Because DNA samples were derived from mixtures of cell
populations with heterogeneous DNA methylation profiles,
this can cause the difference in methylated base positions
between the samples. Chi-squared test was used to determine
the difference in the ratio of methylated to unmethylated CpG

sites in the Panx1 promoter between the sham and SNL groups.
When data (mRNA and protein levels) from two groups were
compared, paired or unpaired Student’s t test was used. For
comparisons of biochemical and behavioral data from more
than two groups, we used one-way analysis of variance followed
by Tukey’s or Dunnett’s post hoc test or two-way analysis of
variance followed by Bonferroni’s post hoc test. p � 0.05 was
considered statistically significant.

Results

Nerve Injury Increases the Expression Level of Panx1 in the
DRG—We first used quantitative RT-PCR to determine the
mRNA level of Panx1 in L5 and L6 DRG 5, 10, and 21 days after
surgery. The mRNA level of Panx1 in the DRG increased signif-
icantly at all three time points (Fig. 1A). However, the Panx1
mRNA level in the dorsal spinal cord did not differ significantly
between the sham control and SNL rats (Fig. 1B). Western
immunoblotting detected a single Panx1 protein band in the
DRG tissue, and the Panx1 protein level in the DRG was also
increased significantly 5, 10, and 21 days after SNL (Fig. 1C).

The pannexin family consists of three members: Panx1,
Panx2, and Panx3 (16, 23). We therefore examined the mRNA
levels of Panx2 and Panx3 in L5 and L6 DRG and dorsal spinal
cords 21 days after nerve injury. SNL significantly decreased the
Panx2 mRNA level in the DRG, but it had no significant effect
on the Panx2 mRNA level in the spinal cord (Fig. 1D). However,
the mRNA levels of Panx3 in the DRGs and dorsal spinal cords
were not detected in sham control or SNL rats.

Nerve Injury Increases the Number of Panx1-expressing DRG
Neurons—We next used double immunofluorescence labeling
to determine the distribution of Panx1 in DRG neurons. Con-
focal imaging analysis revealed that Panx1 immunoreactivity
was evenly present in the cytoplasm and plasma membrane of a
subset of medium- and large-diameter DRG neurons in sham
control rats (Fig. 2). Approximately 44.5% of NeuN-positive
DRG neurons showed Panx1 immunoreactivity in control rats.
By contrast, in nerve-injured rats, Panx1 immunoreactivity was
distributed in almost all NeuN-positive DRG neurons (97.1%).
Also, in most DRG neurons from SNL rats, Panx1 immunore-
activity was clustered around the plasma membrane (Fig. 2).
Notably, some Panx1 immunoreactivities surrounded DRG
neurons and were not colocalized with NeuN. The above data
suggest that nerve injury causes up-regulation of Panx1 in DRG
neurons and, possibly, satellite glial cells.

Nerve Injury Has No Effect on the DNA Methylation Level of
the Panx1 Promoter in the DRG—DNA methylation and his-
tone tail modifications are the two predominant epigenetic
mechanisms involved in regulating long-lasting changes in
gene expression in post-mitotic neurons (24, 25). The DNA
methylation level in the promoter region controls gene expres-
sion. We measured the DNA methylation pattern in the Panx1
promoter region in DRG 21 days after surgery. A total of 32
CpG sites at the Panx1 promoter region (from �345 bp to 	98
bp) were selected for analysis. The methylation level in the
Panx1 promoter in the control DRG was very low (Fig. 3). There
was no significant difference in DNA methylation level at the
Panx1 promoter region in the DRG between sham control and
SNL rats (Fig. 3). These results suggest that nerve injury-in-

Epigenetic Control of Pannexin-1 Expression in Chronic Pain

JUNE 5, 2015 • VOLUME 290 • NUMBER 23 JOURNAL OF BIOLOGICAL CHEMISTRY 14649



duced Panx1 up-regulation in the DRG is not associated with
changes in DNA methylation status.

