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Abstract
Currently, the clinical management of visceral pain remains unsatisfactory for many patients

suffering from this disease. While preliminary animal studies have suggested the effective-

ness of gabapentin in successfully treating visceral pain, the mechanism underlying its

analgesic effect remains unclear. Evidence from other studies has demonstrated the

involvement of protein kinase C (PKC) and extracellular signal-regulated kinase1/2 (ERK1/

2) in the pathogenesis of visceral inflammatory pain. In this study, we tested the hypothesis

that gabapentin produces analgesia for visceral inflammatory pain through its inhibitory

effect on the PKC-ERK1/2 signaling pathway. Intracolonic injections of formalin were per-

formed in rats to produce colitis pain. Our results showed that visceral pain behaviors in

these rats decreased after intraperitoneal injection of gabapentin. These behaviors were

also reduced by intrathecal injections of the PKC inhibitor, H-7, and the ERK1/2 inhibitor,

PD98059. Neuronal firing of wide dynamic range neurons in L6–S1 of the rat spinal cord

dorsal horn were significantly increased after intracolonic injection of formalin. This

increased firing rate was inhibited by intraperitoneal injection of gabapentin and both the

individual and combined intrathecal application of H-7 and PD98059. Western blot analysis

also revealed that PKC membrane translocation and ERK1/2 phosphorylation increased

significantly following formalin injection, confirming the recruitment of PKC and ERK1/2

during visceral inflammatory pain. These effects were also significantly reduced by intraperi-

toneal injection of gabapentin. Therefore, we concluded that the analgesic effect of gaba-

pentin on visceral inflammatory pain is mediated through suppression of PKC and ERK1/2

signaling pathways. Furthermore, we found that the PKC inhibitor, H-7, significantly dimin-

ished ERK1/2 phosphorylation levels, implicating the involvement of PKC and ERK1/2 in

the same signaling pathway. Thus, our results suggest a novel mechanism of gabapentin-
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mediated analgesia for visceral inflammatory pain through a PKC-ERK1/2 signaling path-

way that may be a future therapeutic target for the treatment of visceral inflammatory pain.

Introduction
Visceral pain is characterized by inaccurate positioning, an imprecise nature of pain, and the
frequent occurrence of referred pain. Approximately 10–40% of the general population suffers
from visceral pain [1]. Recently, clinical examples of visceral pain, including inflammatory
bowel disease and cancer-related visceral pain have become more prevalent, prompting greater
interest in the mechanism and treatment of visceral pain. While the conduction of visceral pain
is similar to that of somatic pain, both are categorized by different characteristics and clinical
treatments. In contrast to the extensive literature of somatic pain, studies addressing the mech-
anism of visceral pain currently remain preliminary. Furthermore, the clinical therapeutic
management of visceral pain remains less satisfactory than that of somatic pain, and studies
investigating the mechanism of visceral pain with the aim of identifying new therapeutic targets
have produced little success [1–5].

In 2002, the USA Food and Drug Administration approved gabapentin, a γ-aminobutyric
acid derivative, for clinical use in the treatment of neuropathic pain. Since then, gabapentin has
been extensively applied in the field of analgesia [6–9]. Preliminary data from animal experi-
ments have confirmed the analgesic effects of gabapentin on visceral pain, but the mechanism
of this effects remains unknown [10, 11]. In our previous study, we demonstrated the involve-
ment of protein kinase C (PKC) and its subtypes, PKC γ and PKC ε, in the development and
persistence of formalin-induced visceral inflammatory pain [9]. In addition, other work from
Galan et al. and Sakurai et al. have elicited the role that extracellular signal-regulated kinase
(ERK) signaling in the spinal cord and dorsal root ganglia contributes to the sensitization of
visceral inflammatory pain [12, 13]. Thus, PKC and ERK1/2 signaling pathways may constitute
novel molecular targets for the treatment of visceral inflammatory pain.

In a variety of pain models, including visceral pain, the persistence of chronic pain is known
to occur through constitutive activation of N-methyl-D-aspartate (NMDA) receptors and cal-
cium channels [14–16], which in turn, causes increased activation of PKC and ERK1/2 signal-
ing, resulting in the chronic hyper-excitability of neurons involved in pain transmission [17].
In addition, the mechanism of gabapentin-mediated analgesia in treating pain has been shown
to occur through the inhibition of NMDA receptors and calcium channels in the central ner-
vous system [6–8, 18]. Therefore, we hypothesized that the gabapentin-induced analgesia in
visceral inflammatory pain is mediated through an inhibitory effect on the PKC-ERK1/2 sig-
naling. Previous reports from both our group and others have successfully modeled visceral
inflammatory pain in the rodent by injecting formalin into the rat colonic submucosa [9, 19].
Therefore, we used the same model in this study to investigate the analgesic effect of gabapen-
tin on visceral inflammatory pain and to test if this analgesic effect is mediated through a sig-
naling pathway involving PKC and ERK1/2.

Materials and Methods

Experimental animals
A total of 240 rats (Male, Sprague-Dawley) weighing 200–250 g were provided by the Experi-
mental Animal Center of Shandong at the University of Traditional Chinese Medicine in
China (License number SCXK (Lu) 2005–0015). Rats were housed in a pathogen-free animal
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housing room at Taishan Medical University and fed with standard rat chow and tap water at
18–25°C. All protocols were approved by the Animal Care and Use Committee of Tai Shan
Medical University in China and conducted in accordance with the Requirements for the
Application of Pain in Conscious Animals, issued by the International Association for the
Study of Pain. The number of animals used and the suffering of animals were kept to a mini-
mum in all experiments. Rats were anesthetized with 4% isoflurane, and anesthesia was main-
tained with 2% isoflurane. A PE-10 polyethylene catheter (ID: 0.28 mm; OD: 0.61 mm; Becton
Dickinson, USA) was inserted into the subarachnoid space through the atlanto-occipital mem-
brane. After intubation, rats were administered with 2 mg of gentamicin via intramuscular
injection once daily for 3 days and individually housed. Rats were monitored twice daily for 3
days, and those that could move freely, without any signs of infection, were used for the follow-
ing experiments. Rats that experienced paralysis (about 30% of total animals) were euthanized
with a lethal injection of sodium pentobarbital (Beijing Chemical Industry Group Co., Ltd.,
China). In this study, no animals died from infection or paralysis.

Drug intervention
One hundred microliters of formalin (5%) were injected submucosally as described previously
[9]. Thirty minutes before formalin injection in the colon, rats in the intrathecal catheter group
were randomly divided into separate groups which received intrathecal administration of
saline, 5% dimethyl sulfoxide (DMSO), H-7 (200 μg, dissolved in saline), PD98059 (5 μg, dis-
solved in 5% DMSO), or H-7 (200 μg) + PD98059 (5 μg). The drug injection volume was 20 μL
followed by a flush with 10 μL saline. Rats in the intraperitoneal injection group were randomly
injected with either saline or gabapentin (100 mg/Kg) 30 minutes before intracolonic injection
of formalin.

