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Aims: To explore the possible relationship between protein kinase C gamma 
(PKCγ) and phosphorylated forms of extracellular signal-regulated kinases 1/2 
(pERK1/2) in the rat medullary dorsal horn and the facial hypersensitivity indicative 
of dynamic mechanical allodynia (DMA) following chronic constriction of the 
infraorbital nerve (CCI-IoN). Methods: A well-established rat model of trigeminal 
neuropathic pain involving CCI-IoN was used. Facial mechanical hypersensitivity 
was tested with non-noxious dynamic mechanical stimulation (air-puff), and the 
medullary dorsal horn was examined immunohistochemically using PKCγ and 
pERK1/2 as pain markers. Statistical analysis was performed using Student t 
test or one-way analysis of variance (ANOVA). Results: Increased PKCγ and 
pERK1/2 expressions within the medullary dorsal horn were associated with 
DMA following CCI-IoN. A segmental network composed of PKCγ-positive cells 
located in medullary dorsal horn laminae II/III, contacting more superficially located 
pERK1/2-expressing cells, was identified. Ultrastructural analysis confirmed 
the presence of PKCγ to pERK1/2-positive cells. Moreover, intracisternal 
administration of the selective PKCγ inhibitor KIG31-I blocked both the DMA 
and pERK1/2 expression in a dose-dependent manner. Although the number of 
pERK1/2-positive cells was significantly elevated with air-puff stimulation, DMA 
rats not receiving air-puff stimulation showed significant pERK1/2 expression, 
suggesting they were experiencing spontaneous pain. Conclusion: PKCγ 
cells in the medullary dorsal horn may be involved in DMA following CCI-IoN 
through the activation of pERK1/2-expressing cells, which then may relay non-
nociceptive information to lamina I cells in the medullary dorsal horn. J Oral Facial 
Pain Headache 2015;29:70–82. doi: 10.11607/ofph.1353
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Neuropathic pain is a disabling condition and an important source 
of chronic pain that remains a considerable therapeutic chal-
lenge. Some of the more severe forms of neuropathic pain are 

those affecting the trigeminal territory and include trigeminal neuralgia, 
posttraumatic neuropathic pain, and postherpetic neuralgia. Among 
the symptoms observed in patients affected by trigeminal neuropath-
ic pain, the most disturbing may be those produced by dynamic me-
chanical allodynia (DMA). This symptom, defined as pain produced by 
a normally non-noxious stimulus, can be triggered by routine activities 
such as shaving, teeth cleaning, chewing, talking, or even exposure to 
air currents, and it considerably reduces the patient’s quality of life.1 
Unfortunately, the treatment of DMA is often unsatisfactory, mostly due 
to the limited efficacy of currently available drug therapies. Therefore, 
understanding the cellular and molecular events underlying DMA is a 
prerequisite for the development of rational analgesic strategies.

Protein kinase C gamma (PKCγ) and phosphorylated forms of ex-
tracellular signal-regulated kinases 1/2 (pERK1/2) are known to play 
an important role in neuropathic pain. In spinal and medullary dorsal 
horns, PKCγ is expressed and restricted to neurons of their superficial 
laminae (II and III).2 These neurons are involved in processing nocicep-
tive information and participate in the chronicity of pain.3–7 pERK1/2 is  
expressed in the dorsal horn as a result of noxious stimulation.8–11 Its 
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phosphorylation is implicated in pain12 and its phar-
macologic blockade reduces pain behavior after 
chronic constriction injury of the infraorbital nerve 
(CCI-IoN).13 ERK1/2 phosphorylation promotes cen-
tral sensitization by altering the regulation of gluta-
mate receptors and potassium channel activities.12 It 
plays a pivotal role in the development of thermal and 
mechanical hypersensitivity after trigeminal nerve in-
jury14 and following peripheral inflammation.9,11

Although both molecules are implicated in neuro-
pathic pain, the relationship between the cell subtypes 
that express these markers has not yet been investi-
gated. Therefore, the aim of this study was to explore 
the possible relationship between PKC and pERK1/2 
in the rat medullary dorsal horn (MDH) and the facial 
hypersensitivity indicative of DMA following CCI-IoN. 
Since neither PKCγ nor pERK1/2 have ever been ex-
plored together in this neuropathic pain model, the ex-
pression of both markers was first explored in the MDH 
of allodynic rats and compared to that of non-allodynic 
and sham rats. Secondly, the effects of PKCγ inhibition 
on the expression of pERK1/2 and DMA were investi-
gated by the intracisternal injection of a selective PKCγ 
inhibitor (KIG31-1). Thirdly, PKCγ cell process projec-
tions to pERK1/2 cell subtypes in the MDH were exam-
ined at the light microscopic and ultrastructural levels.

