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Introduction
Visceral pain is one of the most common reasons for which people 
seek medical treatment, but it does not respond adequately to 
current analgesic treatment strategies. Numerous researches 
have indicated that the pathophysiology of visceral pain is 
distinct from that of somatic pain [1] suggesting that visceral 
pain and somatic pain are mediated by different mechanisms and 
may respond to distinct molecular treatment targets. In contrast 
with somatic pain, visceral pain is diffuse, difficult to localize 
and often referred to a distal somatic area [2]. Thus, current 
research describing somatic pain may not be directly applicable 
to visceral pain, and further elucidation of the mechanisms that 
mediate visceral pain is necessary in order to identify appropriate 
molecular targets to improve the clinical treatment of visceral 
pain. 

Central sensitization—a phenomenon in which changes in central 
nervous system (CNS) neurons result in abnormal pain sensitivity 
to noxious and innocuous stimuli [3] — has been regarded as 
one of the most important mechanisms in maintaining pain 
[4]. In addition, it has also been thought to be critical in the 
development of visceral pain [5]. The first neuronal synapse in 
the transduction of pain occurs in the dorsal horn of the spinal cord, 
where afferent fibers from dorsal root ganglia (DRG) are received. 
Therefore, dorsal horn serves as the gate for pain information relay, 
and it is one of the main anatomical sites in central sensitization. And 
it has been demonstrated that neurons in dorsal horn experience 
hyper-excitability in central sensitization induced by pain stimuli [6].

While protein kinase C (PKC) has been widely implicated in 
central sensitization that is induced by somatic pain [7-9], its role 
in central sensitization induced by visceral pain has only recently 
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been investigated [10, 11]. PKC includes 11 isozymes that are 
categorized into 3 groups: cPKCs (α, βI, βII, γ), nPKCs (ε, δ) and 
aPKC (ξ) [12]. Among these, PKC γ is regarded as the main subtype 
in mediating pain transduction and is also critically positioned in 
the spinal cord to relay pain information. In the rat spinal cord, 
PKC γ is most densely distributed throughout layer II, where 
dorsal horn neurons also receive DRG afferent inputs relaying 
pain information [11]. Our previous work also demonstrated that 
visceral pain in rats induced by intracolonic formalin injection 
resulted in significantly increased PKC γ membrane translocation, 
indicating that PKC γ activity is augmented following visceral 
pain [10]. However, this previous study was unable to conclude 
if visceral pain also increases PKC γ protein synthesis. In the 
present study, we investigated the effects of visceral pain induced 
by intracolonic formalin injection in modulating PKC γ mRNA and 
protein expression.

Materials and Method
Animal model
Experiments were conducted with adult male Wistar rats 
(weighing 200–250 g) that were housed individually with food and 
water available ad libitum and were maintained in temperature-
controlled (23-25°C) and light-controlled conditions (light/dark 
cycle, 12 h/12 h). All experimental procedures were approved 
by the Institutional Animal Care and Use Committee of Capital 
Medical University and were consistent with guidelines provided 
by the International Association for the Study of Pain. All efforts 
were made to minimize animal pain and distress and the number 
of animals used. Rats were randomly divided into 3 groups: (1) 
Naïve rats (N), (2) Intracolonic (I.C), Saline (S) Injection, and (3) 
Intracolonic formalin (F) Injection.

Visceral pain model
Visceral pain was induced in animals as previously described [10, 
13]. Briefly, after cleaning the contents of the colon, a colonoscope 
was inserted through the anus. Then, 100 µl of either 5% formalin 
or saline was injected into the colon under visual aid. Care was 
taken to ensure that formalin was injected into only the sub-
mucosal layer of the colon. 

RT-PCR
At 30, 60, and 120 min following intracolonic injection, rats 
were sacrificed by intraperitoneal (I.P) injection of a lethal dose 
of sodium pentobarbital (50 mg/kg). These experimental time 
points were chosen based upon our previous work indicating 
that the greatest changes in pain behaviors and PKC γ membrane 
translocation occur at 30, 60, and 120 min following formalin 
injection [10].