Nerve Injury Alters Histone Modifications around the Panx1
Promoter in the DRG—Both H3K4me3 and H3K9ac are activat-
ing histone markers associated with transcriptional activation
(26 –28). In contrast, H3K9me2 and H3K27me3 are repressive
histone markers associated with gene silencing (29, 30). We
used a ChIP-PCR approach to determine whether nerve injury
alters histone modifications at the promoter region of Panx1 in
the DRG. ChIP-PCR experiments showed that SNL signifi-
cantly increased the occupancy of H3K4me3 and H3K9ac at the
Panx1 promoter around its transcriptional start site in the DRG
(Fig. 4A). Also, SNL significantly reduced the H3K9me2 and
H3K27me3 levels at the Panx1 promoter region around its tran-
scriptional start site (Fig. 4A). Additional experiments showed
significant increases in H3K4me3 and H3K9ac enrichment and

significant reductions in H3K9me2 and H3K27me3 occupancy
in two other promoter regions of Panx1 in the injured DRG
(Fig. 4, B and C). These data suggest that an open chromatin
structure contributes to increased Panx1 expression in the
injured DRG.

Panx1 Up-regulation Contributes to Pain Hypersensitivity
Induced by Nerve Injury—Intrathecal injections allow agents
direct access to DRG neurons (21, 22). To determine whether
increased Panx1 expression in the DRG contributes to pain
hypersensitivity induced by nerve injury, we first used two dif-
ferent Panx1 blockers, CBX and 10Panx (9). Intrathecal injec-

FIGURE 1. Nerve injury increases the Panx1 expression level in the DRG. A, the mRNA levels of Panx1 in the DRG at 5, 10, and 21 days after sham and SNL
surgery (n � 6 rats/group). B, the mRNA level of Panx1 in the dorsal spinal cord 21 days after sham and SNL surgery (n � 6 rats/group). C, original gel images
and mean data (n � 6 rats/group) showing the Panx1 protein (�45 kDa) level in the DRG 21 days after sham and SNL surgery. D, the mRNA levels of Panx2 in
the DRG and dorsal spinal cord 21 days after sham and SNL surgery (n � 6 rats/group). The mRNA level was measured by quantitative RT-PCR and normalized
to GAPDH. For Western immunoblotting, GAPDH (37 kDa) was used as a loading control. Data are mean � S.E. *, p � 0.05; **, p � 0.01 versus the sham group.

FIGURE 2. Cellular distribution of Panx1 in control and injured DRG. Dou-
ble immunostaining and confocal images show the colocalization of Panx1
with a neuronal marker (NeuN, red) in L5 and L6 DRG sections from sham and
SNL rats 21 days after surgery. Digitally merged images are shown at the right.
Scale bar � 20 �m.

FIGURE 3. Nerve injury has no effect on the DNA methylation level at the
Panx1 promoter in DRG. Bisulfite sequencing PCR analysis of Panx1 in DRG
from sham and SNL rats 21 days after surgery (n � 4 independent experi-
ments/group). The DNA methylation pattern of CpG sites near the transcrip-
tional start site (�345/	98 bp) was analyzed. Each row represents the meth-
ylation pattern of a single clone (i.e. one allele). Open circles represent
unmethylated CpG sites, and closed circles represent methylated CpG sites at
the transcriptional start site.
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tion of CBX (0.5–20 �g) dose-dependently increased the tactile
threshold and the pressure threshold of SNL rats (Fig. 5, A and
B). The CBX effect at 10 –20 �g appeared within 1 h after injec-
tion and lasted for at least 3 h. Furthermore, intrathecal injec-
tion of 10Panx (5– 40 �g) also significantly increased the tactile
threshold and the pressure threshold in a dose-dependent man-
ner in separate SNL rats (Fig. 5, C and D).