Behavioral observation
Rats were randomly assigned to 9 groups: intracolonic saline injection group (i.c.saline), intra-
colonic formalin injection group (i.c.F), intracolonic formalin injection + intrathecal saline
injection group (i.c.F + i.t.saline), intracolonic formalin injection + intrathecal DMSO injection
group (i.c.F + i.t.DMSO), intracolonic formalin injection + intraperitoneal saline injection
group (i.c.F + i.p.saline), intracolonic formalin injection + intraperitoneal gabapentin injection
group (i.c.F + i.p.GBP), intracolonic formalin injection + intrathecal H-7 injection group (i.c.F
+ i.t.H-7), intracolonic formalin injection + intrathecal PD98059 injection group (i.c.F + i.t.
PD), and intracolonic formalin injection + intrathecal H-7 and PD98059 injection group (i.c.F
+i.t. H-7 + i.t. PD). Each group contained 6 rats. A 1% Evans Blue solution was included in the
formalin and saline solutions to visualize leakage. Rats with transmural injury were excluded
from use in any experiments. After formalin injection, rats were placed in transparent cages,
and pain behaviors were scored by an investigator who remained blinded to each rat’s treat-
ment group. Pain behaviors included: L: abdominal licking and nibbling; B: stretching of the
body, especially backward extension of the hind limbs; C: contraction of the flanks, sometimes
evolving to a stretching attitude; and W: body contraction, curving of the back during standing,
usually accompanied by abdominal cramps [19]. Results were calculated using a pain score for-
mula revised fromMiampamba et al, where S = 1L + 2B + 3C + 4W [19]. L, B, C and W repre-
sent the number of the corresponding behaviors over a period of time, and S represents the
total pain score. Rat behavior was recorded for 120 consecutive minutes and scored every 15
minutes.
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Electrophysiological recordings
Rats were randomly divided into 7 groups: intracolonic formalin injection group (i.c.F), intra-
colonic formalin injection + intrathecal saline injection group (i.c.F + i.t.saline), intracolonic
formalin injection + intraperitoneal saline injection group (i.c.F + i.p.saline), intracolonic for-
malin injection + intraperitoneal gabapentin injection group (i.c.F + i.p. GBP), intracolonic
formalin injection + intrathecal H-7 injection group (i.c.F + i.t.H-7), intracolonic formalin
injection + intrathecal PD98059 injection group (i.c.F + i.t. PD), and intracolonic formalin
injection + intrathecal H-7 and PD98059 injection group (i.c.F + i.t. H-7 + i.t. PD). Each group
contained 6 rats. Drugs that were administered intrathecally and intraperitoneally were given
30 minutes before intracolonic injections. Electrophysiological recordings in spinal dorsal horn
neurons were performed in accordance with our previously described methods [9]. Briefly,
extracellular recordings were conducted in the L6—S1 dorsal horn with a tungsten electrode
(3–5 MO, gifts from Dr. William D. Willis). Wide dynamic range (WDR) neurons were identi-
fied by their various responses to colorectal expansionary stimulus. Neuronal signals were
recorded and analyzed with a PowerLab system (AD Instrument Limited, Australia). Baseline
neuronal firing rate in WDR neurons was defined as the number of action potentials recorded
within the 15 minutes preceding formalin injection. Subsequent firing rates of these WDR neu-
rons within the 15 minutes following formalin injection were measured and compared with
this baseline. Throughout the procedure, rat core body temperatures were monitored with a
rectal probe and maintained at 37°C with a servo-controlled heating blanket.

PKC translocation to membrane
Rats were randomly assigned to 6 groups: intracolonic injection of saline (i.c.saline), intracolo-
nic injection of formalin (i.c.F), intracolonic injection of formalin with intraperitoneal injection
of saline group (i.c.F + i.p.saline), intracolonic injection of formalin with intraperitoneal injec-
tion of gabapentin (i.c.F + i.p.GBP), intracolonic injection of formalin with intrathecal injec-
tion of H-7 group (i.c.F + i.t.H-7) and intracolonic injection of formalin with intrathecal
injection of PD98059 group (i.c.F + i.t.PD). Each group contained 6 rats. At 30, 60, and 120
minutes after formalin injection, laminectomy was performed to expose the spinal cord; and
L6—S1 were quickly dissected and flash-frozen with liquid nitrogen. After cytoplasmic pro-
teins and membrane proteins were extracted, PKC translocation to the membrane was detected
in accordance with our previously described methods [9]. Protein samples were separated on a
10% gel, transferred to nitrocellulose membrane (Schleicher and Schell, USA), and incubated
with PKC primary antibody (1:1000, sc-10800, Santa Cruz Biotechnology, Inc., USA), actin
(1:1000, sc-47778, Santa Cruz Biotechnology, Inc., USA), and secondary antibody (1:5000, sc-
2004 and sc-2005, Santa Cruz Biotechnology, Inc., USA). Membranes were then incubated in
Supersignal West chemiluminescent reagents (Pierce, USA) to obtain a signal for exposure to
radiographic film (Kodak, USA). GelDoc gel image analysis system (Bio-rad, USA) was used to
perform western blot image scanning and optical density analysis. PKC membrane transloca-
tion was expressed as the ratio of PKC content in the cell membrane to total protein content
(membrane protein + cytoplasmic protein).

ERK1/2 phosphorylation
Rats were randomly assigned to 6 groups: normal control group (Normal), colonic saline injec-
tion group (i.c.saline), intracolonic formalin injection group (i.c.F), intracolonic formalin injec-
tion + intrathecal PD98059 injection group (i.c.F + i.t.PD), colonic formalin + intrathecal H-7
injection group (i.c.F + i.t.H-7), and intracolonic formalin injection + intraperitoneal gabapen-
tin injection group (i.c.F + i.p.GBP). L6—S1 spinal cord segments were obtained at 30, 60 and
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120 minutes following injection. For each time point, 6 rats were used for each group. Protein
extracts were separated on 4–12% gradient gel, and ERK1/2 phosphorylation (1:1000, sc-
135900 for ERK and sc-101760 for p-ERK, Santa Cruz Biotechnology, Inc., USA) was mea-
sured according to our previously described methods [20]. After detection of ERK1/2 protein
levels, the nitrocellulose membrane was treated with a second western blot hybridization to
measure levels of phosphorylated ERK1/2 (p-ERK1/2) protein. Relative ERK1/2 phosphoryla-
tion levels were expressed as the ratio of p-ERK1/2 to total ERK1/2 protein.