Materials and Methods

Animals 
Adult male Sprague-Dawley rats (250 to 350 g;  
n = 72) were obtained from Charles River Laboratories 
(L’Arbresle, France) and maintained in a controlled en-
vironment (lights on 08:00 to 20:00 hours, 22°C) with 
food and water freely available. They were housed 
three to four per cage. Every effort was made to min-
imize the number of animals used. The experiments 
conformed to the ethical guidelines of the International 
Association for the Study of Pain and the European 
Community Council directive of 24 November 1986 
(86/609/EEC). All the experimental procedures were 
approved by the local institutional animal care and use 
committee (Université Clermont 1).

Surgery
CCI-IoN was performed following an established sur-
gical procedure.6,13,15 Briefly, an incision approximately 
1 cm long was made along the gingivobuccal margin, 
begun just proximal to the first molar, in 36 rats. About 
0.5 cm of the IoN was freed of adhering tissue, and 
two ligatures (4-0 chromic gut) separated by a 1- to 
2-mm interval were tied loosely around it using 4-0 
chromic gut. In the other 36 rats, a sham operation 
was performed that was identical to that in CCI-IoN 
rats except that the nerve was not ligated. 

Behavioral Testing and Analysis
This study focused on allodynia and not hyperalge-
sia; therefore, a mild (air-puff) non-noxious stimulus 
was used. The stimulus was applied by a blinded ex-
perimenter every 3 minutes on the vibrissal pad (IoN 
territory). Each series of stimulations consisted of five 
von Frey filament (2 g) applications every 5 seconds, 
alternatively, on each side of the face. Behavioral re-
sponses were scored according to the method of 
Vos et al16: (1) detection (rat turns its head toward 
stimulus); (2) withdrawal reaction (rat turns its head 
away); (3) escape/attacks (rat avoids further contact 
with the stimulus, or attacks the filament); (4) asym-
metric grooming (rat displays an uninterrupted series 
of at least three wash strokes directed to the stimu-
lated area). An absence of response corresponded 
to a zero score. A mean score value was then calcu-
lated for each stimulation series. All the rats (n = 24) 
were subjected to 13 sessions of behavioral testing 
at different time points: before surgery (day 1) and 
after surgery, on weeks 1 through 12.

Intracisternal Injections
After brief (< 3 minutes) anesthesia with 2% halothane, 
CCI-IoN and the sham rats received intracisternal ad-
ministrations17 of KIG31-1 (50 or 100 pmoles, dissolved 
in 5 µL vehicle; KAI Pharmaceuticals) or the vehicle 
alone (5 µL, Tat carrier). Following recovery (< 2 min-
utes), the rats (n = 15) were placed in the observation 
field (24 × 35 × 18 cm). Gentle air-puffing (1-second 
duration) was applied every 3 minutes onto the center 
of the vibrissal pad by using a calibrated pump. 

KIG31-1 is devoid of unspecific psychomotor ef-
fects.18 It is conjugated to Tat, a peptide carrier, via 
a cysteine-cysteine bond at its N terminus. KIG31-1  
competes with activated PKCγ for binding to the 
isoenzyme-specific docking proteins, which are re-
ceptors for activated C kinase. Covalent linking of 
KIG31-1 to the Tat molecule enables efficient transfer 
of the peptide into cells.

Immunohistochemical Analysis and Cell Count
After postoperative day 21, CCI-IoN and sham rats 
were deeply anesthetized with urethane (1.5 g/kg IP). 
Twenty minutes after the induction of anesthesia, the 
CCI-IoN and sham rats (n = 33) were stimulated for 
2 minutes in the ipsilateral infraorbital region by gentle 
air-puffing (60 stimuli delivered, 0.5 Hz). Three minutes 
after the end of the stimulation, the rats were perfused 
transcardially by a cold (10°C) phosphate-buffered 
solution (0.1 M, pH 7.6), containing 4% paraformalde-
hyde and 0.03% picric acid, for 15 minutes. The brain 
was placed in a 30% sucrose and 0.05% sodium azide 
solution overnight at 4°C. Coronal sections, 30-μm 
thick, were cut on a freezing microtome and collected 
in 0.05 M tris-buffered saline (TBS).
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Free-floating brainstem sections were placed in 
1% normal goat serum for 1 hour before overnight 
incubation at room temperature in primary antibody 
solutions (mouse and rabbit anti-pERK1/2 [1:1,000, 
Cell Signaling Technologies], mouse and rabbit anti- 
PKCγ [1:4,000, Sigma-Aldrich and Santa Cruz]). The 
corresponding secondary antibodies (1:400 for goat 
anti-mouse Cy3, 1:200 for goat anti-rabbit Cy2) were 
incubated at room temperature for 3 hours. All anti-
bodies were diluted in TBS containing 0.25% bovine 
serum albumin and 0.3% Triton X-100. The sections 
were finally rinsed in TBS, mounted on gelatin-coated 
slides, dehydrated in alcohol, cleared in xylene, and 
coverslipped with DPX (distrene, plasticizer, xylene) 
mounting medium. The specificity of the immunostain-
ing was assessed by omitting the primary antibodies, 
which resulted in the absence of signal.