Because the Panx1 blockers may have effects on targets other
than Panx1, we next used Panx1-specific siRNA to knockdown
the Panx1 expression level in the DRG of SNL rats. We initially
screened three Panx1 siRNAs in F11 cells and selected the most
effective one (GAACAUAAGUGAGCUCAAA) for intrathecal
injection in SNL rats. Intrathecal injection of Panx1-specific

siRNA (5 �g) daily for 4 days caused a large reduction in the
mRNA and protein levels of Panx1 in the DRG (Fig. 6, A and B).
The Panx1-specific siRNA slightly reduced the Panx1 mRNA
level in the dorsal spinal cord (Fig. 6A) and had no significant
effect on the mRNA level of Panx2 in the DRG (Fig. 6C). Fur-
thermore, intrathecal injection of Panx1-specific siRNA for 4
days gradually increased the withdrawal thresholds in response
to application of von Frey filaments and a noxious stimulus (Fig.
6, D and E). Together, these findings suggest that Panx1 up-reg-
ulation in the DRG contributes to pain hypersensitivity induced
by nerve injury.

Panx1 Activation Increases the Release of Caspase-1 in a DRG
Cell Line—The inflammasome caspase-1 is a primary mecha-
nism responsible for the maturation of interleukin-1� (31, 32).
Caspase-1 and interleukin-1� in the peripheral nerve play an
important role in the development of pain hypersensitivity (6,
32). Because it is very difficult to measure the caspase-1 release
in the DRG in vivo, we used a DRG cell line, F11, to determine
whether Panx1 activation is involved in caspase-1 release. Neu-
ronal depolarization with 20 mM KCl significantly increased the
caspase-1 protein level in the supernatant (Fig. 7A). Further-
more, treatment with Panx1-specific siRNA significantly atten-
uated the release of caspase-1 from F11 cells induced by 20 mM

KCl (Fig. 7, B and C). These results suggest that activation of
Panx1 is involved in caspase-1 release from DRG cells.

Discussion

Our study provides new information about the expression of
Panx1 in primary sensory neurons in the DRG and their role in
neuropathic pain. The mammalian pannexin family consists of
three members: Panx1, Panx2, and Panx3. The opening of pan-
nexin channels allows the release of signaling molecules such as
ATP, glutamate, and cytokines (8 –10, 16). Although Panx1 is
expressed in many regions of the central nervous system, Panx2
appears to be more restricted to several areas of the human
brain, including the cerebellum, cerebral cortex, medulla,
occipital pole frontal lobe, temporal lobe, and putamen (23). In
the brain, only low levels of Panx3 transcripts are detected in
the hippocampus (23). We found, in this study, that nerve
injury profoundly increased the mRNA and protein levels of
Panx1 in the DRGs within 5 days and that this Panx1 up-regu-
lation lasted for at least 3 weeks after surgery. In contrast, we
showed that Panx3 was not expressed in the rat DRG and that
the expression level of Panx2 in the DRG was reduced by nerve
injury. We also found that Panx1 was present in a subset of
medium- and large-diameter DRG neurons in control rats.
Strikingly, Panx1 was abundantly expressed in almost all DRG
neurons and, possibly, satellite glial cells after nerve injury. It
has been reported that both Panx1 and Panx2 are expressed
in DRG somata and the surrounding satellite glial cells (33),
which may be involved in the communication between DRG
neuronal somata and satellite glial cells via ATP release and
P2X7 receptors (34). Also, inflammation increases Panx1
expression in the trigeminal ganglia, and oroficial pain
hypersensitivity is reduced in P2X7R-null and Panx1-null
mice (35). These data suggest that sustained increases in Panx1
expression in primary sensory neurons may be involved in neu-
ropathic pain development.