After decapitation, spinal cords were flushed with cold saline, 
followed by dissection of the L6-S1 segments. Total RNA was 
isolated with Qiagen RNeasy mini kit (Qiagen, Valencia, CA). RNA 
integrity was confirmed by electrophoresis through a 1% agrose 
gel with formaldehyde. A mixture of 2 µg of RNA, 1 µL of random 
primer (0.125 g/L), 2 µl of DTT, and ribonuclease-free water was 
added into a tube to a final volume of 12 µl. Tubes were then 
heated to 70°C for 10 minutes, placed on ice, and then mixed with 
the addition of 4 µl of ribonuclease-free water, 4 µL of 5X reverse 
transcriptase (RT) buffer, 1 µL of 10 mmol/L deoxynucleoside 

triphosphates, 2 µl of 0.1 mol/L dithiothreitol, 1 µl of RNasin (40 
U/L; Promega, Pittsburgh,PA), and 1 µl of superscript II reverse 
transcripase (108 U/L; Invitrogen, Carlsbad, CA).

The RT reaction was performed at 42°C for 50 minutes and at 70°C 
for 15 minutes. Tubes were then left on ice for polymerase chain 
reaction (PCR). The primers used for the PCR of the PKC γ gene were as 
follows: forward primer 5′-CAGGACAGCCACCCTTTGAT-3, reverse 
primer 5′-GAACACCTAGCGGCAGCAGA-3’. The primers for GAPDH 
were as follows: forward primer 5′-CCCTTCATTGACCTCAAC-3′, 
reverse primer 5′-TTCACACCCATCACAAAC-3′.

The PCR reaction contained 10.3 µl of sterile water, 2 µl of 10 X PCR 
buffer, 1.5 µl of 10 mmol/L deoxynucleoside triphosphates, 2 µl of 
each forward and reverse primer, 0.2 µl of Taq DNA polymerase 
(5 × 106 u/L; Qiagen, Valencia, CA), and 2 µl of the RT reaction 
mixture. The PCR conditions for amplification of PKC γ were as 
follows: initial denaturation for 5 minutes at 94°C, followed by 
3-step cycling: denaturation for 40 s at 94°C, annealing for 40 s at 
50°C, and extension for 45 s at 72°C (32 cycles), followed by final 
extension for 7 minutes at 72°C. The conditions for amplification 
of GAPDH were as follows: initial denaturation for 3 minutes 
at 94°C, followed by 3-step cycling: denaturation for 40 s at 
92°C, annealing for 40 s at 50°C, and extension for 45 s at 72°C 
(20 cycles), followed by final extension for 7 minutes at 72°C. 
Products were resolved by 1.2% agarose. Quantification of the 
RT-PCR bands was performed using a phosphorimager (Quantity 
one Gel doc program; Bio-Rad, Hercules, CA), and results were 
measured as the ratio of PKC γ to GAPDH for each animal group.

Western blot
Rats were sacrificed by I.P. injection of a lethal dose of sodium 
pentobarbital (50 mg/kg) 60 min following formalin injection. 
Spinal cords were dissected in the same way as described in RT-
PCR. Dissected spinal cord tissues were immediately homogenized 
at 4°C in lysis buffer, containing 50 mM Tris–HCl, pH 8.0, 150 mM 
NaCl, 1 mM ethylenediamine-N,N,N’,N’-tetraacetic acid (EDTA), 
0.5% Triton X-100, and a phosphatase inhibitor cocktail (Cat # 
P0044, Sigma-Aldrich, St. Louis, MO).