Data analysis and statistics
Statistical analyses were performed with Sigmaplot (V12.5, Systat Software Inc, San Jose, CA).
One-way ANOVA with Bonferroni’s post -hoc test was used to analyze the Western blot data.
Two-way repeated measures ANOVA with Dunnett’s post-hoc test was used to test signifi-
cance of differences between groups for behavior and electrophysiology data. p -values less
than 0.05 were considered significant. Data are reported as mean ± SEM.

Results

Gabapentin, H-7, and PD98059 suppressed pain behavioral responses
of rats with formalin-induced visceral inflammatory pain
Intracolonic injection of saline induced mild pain behaviors (L reaction, Fig 1) that developed
within the first 15 minutes following injection. These behaviors gradually decreased and sub-
sided at 60 minutes following injection (Fig 2a). However, injection of formalin into the colonic
submucosa produced prominent pain behaviors in rats immediately after they regained con-
sciousness. Within the first 60 minutes following formalin injection, rat pain behaviors primar-
ily consisted of W, C, and B type behaviors (Fig 1). During the second 60 minutes following
injection, the majority of pain behaviors were L type. Following formalin injection, pain scores
were 56.23 ± 6.80 during the first 15 minutes and 89.52 ± 8.45 during the second 15 minutes,
reaching a maximum at 30 minutes post injection. During this time period, pain scores from
formalin-injected rats were significantly higher than those from saline-injected control rats
(p = 0.000, df = 1, F = 2113.786, Fig 2a). After 30 minutes, pain scores remained higher among
formalin-injected rats, but scores in both groups began to diminish until 75 minutes post-injec-
tion (7.20 ± 1.55 vs. 1.51 ± 0.21, p< 0.05). After 75 minutes following injection, both formalin
and saline-injected rats continued to demonstrate intermittent pain behaviors with no statisti-
cally significant difference between the two groups (Fig 2a).

Neither intrathecal administration of vehicle control (saline or DMSO) nor intraperitoneal
injection of saline affected formalin-induced visceral pain behaviors in rats (p> 0.05; Fig 2a).
However, intraperitoneal injection of gabapentin inhibited pain behaviors within the first 45
minutes following formalin injection (p = 0.000, df = 1, F = 1422.150, compared with formalin
injection group, Fig 2b). At 30 minutes following formalin injection, gabapentin decreased
pain behavior scores from 91.52 ± 23.17 to 63.57 ± 19.87 (p = 0.0052). At 60 minutes following
formalin injection, pain scores from gabapentin-treated rats no longer showed any statistical
difference from those of untreated rats in the formalin group. To test the hypothesis that PKC
and ERK are involved in the mechanism of visceral pain, the PKC inhibitor, H-7 and the EKR
inhibitor, PD98059 were administered intrathecally in rats following formalin injection.
Administration of H-7 and PD98059, both alone and combined, significantly inhibited behav-
ioral pain responses and decreased pain scores in rats with visceral inflammatory pain
(p< 0.01, compared with formalin injection group, Fig 2b). The analgesic effects of H-7 and
PD98059, both alone and combined, were greater than that of gabapentin in the first 30
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minutes following formalin injection, as shown in Fig 2b (p< 0.05, i.c.F + i.p.GBP vs. i.c.F + i.t.
H-7, PD, or H-7 + PD, Fig 2b).

Changes in the excitability of wide dynamic range neurons induced by
formalin and the effects of gabapentin, H-7, PD98059, and H-7
+ PD98059
In total, 42 wide dynamic range neurons from 42 rats were recorded for all electrophysiology
experiments. All recorded neurons were localized to 100–500 μm below the dorsal surface of
the spinal cord. After formalin injection, neuronal firing increased and reached a maximum at
30 minutes with a mean firing frequency (11.27 ± 2.14Hz) that was twice that of the baseline
firing frequency (4.78 ± 0.34Hz) (p = 0.0029, Fig 3a). After 30 minutes, neuronal firing rate
decreased but remained significantly greater than baseline firing frequency. After 90 minutes,
neuronal firing rate continued to decrease but was not significantly different from baseline fir-
ing rate (Fig 3a). Neither intrathecal nor intraperitoneal injection of saline affected neuronal
firing rate in the spinal cord of rats with visceral inflammatory pain (p = 0.895, repeated mea-
sures two way ANOVA; Fig 3b). However, in the 90 minutes following formalin injection,
gabapentin (i.p) significantly reduced neuronal firing frequency (p< 0.05 or p< 0.01, n = 6,
Fig 3c). Similarly, intrathecal injection of H-7, PD98059, and H-7 + PD98059 also significantly
inhibited the increased firing rate induced by formalin injection (p< 0.05 or p< 0.01, n = 6,
Fig 3d, repeated measures two way ANOVA). At 30 minutes following formalin injection, H-7
and PD98059, alone, reduced the neuronal firing rate from 230.5 ± 47.2% to 181.6 ± 24.7% and
175.3 ± 28.9%, respectively, while H-7 and PD98059, combined, reduced it to 158.1 ± 31.2%
(p = 0.0084, compared with i.c.F, n = 6, Fig 3d). Although the firing rate was further reduced
from the combined application of H-7 and PD98059, statistical analysis did not reveal a signifi-
cant difference between this effect and that from the application of either H-7 or PD98059
alone (Fig 3d). Thus, gabapentin, H-7, and PD98059 all inhibited the formalin-induced
increase in firing rate of dorsal spinal cord neurons, with gabapentin producing the weakest
inhibitory effect (Fig 3e).

Fig 1. The four characteristic pain behaviors following intracolonic (i.c.) injection of formalin. L:
abdominal licking and nibbling, B: stretching of the body, especially backward extension of the hind limbs, C:
contraction of the flanks, sometimes evolving to a stretching attitude, W: body contraction, curving of the back
during standing, usually accompanied by abdominal cramps.

doi:10.1371/journal.pone.0141142.g001
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Fig 2. Administration of gabapentin (GBP), H-7, and PD98059 (PD) suppressed visceral pain
behaviors induced by intracolonic injection of formalin. (a) Intracolonic injection of formalin induced
observable visceral pain behaviors that lasted for at least 75 min. Neither intraperitoneal (i.p.) nor intrathecal
(i.t.) injection of vehicle control (saline or DMSO) had a significant effect on pain behaviors. * p < 0.05, **
p < 0.01, compared with control group that received intracolonic injection of saline (i.c.saline). (b) I.p. injection
of GBP significantly reduced visceral pain, as illustrated by the reduced pain scores following formalin
injection. I.t. administration of H-7 and PD, both individually and combined, also significantly reduced visceral
pain behaviors and exhibited a stronger effect than that of GBP. ** p < 0.01, i.c.F group vs. all other groups; #
p < 0.05, i.c.F + i.p.GBP vs. i.c.F + i.t.H-7, or i.t.PD or i.t.H-7 + i.t.PD. n = 6 for each group.