FIGURE 4. Nerve injury alters histone modifications at the Panx1 pro-
moter in the DRG. A–C, ChIP-PCR quantification data showing the enrich-
ment of histone H3K4me3, H3K9ac, H3K9me2, and H3K27me3 at the three
different promoter regions of Panx1: �29/	85 bp (A), �343/-250 bp (B), and
	489/	584 bp (C). L5 and L6 DRG were obtained from sham and SNL rats 21
days after surgery (n � 6 independent experiments/group). Data were nor-
malized by total H3 values and are mean � S.E. *, p � 0.05; **, p � 0.01 versus
the sham group.
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FIGURE 5. Panx1 blockers reduce pain hypersensitivity induced by nerve injury. A and B, time course of the effects of intrathecal injection of CBX on the
tactile and pressure withdrawal threshold of SNL rats (n � 8 –9 rats/group). C and D, time course of the effects of intrathecal administration of 10Panx1 on the
tactile and pressure withdrawal threshold of SNL rats (n � 8 –9 rats/group). Data are mean � S.E. *, p � 0.05; **, p � 0.01, versus the same color used for the
baseline value. Withdrawal thresholds before SNL surgery were plotted as the control.

FIGURE 6. siRNA knockdown of Panx1 attenuates nerve injury-induced pain hypersensitivity. A, mRNA levels of Panx1 in the DRG and dorsal spinal cord
from control (Ctl) siRNA- and Panx1-specific siRNA-treated SNL rats (n � 6 rats/group). B, original gel images and mean data showing the protein levels of Panx1
(45 kDa) in the DRG obtained from control siRNA- and Panx1-specific siRNA-treated rats (n � 6 rats/group). C, mRNA levels of Panx2 in the DRG and dorsal spinal
cord from control siRNA- and Panx1-specific siRNA-treated SNL rats (n � 6 rats/group). D and E, time course of the effects of daily intrathecal injection of control
siRNA- and Panx1-specific siRNA on tactile and pressure withdrawal thresholds of SNL rats 3 weeks after surgery (n � 6 rats/group). Data are mean � S.E. *, p �
0.05; **, p � 0.01 versus the control siRNA group.
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A salient finding of our study is that blocking Panx1 channels
with CBX or 10Panx and siRNA knockdown of Panx1 expres-
sion in the DRG significantly attenuated tactile allodynia and
mechanical hyperalgesia induced by nerve injury. A recent
study has reported that intrathecal injection of Panx1 blockers
reduces pain hypersensitivity caused by sural nerve transection
in rats (36). However, the conclusion of the authors is entirely
on the basis of the use of pharmacological agents that may not
specifically block Panx1 channels (37). Also, the authors
assume that the analgesic effect produced by intrathecal
administration of Panx1 blockers is through inhibition of Panx1
in the spinal cord (36). However, neither spinal nerve ligation
(used in our study) nor sural nerve transection (36) has any
effect on Panx1 expression level in the rat spinal cord. We
found that intrathecal injection of Panx1-siRNA primarily
reduced Panx1 expression level in the DRG. Therefore, intrath-
ecally injected Panx1 blockers and Panx1 siRNA reduce neuro-
pathic pain primarily by targeting up-regulated Panx1 in
injured DRG neurons.

Nerve injury-induced releases of proinflammatory cytokines
contribute to the development of neuropathic pain (38 – 40).
Caspase-1 is the major component of inflammasomes (41, 42)
and is involved in inflammatory responses by cleaving the pre-
cursors of interleukin-1� and interleukin-18 (43). Because the
sensitivity of antibody-based caspase-1 assays is limited, we had
to use the DRG F11 cell line, which allowed us reproducibly
detect caspase-1 release when a large number of cells (�106 F11
cells) were used. However, each DRG only has a few hundred
neurons. Also, DRG neurons in prolonged culture often change
their phenotypes, and it is not feasible to compare caspase-1
release under two conditions (sham and injury DRGs). Our
study using a DRG cell line showed that siRNA knockdown of
Panx1 significantly attenuated caspase-1 release induced by
neuronal depolarization. Increased caspase-1 release could
result in increased interleukin-1� maturation and activation to
induce pain hypersensitivity (6). Therefore, nerve injury-in-
duced Panx1 up-regulation in the DRG may contribute to neu-
ropathic pain development by promoting caspase-1 release and
stimulation of the inflammasome-cytokine signaling cascade.