Fluorescence was analyzed by using a motor-
ized Zeiss Axioplan 2 microscope equipped with 
a Hamamatsu C4742-95 digital camera driven by 
MetaMorph 5.4 software. In each rat, image acqui-
sition and fluorescent signal quantification were per-
formed on seven different sections, each taken at a 
given rostrocaudal plane within the MDH (from 0 to 
–2,160 µm at 360-µm intervals). Brainstem sections 
were categorized according to their approximate 
rostrocaudal location from the MDH/trigeminal subnu-
cleus interpolaris junction. The pERK1/2-positive cells 
were counted according to their location in the differ-
ent MDH laminae from sections co-stained for PKCγ, 
a cellular marker that highlights the inner lamina II (IIi).2  
The delineation of the MDH was based on the 
Paxinos and Watson atlas.19 The data are expressed 
as the sum of the total number of labeled cells count-
ed from all sections that were analyzed in each animal 
in both the stimulated and nonstimulated groups.

The tissue-processing technique used for the 
electron microscopy has been described previously.20 
Briefly, the MDH was cut into 40-µm-thick sections 
by using a vibratome and processed sequentially for 
PKCγ and pERK1/2 immunohistochemistry. After 
PKCγ diaminobenzidine (DAB) reaction, the sections 
were incubated with the rabbit anti-pERK1/2 antibody 
for 3 hours, rinsed several times with TBS, and incu-
bated with an anti-rabbit gold-conjugated antibody 
1:200 (Sigma-Aldrich) for 2 hours. Sections were 
rinsed several times and postfixed for 1 hour in 1% 
OsO4. After dehydration in a graded acetone series, 
the sections were incubated overnight in a mixture 
of acetone and Epon resin (1:1). The samples were 
transferred to Epon for 2 hours, flat-embedded be-
tween sheets of Aclar plastic, and incubated over-
night at 60˚C. The MDH was cut from Aclar sheets, 
capsule-embedded with Epon, and stored at 60˚C 
overnight. Ultrathin sections (85 nm) were prepared 
from Epon blocks, sampled for electron microscopy, 

and collected on nickel grids. The sections were ex-
amined with a JEOL 1200EX electron microscope, 
and pictures were acquired at 10,000X magnifica-
tion by using a CCD (charge-coupled device) camera 
(AMT).

Statistical Analysis
The results are expressed as mean ± SEM. Statistical 
analysis was performed using Student t test, or one-
way analysis of variance (ANOVA) followed by a 
post-hoc Student-Newman-Keuls test or one-way 
repeated-measures (RM) ANOVA followed by a 
post-hoc Student-Newman-Keuls test. Correlation 
coefficients were calculated by linear regression 
analysis. The level of significance was set at P < .05.

Results

Dynamic Mechanical Allodynia Behavior
Based on the score related to their nociceptive re-
sponses to air-puff stimuli, the rats were divided into 
three groups (Fig 1): (1) rats that developed DMA after 
CCI-IoN (“allodynic”), (2) rats subjected to CCI-IoN  
that did not develop DMA (“non-allodynic”), and (3) 
control rats that were operated without CCI-IoN 
(“sham”). The highest allodynic score was observed 
between the second and third week postsurgery  
(Fig 1), and so the pharmacologic studies were per-
formed at 2 weeks after the surgery and the immuno-
histochemical analysis at 3 weeks after the surgery.

Ipsilateral to the IoN injury, an increase in the no-
ciceptive score of the allodynic rats was observed 
1 week after the surgery, but the increase was not 
statistically significant (Fig 1, P > .05). During the 
second and third week postsurgery, the increase 
in the nociceptive score became significant com-
pared to the non-allodynic and sham groups (Fig 1,  
P < .001). As observed in the allodynic rats, the non-al-
lodynic rats exhibited a trend of enhanced nociceptive 
score values during the first week after surgery (Fig 1,  
P > .05). The sham group did not show any signifi-
cant variation in the average score after surgery when 
compared to presurgery.