doi:10.1371/journal.pone.0141142.g002
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Fig 3. Administration of gabapentin (GBP), H-7, and PD98059 (PD) inhibited the increased firing of
wide dynamic range neurons following intracolonic injection of formalin. (a) Firing rate of wide dynamic
range (WDR) neurons in the dorsal horn increased following formalin injection, reaching a maximum at 30
minutes and remaining higher than baseline firing rate until 90 minutes post injection. Arrow indicates the time
of formalin injection. ** p < 0.01, compared with baseline. (b) Neither intrathecal (i.t.) nor intraperitoneal (i.p.)
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Gabapentin suppresses membrane translocation of PKC in the spinal
cord of rats with visceral inflammatory pain
Behavioral tests revealed that pain was most prominent at 30 minutes following formalin
injection and no longer statistically different between groups at 60 minutes following injec-
tion. Therefore, rat spinal cords were dissected at 30, 60, and 120 minutes after intracolonic
injection and analyzed for membrane translocation of PKC. Rats receiving intracolonic for-
malin injection demonstrated significantly higher levels of PKC membrane translocation at
30 minutes (45.7 ± 6.1%) and 60 minutes (32.1 ± 4.0%) post injection than control rats that
received intracolonic saline injection (17.9 ± 3.7%) (p = 0.008; Fig 4a and 4b). At 30 and 60
minutes post formalin injection, gabapentin significantly inhibited the membrane transloca-
tion of PKC to 31.9 ± 9.8% and 27.1 ± 4.1%, respectively (p < 0.01, or p< 0.05, n = 6, vs. i.c.F
or i.c.F + i.p.Saline. one way ANOVA). At 120 minutes post injection, no significant differ-
ences in PKC membrane translocation were detected among any of the different groups
(p > 0.05; Fig 4a and 4b). Interestingly, while the PKC inhibitor, H-7, inhibited pain behav-
ioral responses and the increased neuronal firing associated with visceral pain, it did not
reduce PKC membrane translocation at any of the three time points (S1 Fig). This result can
most likely be attributed to the fact that H-7 functions to inhibit PKC by blocking ATP-bind-
ing sites located on the C3–4 domains of PKC, while PKC membrane translocation is deter-
mined by the C1–2 domains [21–23]. Thus, our results are consistent with the mechanism of
H-7 mediated PKC inhibition, since it should not interfere with PKC membrane transloca-
tion. Similarly, the ERK inhibitor, PD98059, did not affect PKC membrane translocation
either (S1 Fig), as we expected.

Gabapentin, H-7, and PD98059 decreased ERK1/2 phosphorylation
levels in the spinal cord of rats with visceral inflammatory pain
In conjunction with our investigation of PKC membrane translocation, rat spinal cords were
obtained at 30, 60, and 120 minutes following intracolonic injection and analyzed for ERK1
and ERK2 phosphorylation levels. At 30 minutes following injection, ERK1 and ERK2 phos-
phorylation was significantly higher in formalin-injected rats than in either normal control rats
or saline-injected control rats (p< 0.05, p< 0.01; Fig 5a–5c). At 30 and 60 minutes following
formalin injection, Gabapentin treatment markedly reduced ERK1 and ERK2 phosphorylation.
Similarly, treatment with PD98059 significantly diminished ERK1 and ERK2 phosphorylation
30 minutes after formalin injection (p = 0.009; Fig 5d and 5e), while treatment with H-7 pro-
duced a similar effect at 30 and 60 minutes post-injection (p< 0.05, p< 0.01; Fig 5d and 5e).
After 120 minutes, no significant differences in ERK1 or ERK2 phosphorylation levels were
observed between formalin-injected rats and either normal control rats or saline-injected con-
trol rats (p< 0.05, p< 0.01; Fig 5b and 5c).

administration of saline significantly affected the firing rate of WDR neurons following intracolonic formalin
injection (i.c.F). (c) I.p. injection of GBP significantly inhibited the firing rate of WDR neurons following
formalin injection. * p < 0.05, ** p < 0.01, compared with firing rates in rats receiving only formalin injection.
(d) I.t. administration of H-7, PD, and H-7 with PD combined significantly inhibited the firing rate of WDR
neurons following formalin injection. * p < 0.05, ** p < 0.01, compared with the firing rates in rats receiving
formalin injection only. (e) I.t. administration of H-7, PD, and H-7 and PD combined produced significantly
greater inhibitory effects than i.p. injection of GBP did on the elevated firing rates of WDR neurons following
formalin injection. * p < 0.05, ** p < 0.01, compared with the firing rates in rats receiving i.p. injections of
GBP. n = 6 for each group.

doi:10.1371/journal.pone.0141142.g003
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Fig 4. Intraperitoneal injection of Gabapentin (GBP) inhibited membrane translocation of PKC in the
spinal cord of rats with visceral inflammatory pain. (a) Immunoblots showing membrane translocation of
PKC from each treatment group at 30, 60 and 120 minutes following intracolonic injection. Left panels:
immunoblots from cytosol fraction. Right panels: immunoblots frommembrane fraction. (b) Statistical
analyses showing that i.p. GBP inhibited membrane translocation of PKC at 30 and 60 minutes following
intracolonic injection of formaline. Membrane translocation was expressed as the ratio (percentage) of
membrane protein to total protein (membrane + particulate). ** p < 0.01, vs. saline control group, # p < 0.05,
## p < 0.01, vs. formalin group.

doi:10.1371/journal.pone.0141142.g004
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Fig 5. Gabapentin (GBP), H-7, and PD9809 (PD) reduced ERK1/2 phosphorylation in the spinal cord of
rats with visceral inflammatory pain. (a) Immunoblots showing ERK1/2 phosphorylation from each
treatment group at 30 minutes (upper panels) and 60 minutes (lower panels) following intracolonic injection.
Statistical analyses also showing that GBP inhibited the increased phosphorylation of ERK1 (b) and ERK2 (c)
at 30 and 60 minutes. following intracolonic formalin injection. I.t administration of PD and H-7 also inhibited
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Discussion
In this study, we demonstrated that visceral inflammatory pain induced by intracolonic injec-
tion of formalin is significantly inhibited by gabapentin. Western blot analysis showed that the
activation of PKC and ERK1/2 in visceral inflammatory pain is also blocked by gabapentin,
suggesting that the analgesic effect of gabapentin is mediated through suppression of PKC and
ERK1/2 signaling.