Protein concentrations of each sample were determined using 
a BCA kit (Pierce, Rockford, Ill., USA), before equal loading 
the same amount of protein into wells of 10% SDS-PAGE gels 
for electrophoresis. Protein was transferred to nitrocellulose 
membranes (Schleicher and Schell, USA). The membrane 
was rinsed for 10 min. with TTBS (20 mM Tris-Cl, pH 7.5, 
containing 0.15 M NaCl and 0.05% Tween-20) and incubated 
with blocking solution with 10% nonfat milk in TTBS for 2 hr at 
room temperature. Membranes were subsequently incubated 
with rabbit anti-PKC γ polyclonal antibody (1:1,000, Santa Cruz 
Biotechnology, USA) and β-actin monoclonal antibody (1:1,000, 
Santa Cruz Biotechnology, USA) for 3 h at room temperature, 
rinsed 3 times (10 min each) in TTBS, then incubated with 
horseradish peroxidase-conjugated goat anti-rabbit IgG (1:5,000, 
Amersham, USA) for 1 h at room temperature, and rinsed 3 times 
again (10 min each) in TTBS. Finally, membranes were incubated 
in Super signal West chemiluminescent reagents (Pierce, USA) 
to obtain a signal for exposure to radiographic film. Immunoblot 
images were scanned and densitometric analysis was performed 
(ImageQuant, Amersham Biosciences, Piscataway, N.J, USA). 
Results were measured by normalizing PKC γ bands to β-actin 
bands.
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Immunocytochemistry 
Rats were anesthetized with i.p. injection of sodium pentobarbital 
(50 mg/kg) and intracardially perfused with phosphate-buffered 
saline (PBS), then 4% paraformaldehyde in 0.1 M phosphate 
buffer (PB), pH 7.4. L6–S1 segments of the spinal cord were 
removed and post-fixed in the same fixative overnight and 
then transferred to 30% sucrose in 0.1 M PB for cryoprotection. 
Cryostat sections (30 µm) were collected in the coronal plane, 
and sections were processed for immunocytochemistry. Briefly, 
sections were incubated for 1h at room temperature in blocking 
buffer (1% Bovine Serum Albumin), then incubated overnight at 
4oC with rabbit anti-PKC γ primary antibodies (1:1000, Santa Cruz 
Biotechnology, USA). Sections were then rinsed 3 times in PBS 
with 1% Triton (PBST), incubated for 2 hours at room temperature 
with goat anti-rabbit immunoglobulin G conjugated to biocytin 
(1:300, Molecular Probes, Eugene, OR). After rinsing 3 times in 
PBST, sections were incubated with streptavidin conjugated to 
HRP (1:300) at room temperature for 1 h. Then, they were rinsed 
twice with PBST, incubated with DAB working solution (Vector 
laboratories, CA) for 10 min, and rinsed for 5 min in water. Images 
were viewed and captured using a Nikon EF600 microscope. 
Negative control experiments were performed by omitting the 
anti-PKC γ primary antibody.

Data analysis
All data are expressed as means ± SEM, and statistical analysis was 

conducted with one-way ANOVA, followed by post hoc fisher’s 
PLSD, unless specified. P-values less than 0.05 were considered 
statistically significant.

Results
Intracolonic formalin injection increased PKC γ 
mRNA expression at 60 min post injection
PKC γ mRNA expression levels were detected in each of the 3 
animal groups and at all of the experimental time points (30, 
60, and 120 min post injection). At 30 min post injection, PKC 
γ mRNA expression in the naïve, saline, and formalin groups 
were 6.1 ± 1.9, 5.9 ± 2.2, and 7.0 ± 2.1, respectively (Figure 1A). 
Statistical analysis did not reveal differences between any of the 
groups, indicating that PKC γ mRNA was not up-regulated within 
the first 30 min after formalin injection (Figure 1A). At 60 min 
following injection, PKC γ mRNA expression in the saline group 
(7.1 ± 3.1) was comparable with that measured at 30 min post 
injection. However, PKC γ mRNA expression in the formalin 
group increased significantly to 16.1 ± 4.9—more than twice the 
expression levels of either the naïve or the saline group at 60 min 
post injection (p<0.01), (Figures 1B and 1D). At 120 min after 
intracolonic injection, PKC γ mRNA levels decreased to 8.1 ± 3.0 
in the formalin group and to 4.6 ± 1.1 and 5.1 ± 2.9 in the naïve 
and saline groups, respectively (Figures 1C and 1D).

Intracolonic injection of formalin induced upregulation of PKC γ mRNA in L6–S1 segments of the spinal cord at 60, but not 30 or 
120 min. post injection. 
(1A–1C) Gel images from DNA electrophoresis show relative mRNA expression of PKC γ and GAPDH control in each animal group 
at all experimental time points.
 (1D) (Bar graph) Illustrates that PKC γ mRNA is significantly elevated at 60 min following intracolonic formalin injection, 
compared with either the naïve or saline group. However, no difference in PKC γ mRNA expression was observed among any 
of the animal groups at 30 and 120 min post injection. N=6 for each group. N: naïve. F: Formalin. S: Saline. M: Marker. The two 
bands in marker show the positions 500 and 750 bp. **: p<0.01, formalin group compared with either the naïve or the saline 
group. 

Figure 1
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Intracolonic injection increased protein 
expression of PKC γ
Our results from RT-PCR indicated that PKC γ mRNA levels were 
upregulated at 60 min following formalin injection, compared 
with the other experimental time points. Therefore, we examined 
the protein expression of PKC γ at the same experimental time 
point. At 60 min following formalin injection, PKC γ protein 
expression in the naïve and saline-treated rats were 0.25 ± 0.03 
and 0.29 ± 0.05, respectively, but were significantly greater in the 
formalin-treated rats (0.41 ± 0.04, Figure 2A2, p<0.05, n=6). 