Similar results were obtained when air-puff stim-
uli were delivered on the contralateral side: 1 week 
after surgery the average score was significantly 
higher in the group of allodynic rats when compared 
to sham animals (Fig 1, P < .01). At 2 and 3 weeks 
postsurgery, this score remained significantly higher 
in allodynic animals (Fig 1, P < .001), reaching values 
comparable to those obtained by stimulation of the 
ipsilateral region. 
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Involvement of PKC𝛄-Positive Cells in 
Dynamic Mechanical Allodynia
Consistent with previous studies,2,6 PKCγ immunos-
taining was mainly observed in lamina IIi of the MDH, 
ipsilateral (Figs 2a, 2d, and 2g) and contralateral 
(Figs 2b, 2e, and 2h) to the IoN injury. There were 
significant increases in staining intensity (lamina IIi) 
and the numbers of PKCγ-positive cells (lamina III; P 
< .001) in allodynic animals compared to sham and 
non-allodynic rats. Further investigations revealed the 
presence of contacts between these PKCγ-positive 
cells (Figs 2j to 2l). These cells were organized in 
clusters of three to four cells ventrodorsally oriented 
from deep lamina III through lamina IIi. Most of the 
superficial cells of these clusters were in contact with 
PKCγ cells of lamina IIi (Fig 2l). 

The number of PKCγ-positive cells in lamina III 
increased bilaterally in allodynic rats compared to 
non-allodynic (Fig 3, P < .001) and sham animals (Fig 
3, P < .001). No significant difference in PKCγ stain-
ing intensity was observed between the non-allodyn-
ic and sham groups.

Quantitative analysis of PKCγ immunofluores-
cence within lamina IIi showed a significant increase 
in its intensity in allodynic rats in comparison to non-al-
lodynic rats (Fig 3, P < .001) and sham rats (Fig 3,  
P < .001). No significant difference was observed be-
tween non-allodynic rats and sham rats (P > .05). The 
results of PKCγ immunofluorescence analysis from ip-
silateral and contralateral MDH were similar. 

Air-Puff–Induced pERK1/2 Expression in MDH 
Laminae
Consistent with previous studies,10,13,14 pERK1/2 
staining was observed in cells located mainly in the 
superficial MDH laminae I and II (both outer lamina 
II [IIo] and IIi), although some positive cells were also 
observed in deeper laminae (Fig 4a) in rats exhibiting 
DMA. At higher magnification, the staining was locat-
ed in the cell somata, nucleus and processes, and 
these positive cells showed morphological features 
characteristic of neurons, such as thick dendrites 
branching into thinner processes and thin process-
es of constant diameter indicative of axons (Figs 
4b to 4d). The pERK1/2-positive cells were gener-
ally observed in clusters of two or more adjacent 
cells, exhibiting contacts between each other (Figs 
4e to 4g). These contacts were observed between 
pERK1/2-positive cells within the same lamina, be-
tween cells located in sub-laminae IIi and IIo, and be-
tween cells in laminae IIo and I (Figs 4e to 4g).

Air-puff stimuli evoked pERK1/2 activa-
tion resulting in a gradient in the total number of 
pERK1/2-expressing cells, in the following order: allo
dynic > nonallodynic > sham rats (Fig 5). There was 
no significant difference in the number of pERK1/2 
cells between the non-allodynic rats and the sham 
animals (P > .05). 

In the stimulated allodynic rats, most of the 
pERK1/2-positive cells were observed in the super-
ficial laminae I and II, ipsilateral and contralateral to 