Colonic submucosal injection of formalin is commonly used as a reliable model of visceral
inflammatory pain [9, 19]. In the present study, pain behaviors resulting from intracolonic sub-
mucosal injection of formalin reached a maximum at 30 minutes following injection and grad-
ually decreased, but these behaviors remained prominent until 75 minutes following injection.
The time course of these effects are consistent with previous reports [19], indicating the validity
of this model in producing visceral inflammatory pain. In addition, pain scores were also con-
sistent with changes in the firing rate of WDR neurons in the spinal cord, which similarly
peaked at 30 minutes post injection and gradually decreased until there was no significant dif-
ference with baseline firing at 90 minutes post injection (Fig 3). Furthermore, central sensitiza-
tion, which involves the hyperactivation of WDR neurons in the spinal cord and has been
widely documented in somatic pain [24], might also play an important role in the development
of visceral pain. Previous reports have shown that wide dynamic range neurons in the spinal
cord are sensitized in a PKC-dependent manner [9, 19]. Results from the current study demon-
strate that the PKC inhibitor, H-7, as well as the ERK1/2 inhibitor, PD98059, are sufficient in
inhibiting pain behavioral responses, as well as in suppressing the increased neuronal firing of
WDR neurons and the elevated ERK1/2 phosphorylation associated with visceral inflamma-
tory pain. Thus, both PKC and ERK1/2 signaling critically contribute to the induction and
maintenance of visceral inflammatory pain.

In a previous study, we confirmed that PKC and its subtypes, PKC γ and PKC ε, participate
in the development and persistence of formalin-induced visceral inflammatory pain in the rat
spinal cord [9]. Our current report further reveals the involvement of the ERK1/2 signaling
pathway in visceral pain that is consistent with studies by Galan et al. and Sakurai et al., which
also report the role of ERK in the spinal cord and spinal ganglia in maintaining the sensitiza-
tion of pain in visceral inflammatory pain [12, 13]. Our data show that ERK activation is
blocked by both an ERK1/2 inhibitor and a PKC inhibitor (Fig 5c and 5d), indicating that both
PKC and ERK1/2 are involved in the signaling pathway of visceral pain [25]. In addition, the
analgesic effect of the combined application of these inhibitors was not significantly different
from that of the application of either inhibitor alone. Therefore, these data support the implica-
tion that PKC and ERK1/2 are involved in the same signaling pathway of visceral pain, rather
than in parallel pathways [26–31].

Although gabapentin has been extensively applied clinically to treat neuropathic pain [32–
35], studies demonstrating its analgesic effect in treating visceral pain are limited. While some
reports have confirmed the use of gabapentin in effectively treating visceral pain [36–38], the
mechanism of this effect remains largely unknown. Through Western blot analysis, our data
show that gabapentin significantly diminishes the membrane translocation of PKC and the
phosphorylation levels of ERK1/2, suggesting that the analgesic effect of gabapentin is medi-
ated through the suppression of PKC and ERK1/2 signaling pathways. In addition, numerous

the increased phosphorylation of ERK1 (d) and ERK2 (e) at 30 and 60 minutes following intracolonic formalin
injection. ERK phosphorylation was expressed as the ratio (percentage) of p-ERK1/2 to total ERK1/2. *
p < 0.05, ** p < 0.01, vs. normal control group or saline group; # p < 0.05, ## p < 0.01, vs. formalin injection
group.

doi:10.1371/journal.pone.0141142.g005
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studies have identified gabapentin as a NMDA receptor blocker and a voltage-gated calcium
channel blocker [6–8]. NMDA and calcium receptor activation in the peripheral and central
nervous systems have been shown to be involved in the development and maintenance of vari-
ous pain states, including neuropathic pain and visceral pain [14, 15, 39]. Thus, one possible
mechanism for the analgesic effect of gabapentin is the blockade of the increased intracellular
calcium and diacylglycerol that is required for the activation of PKC, thereby inhibiting the
positive feedback loop of PKC activation [21] and the PKC-mediated ERK activation present
during pain [40]. Therefore, the inhibitory effect of gabapentin on ERK phosphorylation in
our current study might arise from either direct effects on ERK signaling or indirect effects
mediated through PKC signaling. In addition to this proposed mechanism, gabapentin may
also ameliorate visceral pain through other mechanisms. Many inflammatory cytokines,
including TNF alpha, IL-1beta, and inflammation-related enzymes such as cyclooxygenase-2
are known to be activated in visceral inflammation [41, 42] and inhibited by gabapentin [43].
Therefore, these targets provide an additional interesting source of investigation for future
studies.

This study demonstrated the significant analgesic effects of gabapentin, H-7, PD98059,
and H-7+PD98059 in the treatment of visceral pain, with H-7 and PD98059 producing
greater effects than that of gabapentin. Our results indicate the robust analgesia produced by
PKC and ERK pathway-specific inhibitors in diminishing visceral inflammatory pain, pro-
viding evidence for signaling molecules within these pathways to be novel molecular targets
for the treatment of visceral pain. Interestingly, co-application of H-7 and PD98059 did not
reveal a significantly greater analgesic effect than the application of either treatment alone,
and treatment with H-7 in formalin-injected rats markedly reduced ERK1/2 activation, sug-
gesting that PKC and ERK are upstream/downstream of a common signaling pathway of vis-
ceral pain.

In summary, our study confirmed the analgesic effect of gabapentin, a treatment for neuro-
pathic pain, in reducing formalin-induced visceral pain. In addition, we provided evidence for
the critical role of PKC and ERK1/2 signaling in the pathogenesis of visceral inflammatory
pain. Our results suggest a mechanism of gabapentin-mediated analgesia in visceral pain that
involves the suppression of PKC and ERK1/2 signaling. Furthermore, these data implicate that
PKC and ERK1/2 signaling contribute to a common pathway of visceral pain that may include
novel therapeutic targets for the future research and treatment of visceral pain.

Supporting Information
S1 Fig. Intrathecal administration of H-7 and PD98059 (PD) do not inhibit the membrane
translocation of PKC caused by intracolonic injection of formalin. (a) Immunoblots show-
ing PKC membrane translocation from each treatment group at 30, 60 and 120 minutes follow-
ing intracolonic injection. (b) Statistic analysis showing no significant difference in PKC
membrane translocation among rats pretreated with H-7, PD, or H-7+ PD before intracolonic
formalin injection and rats pretreated with saline control. �� p< 0.01, saline group vs the other
three groups.
(TIF)

Author Contributions
Conceived and designed the experiments: YZ ZG. Performed the experiments: ML JZ PF. Ana-
lyzed the data: CZ MY. Contributed reagents/materials/analysis tools: JN XJ. Wrote the paper:
GL KG PF.

Gabapentin Inhibits Visceral Pain by PKC-ERK1/2 Pathway

PLOS ONE | DOI:10.1371/journal.pone.0141142 October 29, 2015 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141142.s001


References
1. Davis MP. Drug management of visceral pain: concepts from basic research. Pain Res Treat. 2012;

2012:265605. Epub 2012/05/24. doi: 10.1155/2012/265605 PMID: 22619712; PubMed Central
PMCID: PMC3348642.