Immunocytochemistry was performed in L6–S1 spinal cord 
sections from rats sacrificed at 60 min post injection to further 
characterize PKC γ protein expression and to determine the 
anatomical distribution of PKC γ in the spinal cord. PKC γ 
immunopositive cells were identified in tissue from rats in the 
naïve, saline-treated, and formalin-treated groups. Our results 
showed that while PKC γ immunoreactivity in the naïve and 
saline groups were comparable, immunostaining in tissue from 
formalin-treated rats showed much greater PKC γ expression. 
Furthermore, PKC γ-containing neurons were localized to the 
superficial layers of the spinal cord dorsal horn. Negative control 
experiments were also performed with the omission of the anti-

PKC γ antibody in order to confirm immunospecificity of our 
reagents and methods. These data, combined with our results 
from RT-PCR and western blot analysis, indicate that both PKC γ 
mRNA and PKC γ protein expression are significantly upregulated 
by 60 min following visceral pain (Figures 2A1, 2A2 and 2B).

Discussion
In the present study, we provided multifold evidence that robust 
upregulation of PKC γ occurs 60 min after the induction of visceral 
pain. In addition, our methods—examining both the mRNA 
and the protein expression of PKC γ through RT-PCR, western 
blot, and immunocytochemistry—provide thorough evidence 
demonstrating that visceral pain markedly increases PKC γ protein 
synthesis. These data, in light of our previous work indicating that 
PKC γ membrane translocation is also increased in visceral pain 
[10], strongly implicate an important role for increased PKC γ 
activity in the pathophysiology of visceral pain.

Intracolonic injection of formalin has been widely utilized as a 
robust animal model of visceral pain [10, 13]. Utilizing this model, 
we revealed that PKC γ mRNA and protein expression is sharply 
elevated at 60 min following visceral pain induction. In our 
previous study, we showed that intracolonic formalin injection 

Western blot analysis and immunocytochemistry showing significant upregulation of PKC γ protein expression at 60 min 
following intracolonic formalin injection, compared with either the naïve or the saline group.
(2A1) Western blot results depicting increased PKC γ protein 60 min after formalin injection, compared with naïve and saline-
treated rats. Upper and lower bands: protein expression of PKC γ and β-actin control in each of the animal groups, respectively. 
N: Naïve. F: Formalin. S: Saline. 
(2A2) PKC γ protein levels were measured in each animal group by normalizing to internal β-actin control levels. Relative 
expression of PKC γ was statistically greater in formalin-treated rats than in either naïve or saline-treated rats (**p<0.05, N=5 
for each group). 
(2B) PKC γ immunoreactivity in superficial layers of spinal cord dorsal horn in tissue from each animal group. Notice that 
formalin injection upregulated the expression of PKC γ in superficial layer of spinal cord. Upper left: PKC γ immunoreactivity 
in the sections from naïve rat. Upper right: PKC γ immunoreactivity in the sections from formalin-treated rat. Lower left: PKC 
γ immunoreactivity in the sections from saline-treated rat. Lower right: PKC γ immunoreactivity in the sections from formalin 
treated rat where anti- PKC γ antibody was omitted. N: Naïve. F: Formalin. S: Saline. Ctrl: Negative control. Scale bars in N, F and 
S=50 µm. Scale bar in Ctrl=100 µm.

Figure 2
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resulted in increased PKC γ membrane translocation as early 
as 30 min post injection, but not as late as 60 or 120 min post 
injection [10]. The differences in the time courses of the increase 
in PKC γ membrane translocation, compared with that of the 
increase in PKC γ mRNA and protein expression, indicate that PKC 
γ undergoes at least two different mechanisms of modulation in 
visceral pain—activation by translocation to the membrane and 
de-novo protein synthesis. 