Fig 1    Time course of dynamic mechanical allodynia. The graph represents data from three animal groups: allodynic (DMA, circle), 
non-allodynic (No-DMA, triangle), and sham (square) for ipsilateral and contralateral allodynic behavior following CCI-IoN or sham sur-
gery. At 1 week postsurgery, the DMA group began to show signs of allodynic behavior evoked by ipsilateral and contralateral stimulation 
when compared to No-DMA and sham groups. However, this change was significant ipsilaterally at 14 days postsurgery, and it reached 
its highest score after 3 weeks and lasted up to 8 weeks. Allodynic behavior evoked by contralateral stimulation was significant at 1 week 
postsurgery and was similar to that evoked by the ipsilateral stimulation by 3 weeks postsurgery. The sham group showed no significant 
change in behavioral score. Solid figures represent significant differences in comparison to sham animals (P < .001). 
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Fig 2    Very intense PKCγ immunolabeling was observed in the MDH of (a to c) allodynic rats following CCI-IoN compared to (d to f) 
non-allodynic and (g to i) sham rats. Intense labeling was observed in lamina IIi cells and in scattered cells within lamina III, and only a few 
cells were present in the external area of lamina II. Intense PKCγ staining was present in allodynic rats in both ipsilateral and contralateral 
MDH, which contrasts with the weaker PKCγ staining observed in the MDH of non-allodynic and sham rats. Only a slight difference in nu-
clear staining occurred between non-allodynic and sham rats. At high magnification, a gradient of PKCγ staining was observed between 
(c) allodynic, (f) non-allodynic, and (i) sham rats. Note that PKCγ labeling in non-allodynic rats was slightly higher than in sham rats but 
far less intense when compared to the allodynic rats. There was a high increase of PKCγ staining in lamina III (j to l). In addition, the pos-
itive cells presented contacts with each other (white arrows) within this lamina and with PKCγ cells in lamina IIi (l). Scale bar = 200 µm  
in a, b, d, e, g, and h; 50 µm in c, f, i, j, and k; and 10 µm in l.
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CCI-IoN (Fig 5). Lamina II (IIi and IIo) contained the 
largest number of pERK1/2-immunopositive cells, 
which had increased considerably in the allodynic 
rats in comparison to the non-allodynic and sham 
groups (Fig 5). pERK1/2 expression in ipsilateral lam-
inae I and II (IIi and IIo) had increased considerably 
in the allodynic rats in comparison to the non-allo-
dynic and sham rats (Fig 5a, P < .001). Comparable 
results were obtained on the contralateral side, es-
pecially in lamina II, where pERK1/2 expression 
had increased markedly in comparison to the non- 
allodynic and sham rats (P < .001). The number of 
pERK1/2- positive cells in the contralateral lamina I of 
the allodynic rats was significantly higher in compari-
son to the non-allodynic and sham rats, but to a less-
er degree than that observed in the ipsilateral side  
(Fig 5b, P < .01). In laminae III-IV and V, the number 
of pERK1/2-positive cells, ipsilateral or contralateral 
to the operated IoN, was not different in the allodynic 
rats in comparison to the sham rats. Finally, no sig-

nificant differences in pERK1/2 expression were ob-
served between the non-allodynic and sham groups 
(Figs 5a and 5b, P > .05).

Spontaneous and Evoked pERK1/2 Expression
To determine whether pERK1/2-positive cells repre-
sented evoked or spontaneous activation of nocicep-
tive pathways after IoN injury, the authors compared 
their expression in stimulated and non-stimulated 
allodynic rats (Fig 5). In the ipsilateral MDH, a high-
er number of pERK1/2-positive cells was observed in 
laminae I, IIo, and IIi of the stimulated rats compared to 
the non-stimulated rats (Fig 5a; P < .001, P < .01, and  
P < .05, respectively). Similar results were obtained in 
the contralateral MDH (Fig 5b, P < .01).

A high correlation between the allodynic score 
and the number of pERK1/2-positive cells was ob-
served (Fig 6), the correlation coefficient being higher 
in the ipsilateral compared to the contralateral MDH  
(r = 0.69 [P = .004] and 0.60 [P = .024], respectively). 

Fig 3    Quantification of PKCγ expression and cell counts in the MDH of allodynic rats. Image analysis quantification from lamina 
IIi revealed a highly significant (P < .001) difference in the intensity of staining between allodynic and non-allodynic and sham rats  
(a). This difference was observed in both ipsilateral and contralateral MDH following CCI-IoN (b). The cell count of PKCγ-positive cells 
in lamina III demonstrated a significant (P < .001) increase in their number in both (c) ipsilateral and (d) contralateral MDH of allodynic 
rats in comparison to non-allodynic and sham rats. ***P < .001. 
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Fig 4    Air-puff–induced pERK1/2 expression in the MDH. (a) pERK1/2 staining was observed in the superficial layer cells (I, II, III) of the 
MDH following CCI-IoN. (b to d) At high magnification, pERK1/2-positive cells showed morphologic features characteristic of neurons 
and had intense staining in their somata (stars), nucleus, and processes (arrows) in (c) lamina IIo and (d) lamina I. (e to g) Positive cells 
presented contacts (arrows) with each other. Scale bar = 50 µm in a, and 10 µm in b to g. 