2. Greenwood-Van Meerveld B, Mohammadi E, Tyler K, Pietra C, Bee LA, Dickenson A. Synergistic effect
of 5-hydroxytryptamine 3 and neurokinin 1 receptor antagonism in rodent models of somatic and vis-
ceral pain. J Pharmacol Exp Ther. 2014; 351(1):146–52. Epub 2014/08/01. doi: 10.1124/jpet.114.
216028 PMID: 25077526.

3. Horing B, Enck P. [Psychophysiology of visceral pain]. Schmerz. 2014; 28(3):252–8. Epub 2014/06/07.
doi: 10.1007/s00482-014-1403-9 PMID: 24903038.

4. Liu K, Gao XY, Li L, Ben H, Qin QG, Zhao YX, et al. Neurons in the nucleus tractus solitarius mediate
the acupuncture analgesia in visceral pain rats. Auton Neurosci. 2014; 186:91–4. Epub 2014/09/11.
doi: 10.1016/j.autneu.2014.08.004 PMID: 25204607.

5. Miranda A, Mickle A, Bruckert M, Kannampalli P, Banerjee B, Sengupta JN. NMDA receptor mediates
chronic visceral pain induced by neonatal noxious somatic stimulation. European journal of pharmacol-
ogy. 2014; 744:28–35. Epub 2014/10/05. doi: 10.1016/j.ejphar.2014.09.034 PMID: 25281204; PubMed
Central PMCID: PMC4261000.

6. Kang TW, Sohn MK, Park NK, Ko SH, Cho KJ, Beom J, et al. Analgesic effect of intrathecal gabapentin
in a rat model of persistent muscle pain. Ann Rehabil Med. 2014; 38(5):682–8. Epub 2014/11/08. doi:
10.5535/arm.2014.38.5.682 PMID: 25379498; PubMed Central PMCID: PMC4221397.

7. Kantito S, Tantisiriwat N, Piravej K. Comparison of the effectiveness between generic and original form
of gabapentin for pain relief in suspected neuropathic component of low back pain. J Med Assoc Thai.
2014; 97(7):767–75. Epub 2014/10/01. PMID: 25265777.

8. Poylin V, Quinn J, Messer K, Nagle D. Gabapentin significantly decreases posthemorrhoidectomy
pain: a prospective study. Int J Colorectal Dis. 2014; 29(12):1565–9. Epub 2014/10/02. doi: 10.1007/
s00384-014-2018-4 PMID: 25269619.

9. Zhang Y, Gong K, Zhou W, Shao G, Li S, Lin Q, et al. Involvement of subtypes gamma and epsilon
of protein kinase C in colon pain induced by formalin injection. Neurosignals. 2011; 19(3):142–50.
Epub 2011/06/28. doi: 10.1159/000328311 PMID: 21701146; PubMed Central PMCID:
PMC3699812.

10. Meymandi MS, Sepehri G. Gabapentin action and interaction on the antinociceptive effect of morphine
on visceral pain in mice. Eur J Anaesthesiol. 2008; 25(2):129–34. Epub 2007/08/19. PMID: 17697423.

11. Shamsi Meymandi M, Keyhanfar F. Relative potency of pregabalin, gabapentin, and morphine in a
mouse model of visceral pain. Can J Anaesth. 2013; 60(1):44–9. Epub 2012/11/08. doi: 10.1007/
s12630-012-9813-6 PMID: 23132044.

12. Galan A, Cervero F, Laird JM. Extracellular signaling-regulated kinase-1 and -2 (ERK 1/2) mediate
referred hyperalgesia in a murine model of visceral pain. Brain Res Mol Brain Res. 2003; 116(1–
2):126–34. Epub 2003/08/28. PMID: 12941468.

13. Sakurai J, Obata K, Ozaki N, Tokunaga A, Kobayashi K, Yamanaka H, et al. Activation of extracellular
signal-regulated protein kinase in sensory neurons after noxious gastric distention and its involvement
in acute visceral pain in rats. Gastroenterology. 2008; 134(4):1094–103. Epub 2008/04/09. doi: 10.
1053/j.gastro.2008.01.031 PMID: 18395090.

14. Doolen S, Blake CB, Smith BN, Taylor BK. Peripheral nerve injury increases glutamate-evoked calcium
mobilization in adult spinal cord neurons. Mol Pain. 2012; 8:56. Epub 2012/07/31. doi: 10.1186/1744-
8069-8-56 [pii]. PMID: 22839304; PubMed Central PMCID: PMC3490774.

15. Gong K, Kung LH, Magni G, Bhargava A, Jasmin L. Increased response to glutamate in small diameter
dorsal root ganglion neurons after sciatic nerve injury. PloS one. 2014; 9(4):e95491. Epub 2014/04/22.
doi: 10.1371/journal.pone.0095491 PONE-D-14-00339 [pii]. PMID: 24748330; PubMed Central
PMCID: PMC3991716.

16. Luo XQ, Cai QY, Chen Y, Guo LX, Chen AQ, Wu ZQ, et al. Tyrosine phosphorylation of the NR2B sub-
unit of the NMDA receptor in the spinal cord contributes to chronic visceral pain in rats. Brain Res.
2014; 1542:167–75. Epub 2013/10/16. [pii]. PMID: 24125810.

17. Ji RR, Baba H, Brenner GJ, Woolf CJ. Nociceptive-specific activation of ERK in spinal neurons contrib-
utes to pain hypersensitivity. Nat Neurosci. 1999; 2(12):1114–9. Epub 1999/11/26. doi: 10.1038/16040
PMID: 10570489.

18. Zhang Y, Shao G, ZhangW, Li S, Niu J, Hu D, et al. Gabapentin inhibits central sensitization during
migraine. Neural Regen Res. 2013; 8(32):3003–12. Epub 2014/09/11. doi: 10.3969/j.issn.1673-5374.
2013.32.003 PMID: 25206620; PubMed Central PMCID: PMC4146212.