While the time courses of PKC γ membrane translocation and PKC 
γ protein synthesis following formalin injection do not align, their 
differences may represent two different components of visceral 
pain that is supported by behavioral data from our previous 
work. In our previous study, we observed that animals exhibited 
the most prominent pain behaviors 30 min after intracolonic 
formalin injection, which is when we also observed the greatest 
increase in PKC γ membrane translocation [10]. At 60 min post 
injection, animals continued to exhibit obvious, albeit less 
pronounced and less frequent, pain behaviors. In conjunction 
with our current data, indicating that PKC γ protein expression is 
significantly elevated at 60 (but not at 30 or 120) min following 
formalin injection (Figures 1 and 2), these data suggest that PKC 
γ membrane translocation may play a critical role in the initiation 
of visceral pain, while PKC γ protein synthesis may be involved 
in the subsequent maintenance of visceral pain. Considering the 
kinetics of membrane translocation, in comparison with those of 
mRNA synthesis, it is reasonable to expect that PKC γ membrane 
translocation should reach a maximum before PKC γ protein 
expression does.  

Works from others have similarly reported that PKC membrane 
translocation is significantly increased in other pain models, 
including both visceral pain and somatic pain [10, 12, 14, 15]. 
Moreover, work from He et al. have suggested that PKC γ is involved 
in the initiation of visceral pain induced by post-traumatic stress 
disorder (PTSD) [11]. However, this report also emphasized that 
while PKC γ is important for the initiation of visceral pain, PKC ε 
is critical for the initiation and maintenance of visceral pain. One 
plausible explanation for the discrepancy of these results with our 
data might be that the duration of visceral pain hypersensitivity 
alters how much PKC γ and PKC ε contributes to the maintenance 
of pain. Behavioral data from our previous work indicated that 
pain behaviors subsided 75 minutes after intracolonic formalin 
injection [16]. In contrast, animals with visceral pain induced by 
PTSD continue to exhibit visceral pain hypersensitivity for nearly 
one month following the induction of pain [11]. Thus, it is possible 
that PKC gamma contributes to the initiation and maintenance of 
acute visceral pain, while chronic visceral pain results in a shift 
towards PKC epsilon contributing more critically to the initiation 
and maintenance of prolonged pain.   

Our results indicating that PKC γ immune-positive cells were 
found primarily in the superficial layers of the spinal cord dorsal 
horn are also consistent with previous reports in the literature 

describing the anatomical distribution of PKC γ [17, 18]. The 
superficial layers of the spinal cord dorsal horn, which classically 
include layers I and II, receive inputs from peripheral afferent 
fibers and are the most critical anatomical site for receiving 
pain information [19]. Thus, our results, confirming that PKC γ 
cells are localized to layers I and II of the spinal cord, provide 
important evidence that the PKC γ modulations we observed are 
related to nociceptive activity. Furthermore, our results provide 
an independent source of evidence to support our observations 
from RT-PCR and Western blot analysis of the up-regulation of 
PKC γ mRNA and protein synthesis in visceral pain (Figure 2B).

In the spinal cord, the majority of the PKC γ positive neurons have 
been shown to be excitatory [18], and PKC activation, in turn, 
promotes neuronal excitability [20]. Thus, our data suggest that 
up-regulation of PKC γ in visceral pain may promote excitatory 
activity in neurons transmitting pain information to higher levels 
of pain processing, resulting in not only the perception of visceral 
pain, but also in central sensitization, a critical mechanism 
underlying persistent pain [6, 21]. In many pain models, PKC has 
been found to be necessary for maintaining central sensitization 
and directly affects molecular signaling pathways mediating 
central sensitization in pain. Activation of PKC results in the direct 
activation of intracellular signaling molecules of the mitogen-
activated protein kinase (MAPK) family that are critically involved 
in pain sensitization, including extracellular-signal-related kinase 
(ERK) 1 and 2, p38, and stress-activated protein kinase (SAPK)/
c-Jun N-terminal kinase (JNK) [4, 22, 23]. In addition, PKC γ has 
also been reported to phosphorylate NMDA receptors [24] and 
promote the trafficking of NMDA receptors to the cell membrane 
[25]. NMDA receptors have been shown to also be up-regulated 
in visceral pain [26] and are widely implicated in pain processing 
pathways. Thus, it is important to note that the modulations of 
PKC γ expression or activity may generate downstream effects 
that affect not only visceral pain, but also a broad spectrum 
of pain signaling pathways. In summary, our present findings 
provide further evidence implicating the important role of PKC γ 
in visceral pain that are in support of previous work from our lab 
and in the literature. Importantly, our results also demonstrate 
that visceral pain promotes not only the increased membrane 
translocation of PKC γ, but also the active synthesis of new PKC γ 
proteins that may result in downstream activation of upper level 
pain signaling pathways.
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