Fig 5    (a) Number of pERK1/2-positive cells in the MDH ipsilateral to the CCI-IoN. Four groups of animals were investigated: allodyn-
ic-stimulated (All-Stim) and nonstimulated (All-No-Stim), non-allodynic stimulated (No-All-Stim), and sham-stimulated (Sham-Stim). The 
number of pERK1/2-positive cells in all the MDH laminae of the allodynic subgroups was higher in comparison to the sham rats. This 
increase in number was highly significant (P < .001) in the MDH lamina I and lamina II (IIi, IIo) only. There was also a significant differ-
ence in the number of pERK1/2-positive cells between allodynic-stimulated and nonstimulated groups. The former showed the highest 
number of pERK1/2-positive cells. (b) In the contralateral MDH, a similar increase occurred in the number of pERK1/2-positive cells 
to that of the ipsilateral side. A comparative analysis revealed a significant (P < .001) increase in the number of pERK1/2-positive cells 
in lamina II (IIi, IIo) of the allodynic-stimulated group. This increase was not significant in the other laminae of this animal group. In the 
allodynic-nonstimulated group, the increase of pERK1/2 was significant only in lamina IIi. Bars represent standard deviation. *P < .05; 
**P < .01; ***P < .001.
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Lack of pERK1/2 and PKC𝛄 Co-expression
As shown in Figs 7a to 7c, pERK1/2 and PKCγ did 
not co-localize in allodynic rats. However, detailed 
analysis revealed the presence of PKCγ-positive  
processes ending on the surface of pERK1/2-posi-
tive neurons (Figs 7g to 7l, arrows). PKCγ projections 
on pERK1/2-positive neurons were observed in lam-
inae IIi and IIo. Ultrastructural investigations (Figs 8a 
to 8c) confirmed the light microscopic observations, 
with PKCγ contacts (DAB reaction) found in appo-
sition to the plasma membrane of pERK1/2-positive 
(gold particles) somata (Fig 8c). In these examples 
(pERK1/2-positive cell from lamina IIo), the gold dots 
indicate the distribution of pERK1/2, which was highly 
concentrated within the cytoplasm along the nuclear 
membrane and within the nucleus.

Inhibition of PKC𝛄 Attenuates Both DMA and 
pERK1/2 Expression
Intracisternal administration of KIG31-1, a specif-
ic PKCγ antagonist in CCI-IoN rats, produced a 
dose-dependent attenuation of DMA (Figs 9a and 
9b). In the case of the 100-pmol dose, a dramatic 
inhibition of DMA was observed, an effect that lasted 
for up to 5 hours (Fig 9a). The injection of aCSF (data 
not shown) and Tat carrier did not have any effect on 
DMA. 

Twenty minutes after intracisternal injection of 
KIG31-1, the allodynic rats received air-puff stimuli and 
their brains were rapidly processed for immunohisto-
chemistry. As shown in Fig 10a, a general decrease in 
pERK1/2 expression throughout the ipsilateral MDH 
was observed. This significant diminution was ob-
served in the ipsilateral lamina I (P < .01) and laminae IIo  

(P < .001) and IIi (P < .001). Similarly, a significant de-
crease in the number of pERK1/2-positive cells was 
observed in the contralateral lamina II (IIi, IIo; Fig 10b). 

Discussion

The major findings of this study were: (1) PKCγ 
expression in laminae IIi and III of the MDH is in-
creased in rats exhibiting DMA following CCI-IoN. 
(2) pERK1/2 expression in the MDH superficial lami-
nae is associated with both evoked and spontaneous 
pain behavior that has been previously described in 
this neuropathic pain model.16 The comparison of 
pERK1/2 expression in CCI-IoN nonstimulated ani-
mals with sham animals demonstrated a significant 
difference in the number of pERK1/2 cells, which 
suggests that nonstimulated allodynic rats may have 
been experiencing spontaneous pain. (3) PKCγ and 
pERK1/2 cells in the MDH may be connected by syn-
aptic projections. (4) Inhibition of PKCγ decreased 
the expression of DMA and pERK1/2 in the MDH. (5) 
Tactile (non-noxious) stimuli evoked DMA following 
CCI-IoN.