Gabapentin Inhibits Visceral Pain by PKC-ERK1/2 Pathway

PLOS ONE | DOI:10.1371/journal.pone.0141142 October 29, 2015 14 / 16

http://dx.doi.org/10.1155/2012/265605
http://www.ncbi.nlm.nih.gov/pubmed/22619712
http://dx.doi.org/10.1124/jpet.114.216028
http://dx.doi.org/10.1124/jpet.114.216028
http://www.ncbi.nlm.nih.gov/pubmed/25077526
http://dx.doi.org/10.1007/s00482-014-1403-9
http://www.ncbi.nlm.nih.gov/pubmed/24903038
http://dx.doi.org/10.1016/j.autneu.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25204607
http://dx.doi.org/10.1016/j.ejphar.2014.09.034
http://www.ncbi.nlm.nih.gov/pubmed/25281204
http://dx.doi.org/10.5535/arm.2014.38.5.682
http://www.ncbi.nlm.nih.gov/pubmed/25379498
http://www.ncbi.nlm.nih.gov/pubmed/25265777
http://dx.doi.org/10.1007/s00384-014-2018-4
http://dx.doi.org/10.1007/s00384-014-2018-4
http://www.ncbi.nlm.nih.gov/pubmed/25269619
http://dx.doi.org/10.1159/000328311
http://www.ncbi.nlm.nih.gov/pubmed/21701146
http://www.ncbi.nlm.nih.gov/pubmed/17697423
http://dx.doi.org/10.1007/s12630-012-9813-6
http://dx.doi.org/10.1007/s12630-012-9813-6
http://www.ncbi.nlm.nih.gov/pubmed/23132044
http://www.ncbi.nlm.nih.gov/pubmed/12941468
http://dx.doi.org/10.1053/j.gastro.2008.01.031
http://dx.doi.org/10.1053/j.gastro.2008.01.031
http://www.ncbi.nlm.nih.gov/pubmed/18395090
http://dx.doi.org/10.1186/1744-8069-8-56
http://dx.doi.org/10.1186/1744-8069-8-56
http://www.ncbi.nlm.nih.gov/pubmed/22839304
http://dx.doi.org/10.1371/journal.pone.0095491
http://www.ncbi.nlm.nih.gov/pubmed/24748330
http://www.ncbi.nlm.nih.gov/pubmed/24125810
http://dx.doi.org/10.1038/16040
http://www.ncbi.nlm.nih.gov/pubmed/10570489
http://dx.doi.org/10.3969/j.issn.1673-5374.2013.32.003
http://dx.doi.org/10.3969/j.issn.1673-5374.2013.32.003
http://www.ncbi.nlm.nih.gov/pubmed/25206620


19. MiampambaM, Chery-Croze S, Gorry F, Berger F, Chayvialle JA. Inflammation of the colonic wall
induced by formalin as a model of acute visceral pain. Pain. 1994; 57(3):327–34. Epub 1994/06/01.
PMID: 7524010.

20. Jiang XQ SL, Ma N,Wu T, Yuan N, et al. Changes of the level of phosphorelated ERKl/2 in the spinal tri-
geminal nucleus of migraine model. Chin J Behav & Brain Sci. 2014; 23(9):781–3.

21. Newton AC. Protein kinase C: structure, function, and regulation. J Biol Chem. 1995; 270(48):28495–8.
Epub 1995/12/01. PMID: 7499357.

22. Kawamoto S, Hidaka H. 1-(5-Isoquinolinesulfonyl)-2-methylpiperazine (H-7) is a selective inhibitor of
protein kinase C in rabbit platelets. Biochem Biophys Res Commun. 1984; 125(1):258–64. Epub 1984/
11/30. S0006-291X(84)80362-9 [pii]. PMID: 6239622.

23. Bogoyevitch MA, Fairlie DP. A new paradigm for protein kinase inhibition: blocking phosphorylation
without directly targeting ATP binding. Drug Discov Today. 2007; 12(15–16):622–33. Epub 2007/08/21.
S1359-6446(07)00255-3 [pii] doi: 10.1016/j.drudis.2007.06.008 PMID: 17706543.

24. Ji RR, Kohno T, Moore KA, Woolf CJ. Central sensitization and LTP: do pain and memory share similar
mechanisms? Trends Neurosci. 2003; 26(12):696–705. Epub 2003/11/20. S0166-2236(03)00337-0
[pii] doi: 10.1016/j.tins.2003.09.017 PMID: 14624855.

25. Kayssi A, Amadesi S, Bautista F, Bunnett NW, Vanner S. Mechanisms of protease-activated receptor
2-evoked hyperexcitability of nociceptive neurons innervating the mouse colon. J Physiol. 2007; 580
(Pt.3):977–91. Epub 2007/02/10. jphysiol.2006.126599 [pii] doi: 10.1113/jphysiol.2006.126599 PMID:
17289784; PubMed Central PMCID: PMC2075455.

26. Tsubaki M, Takeda T, Tani T, Shimaoka H, Suzuyama N, Sakamoto K, et al. PKC/MEK inhibitors sup-
press oxaliplatin-induced neuropathy and potentiate the antitumor effects. Int J Cancer. 2015; 137
(1):243–50. Epub 2014/11/29. doi: 10.1002/ijc.29367 PMID: 25430564.

27. El-Zein O, Kreydiyyeh SI. Leptin inhibits glucose intestinal absorption via PKC, p38MAPK, PI3K and
MEK/ERK. PLoS One. 2013; 8(12):e83360. Epub 2013/12/18. doi: 10.1371/journal.pone.0083360
PMID: 24340098; PubMed Central PMCID: PMC3858357.

28. Jia K, Sun D, Ling S, Tian Y, Yang X, Sui J, et al. Activated deltaopioid receptors inhibit hydrogen perox-
ideinduced apoptosis in liver cancer cells through the PKC/ERK signaling pathway. Mol Med Rep.
2014; 10(2):839–47. Epub 2014/06/11. doi: 10.3892/mmr.2014.2301 PMID: 24912447.

29. Muscella A, Vetrugno C, Calabriso N, Cossa LG, De Pascali SA, Fanizzi FP, et al. [Pt(O,O'-acac)
(gamma-acac)(DMS)] alters SH-SY5Y cell migration and invasion by the inhibition of Na+/H+
exchanger isoform 1 occurring through a PKC-epsilon/ERK/mTOR Pathway. PLoS One. 2014; 9(11):
e112186. Epub 2014/11/06. doi: 10.1371/journal.pone.0112186 PMID: 25372487; PubMed Central
PMCID: PMC4221608.

30. Sun S, Ning X, Zhai Y, Du R, Lu Y, He L, et al. Egr-1 mediates chronic hypoxia-induced renal interstitial
fibrosis via the PKC/ERK pathway. Am J Nephrol. 2014; 39(5):436–48. Epub 2014/05/14. doi: 10.1159/
000362249 PMID: 24819335.

31. Zhou JR, Zhang LD, Wei HF, Wang X, Ni HL, Yang F, et al. Neuropeptide Y induces secretion of high-
mobility group box 1 protein in mouse macrophage via PKC/ERK dependent pathway. J Neuroimmu-
nol. 2013; 260(1–2):55–9. Epub 2013/04/30. PMID: 23623189.

32. Baillie JK, Power I. Morphine, gabapentin, or their combination for neuropathic pain. N Engl J Med.
2005; 352(25):2650–1; author reply -1. Epub 2005/06/24. 352/25/2650 [pii] doi: 10.1056/
NEJM200506233522520 PMID: 15972877.