DNA methylation and histone modification are two major
components of epigenetic mechanisms involved in gene

expression (24, 25). We showed that nerve injury significantly
increased the enrichment of two activating histone marks,
H3K4me3 and H3K9ac, around the promoter region of Panx1
in the DRG. Also, nerve injury significantly decreased the occu-
pancy of two repressive histone marks, H3K4me2 and
H3K27me3, at the Panx1 promoter. However, nerve injury had
no significant effect on the DNA methylation level in the pro-
moter region of the Panx1 gene in the DRG. H3K4 methylation
is catalyzed by trithorax group proteins (TrxG), whereas
H3K27 trimethylation is mediated through polycomb group
proteins (30). Polycomb repressive complex 2 (PRC2) of poly-
comb group proteins is typically found in the regions that are
trimethylated at H3K27 of silenced genes (44), and the
H3K4me2 is present at most active promoters in the genome
(45). Because PRC2 not only has signature activity to trimethy-
late H3K27 (46) but can also target retinol binding protein 2, an
H3K4 demethylase (47), the ratio of H3K27me3 and H3K4me2
in the gene promoter can greatly affect gene transcription.
When H3K27me3 is reduced, TrxG complexes can bind to the
H3K4 position to induce H3K4me3 and gene activation (48).

Increased H3K9ac enrichment (regulated by histone acetyl-
transferases and deacetylases) in gene promoters is associated
with transcriptional activation and increased gene expression
(28). On the other hand, increased H3K9me2 occupancy, medi-
ated through the G9a/GLP histone lysine dimethyltransferase,
in gene promoters is generally involved in transcriptional
repression and gene silencing (49). The balance of acetylation
and methylation levels at the H3K9 position could also be crit-
ical for regulating gene transcription (50). Therefore, the com-
bined changes in histone modifications (i.e. increased enrich-
ment of H3K4me3 and H3K9ac and decreased levels of
H3K9me2 and H3K27me3) at the Panx1 promoter region are
likely involved in the increased Panx1 expression level in the
injured DRG. The upstream molecules that contribute to the
histone methylation pathway include histone methyltrans-
ferases (e.g. trithorax group proteins, polycomb group proteins,
and G9a/GLP) and histone demethylases (e.g. LSD1, JMJD1A,
and JMJD3). The downstream signals engaged in histone meth-
ylation may include methyllysine reader proteins such as PHD,
MBT, and WD40 domains. Further studies are needed to iden-
tify specific upstream and downstream signaling molecules

FIGURE 7. siRNA knockdown of Panx1 reduces caspase-1 release in F11 cells. A, mRNA levels of Panx1 in F11 cells treated with control siRNA and
Panx1-specific siRNA (n � 5 independent experiments/group). Veh, vehicle. B, caspase-1 protein (45 kDa) levels in the supernatant of F11 cells treated with 20
mM KCl or vehicle (n � 5 independent experiments/group). Ctl, control. C, caspase-1 protein levels in the supernatant of F11 cells stimulated with 20 mM KCl.
Cells were pretreated with control siRNA or Panx1-specific siRNA (n � 5 independent experiments/group). Data are mean � S.E. *, p � 0.05; **, p � 0.01 versus
the control siRNA or vehicle group.
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(including transcriptional factors) that participate in altered
histone modifications leading to increased Panx1 expression in
the injured DRG.

In conclusion, we found, in this study, that nerve injury
caused a large and persistent Panx1 up-regulation in DRG.
Increased Panx1 expression was associated with altered histone
modifications around the Panx1 promoter region: increased
enrichment of H3K4me3 and H3K9ac and decreased occu-
pancy of H3K9me2 and H3K27me3. Furthermore, inhibition of
Panx1 significantly reduced pain hypersensitivity and caspase-1
release. Therefore, our findings suggest that peripheral nerve
injury increases Panx1 expression through histone modifica-
tions in the DRG. Because Panx1 up-regulation in the DRG
contributes to neuropathic pain development, Panx1 may be a
new therapeutic target for treating chronic neuropathic pain.
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