Dynamic Mechanical Allodynia After 
Infraorbital Nerve Injury
The data obtained in the present study are similar to 
previous results regarding the expression of DMA in 
rats with CCI-IoN.13,15,21,22 The time course of the be-
havior indicative of DMA was consistent with that of 
the mechanical hypersensitivity previously reported 
in the IoN territory after CCI-IoN.6,16,21–23 Nocifensive 
behavior reached its highest score by the second and 

Fig 6    Correlation between pERK1/2 expression and allodynic score. There was a high correlation between the total numbers of 
pERK1/2-positive cells in the MDH and the severity of the allodynia in both the (a) ipsilateral and (b) contralateral MDH following  
CCI-IoN. The highest number of pERK1/2-positive cells was observed in both the ipsilateral and contralateral MDH in animals that also 
had high allodynic behavioral scores. This correlation was greater for the ipsilateral side (P = .004) than the contralateral side (P = .024). 
The slope of the curve was higher on the ipsilateral side (r = 0.69) compared to the contralateral side (r = 0.60). 
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third week postsurgery in the allodynic group and  
decreased in the following weeks. This time course 
was similar for both the ipsilateral and contralateral 
sides. The non-allodynic group presented a signifi-
cant allodynic score on the ipsilateral side only during 

the first week. The nocifensive behavior in this group 
was probably due to the inflammation resulting from 
the surgery. This is the first study to have explored 
DMA in three different groups, ie, allodynic, non-allo-
dynic, and sham groups, for 12 weeks. 

Fig 7    PKCγ and pERK1/2 are expressed in distinct cell subtypes. Double PKCγ (green) and pERK1/2 (red) labeling in MDH fol-
lowing CCI-IoN. (a to c) There was no co-localization of either marker within the same cell. (d to f) At high magnification, PKCγ and 
pERK1/2-positive cells represent distinct cell subtypes. (g to i) The double labeling also shows that pERK1/2-positive cells are inner-
vated by PKCγ processes (arrows). (j to l) Examples of pERK1/2-positive cell innervations by PKCγ processes (arrows). Scale bar = 
100 µm in a to c and 10 µm in d to l.
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Fig 9    Selective inhibition of PKCγ blocks dynamic mechanical allodynia. (a) Animal behavior after intracisternal injection of two doses 
of PKCγ inhibitor KIG31-1 (50 and 100 pmol; n = 5 animals per dose). The transporter of the KIG31-1 Tat carrier was also injected  
(n = 5) as a control. The injection of Tat carrier did not have any effect on DMA following CCI-IoN. However, KIG31-1 blocked the DMA 
in a dose-dependent manner. DMA inhibition lasted for 6 hours. (b) Area under the curve for Tat carrier and the KIG31-1 injected doses. 
The data are reported as a percentage of the control value. There was a significant (P < .001) difference in the surface area under the 
curve between Tat carrier and both KIG31-1 concentrations (50 and 100 pmol), confirming a dose-dependent effect of KIG31-1 in the 
DMA. *P < .05; **P < .01; ***P < .001.

Fig 8    Ultrastructural double labeling of 
pERK1/2 and PKCγ. (a to c) Micrographs 
show two examples of pERK1/2-positive 
cells from MDH lamina IIo following CCI-
IoN. The gold particles (dots), which rep-
resent pERK1/2 labeling, can be observed 
within the nucleus along the nuclear mem-
brane and in the cytoplasm of the cell (thin 
yellow arrows). (a) pERK1/2-positive cell re-
ceives PKCγ stained endings (thick yellow 
arrows) around its soma (DAB reaction). (b) 
pERK1/2-positive cell (thin yellow arrows) is 
in contact with a PKCγ ending. (c) At high 
magnification (square from b), gold particles 
can be observed within the nuclear mem-
brane (yellow arrows), as can a PKCγ end-
ing (star), which shows synaptic contacts 
(black arrows). Scale bar = 2 µm. 

Following CCI-IoN, air-puff stimuli have been re-
ported to evoke rat behaviors that are usually elicited 
only by nociceptive stimuli, including vigorous rubbing 
of the stimulated site, vocalization, attempts to escape, 
and aggressive behavior targeted at the source of 
the stimuli.15,16,22 This suggests that CCI-IoN results 
in disturbed sensation, leading to the perception of 
light tactile stimuli as highly aversive. In the present 
study, this allodynia occurred ipsilateral and contra-
lateral to the nerve injury, with the ipsilateral allodyn-
ia being more severe, as reported previously.15,16,21,22 
Contralateral pain occurs under different chronic pain 
conditions.24,25 The mechanisms by which contralater-
al neuropathic pain occurs is still unknown, although 