33. To TP, Lim TC, Hill ST, Frauman AG, Cooper N, Kirsa SW, et al. Gabapentin for neuropathic pain fol-
lowing spinal cord injury. Spinal Cord. 2002; 40(6):282–5. Epub 2002/05/31. doi: 10.1038/sj.sc.
3101300 PMID: 12037709.

34. Rosenberg JM, Harrell C, Ristic H, Werner RA, de Rosayro AM. The effect of gabapentin on neuro-
pathic pain. Clin J Pain. 1997; 13(3):251–5. Epub 1997/09/26. PMID: 9303258.

35. Rosner H, Rubin L, Kestenbaum A. Gabapentin adjunctive therapy in neuropathic pain states. Clin J
Pain. 1996; 12(1):56–8. Epub 1996/03/01. PMID: 8722736.

36. SMOM, Coelho AM, Fitzgerald P, Lee K, Winchester W, Dinan TG, et al. The effects of gabapentin in
two animal models of co-morbid anxiety and visceral hypersensitivity. Eur J Pharmacol. 2011; 667(1–
3):169–74. Epub 2011/06/08. [pii]. PMID: 21645509.

37. Hauer JM, Wical BS, Charnas L. Gabapentin successfully manages chronic unexplained irritability in
children with severe neurologic impairment. Pediatrics. 2007; 119(2):e519–22. Epub 2007/02/03. 119/
2/e519 [pii] doi: 10.1542/peds.2006-1609 PMID: 17272610.

38. Lee KJ, Kim JH, Cho SW. Gabapentin reduces rectal mechanosensitivity and increases rectal compli-
ance in patients with diarrhoea-predominant irritable bowel syndrome. Aliment Pharmacol Ther. 2005;

Gabapentin Inhibits Visceral Pain by PKC-ERK1/2 Pathway

PLOS ONE | DOI:10.1371/journal.pone.0141142 October 29, 2015 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/7524010
http://www.ncbi.nlm.nih.gov/pubmed/7499357
http://www.ncbi.nlm.nih.gov/pubmed/6239622
http://dx.doi.org/10.1016/j.drudis.2007.06.008
http://www.ncbi.nlm.nih.gov/pubmed/17706543
http://dx.doi.org/10.1016/j.tins.2003.09.017
http://www.ncbi.nlm.nih.gov/pubmed/14624855
http://dx.doi.org/10.1113/jphysiol.2006.126599
http://www.ncbi.nlm.nih.gov/pubmed/17289784
http://dx.doi.org/10.1002/ijc.29367
http://www.ncbi.nlm.nih.gov/pubmed/25430564
http://dx.doi.org/10.1371/journal.pone.0083360
http://www.ncbi.nlm.nih.gov/pubmed/24340098
http://dx.doi.org/10.3892/mmr.2014.2301
http://www.ncbi.nlm.nih.gov/pubmed/24912447
http://dx.doi.org/10.1371/journal.pone.0112186
http://www.ncbi.nlm.nih.gov/pubmed/25372487
http://dx.doi.org/10.1159/000362249
http://dx.doi.org/10.1159/000362249
http://www.ncbi.nlm.nih.gov/pubmed/24819335
http://www.ncbi.nlm.nih.gov/pubmed/23623189
http://dx.doi.org/10.1056/NEJM200506233522520
http://dx.doi.org/10.1056/NEJM200506233522520
http://www.ncbi.nlm.nih.gov/pubmed/15972877
http://dx.doi.org/10.1038/sj.sc.3101300
http://dx.doi.org/10.1038/sj.sc.3101300
http://www.ncbi.nlm.nih.gov/pubmed/12037709
http://www.ncbi.nlm.nih.gov/pubmed/9303258
http://www.ncbi.nlm.nih.gov/pubmed/8722736
http://www.ncbi.nlm.nih.gov/pubmed/21645509
http://dx.doi.org/10.1542/peds.2006-1609
http://www.ncbi.nlm.nih.gov/pubmed/17272610


22(10):981–8. Epub 2005/11/05. APT2685 [pii] doi: 10.1111/j.1365-2036.2005.02685.x PMID:
16268973.

39. Zhou L, Huang J, Gao J, Zhang G, Jiang J. NMDA and AMPA receptors in the anterior cingulate cortex
mediates visceral pain in visceral hypersensitivity rats. Cell Immunol. 2014; 287(2):86–90. Epub 2014/
02/04. [pii]. PMID: 24487031.

40. Kawasaki Y, Kohno T, Zhuang ZY, Brenner GJ, Wang H, Van Der Meer C, et al. Ionotropic and metabo-
tropic receptors, protein kinase A, protein kinase C, and Src contribute to C-fiber-induced ERK activa-
tion and cAMP response element-binding protein phosphorylation in dorsal horn neurons, leading to
central sensitization. J Neurosci. 2004; 24(38):8310–21. Epub 2004/09/24. [pii]. PMID: 15385614.

41. Padi SS, Jain NK, Singh S, Kulkarni SK. Pharmacological profile of parecoxib: a novel, potent injectable
selective cyclooxygenase-2 inhibitor. Eur J Pharmacol. 2004; 491(1):69–76. Epub 2004/04/23. [pii].
PMID: 15102535.

42. Lin YM, Fu Y, Wu CC, Xu GY, Huang LY, Shi XZ. Colon distention induces persistent visceral hyper-
sensitivity by mechanotranscription of pain mediators in colonic smooth muscle cells. Am J Physiol
Gastrointest Liver Physiol. 2015; 308(5):G434–41. Epub 2014/12/30. [pii]. PMID: 25540231; PubMed
Central PMCID: PMC4346753.

43. Camara CC, Ramos HF, da Silva AP, Araujo CV, Gomes AS, Vale ML, et al. Oral gabapentin treatment
accentuates nerve and peripheral inflammatory responses following experimental nerve constriction in
Wistar rats. Neurosci Lett. 2013; 556:93–8. Epub 2013/10/22. [pii]. PMID: 24140003.

Gabapentin Inhibits Visceral Pain by PKC-ERK1/2 Pathway

PLOS ONE | DOI:10.1371/journal.pone.0141142 October 29, 2015 16 / 16

http://dx.doi.org/10.1111/j.1365-2036.2005.02685.x
http://www.ncbi.nlm.nih.gov/pubmed/16268973
http://www.ncbi.nlm.nih.gov/pubmed/24487031
http://www.ncbi.nlm.nih.gov/pubmed/15385614
http://www.ncbi.nlm.nih.gov/pubmed/15102535
http://www.ncbi.nlm.nih.gov/pubmed/25540231
http://www.ncbi.nlm.nih.gov/pubmed/24140003