different hypotheses have postulated that it is medi-
ated by commissural neurons26 or arises from altered 
central processing of incoming sensory informa-
tion27 or from loops involving brain and spinal cord.28 
Evidence of trigeminal primary afferent projections to 
contralateral MDH also has been reported.29,30 Glial 
activation also has been suggested to play import-
ant roles.26,31–33 The involvement of glia in pain on the 
contralateral side  has been clearly demonstrated.34,35 
Clinical studies and preclinical models of neuropath-
ic pain indicate that DMA is mediated by peripheral 
large myelinated Aβ fibers,36–38 which normally con-
vey only inputs encoding non-noxious mechanical 
stimulation. Air puffs have been shown to activate 
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preferentially low-threshold Aβ fibers, hence consti-
tuting a useful tool to investigate DMA.39,40 Lamina III 
cells in the dorsal horn, which are known to receive 
Aβ primary afferent fibers,41 may also become sen-
sitized. In the present study, there was a significant 
increase in the staining and the number of positive 
PKCγ cells in lamina III of the MDH in CCI-IoN ani-
mals. MDH lamina III cells demonstrated a decrease 
in the expression of PKCγ to normal levels after intra-
cisternal injection of vigabatrin, a drug that blocks the 
key enzyme for GABA degradation within the MDH.15 

Together, these observations suggest that the noci-
ceptive behavior evoked in the present study by air-
puff stimuli in CCI-IoN rats may have been due to the 
selective activation of Aβ fibers.

A Polysynaptic MDH Network Underlies 
Neuropathic Dynamic Mechanical Allodynia
The present study showed that ERK can be activat-
ed in MDH cells in response to innocuous stimuli 
(eg, air puffs) after trigeminal nerve injury. pERK1/2 
expression may occur only in cells with neuronal 
features. The authors’ previous study7 and those of 
others9,10 using double labeling with the neuronal 
marker NeuN have highlighted the neuronal subtype 
of pERK1/2-expressing cells. Remarkably, this ERK 
activation occurred in a manner tightly correlated 
with DMA severity. Indeed, nonstimulated neuro-
pathic rats exhibited much less ERK1/2 activation, 

which could reflect the spontaneous pain-like behav-
ior observed in CCI-IoN rats.16 In line with this, the 
inhibition of DMA by the intracisternal administration 
of an ERK-signaling inhibitor has been reported in 
CCI-IoN rats.13 ERK1/2 phosphorylation is known to 
promote central sensitization by regulating glutamate 
receptors and potassium channel activities.12 

In the present study, the inhibition of PKCγ de-
creased the number of pERK1/2 cells within the MDH, 
and so possible projections between these two cells 
were investigated. PKCγ projections were observed 
in contact with pERK1/2 cells under light microscopy. 
The ultrastructural results confirmed the presence of 
PKCγ projections at the level of pERK1/2 cells and 
revealed synaptic contacts between the two cell sub-
types. The PKCγ projections had the appearance 
of axonal processes, and most of them contacted 
pERK1/2-positive cells at the level of their cell bodies. 
Together, these data indicate that pERK1/2 cells may 
be activated directly through synaptic contacts from 
PKCγ cells which have been demonstrated to receive 
Aβ-fiber projections.42 Therefore, the present find-
ings suggest there is a preexisting linkage from the 
low-threshold Aβ mechanoreceptive pathway to the 
nociceptive pathway through PKCγ and pERK1/2 cell 
subtypes. This preexisting connection may be normal-
ly silent under physiologic conditions because it is un-
der strong glycine or GABA inhibitory control. Once 
disinhibition occurs under pathologic conditions, the 

Fig 10    PKCγ inhibition depresses pERK1/2 expression. The number of pERK1/2-positive cells is shown in the MDH of allo-
dynic animals following CCI-IoN that were injected intracisternally with KIG31-1 and Tat carrier on both (a) ipsilateral and (b) 
contralateral sides. A general decrease in the number of pERK1/2-positive cells was observed in all MDH laminae in KIG31-1– 
treated animals in comparison to those treated by Tat carrier. In the ipsilateral MDH, KIG31-1 significantly decreased the number of 
pERK1/2 cells in laminae I and II (IIi, IIo) only. Although KIG31-1 administration also decreased the number of pERK1/2-positive cells in 
the contralateral MDH, this increase was only significant in lamina II (IIi, IIo). *P < .05; **P < .01; ***P < .001.
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circuitry composed of PKCγ and pERK1/2 may be-
come active,7,43,44 such that light mechanical stimula-
tion activates lamina I cells through PKCγ–pERK1/2 
cell connections.   

Expression of PKC𝛄 Is Enhanced in 
Neuropathic Rats
Consistent with previous studies,4,6 CCI-IoN rats in 
the present study exhibited enhanced expression of 
PKCγ, especially in cells of laminae IIi and III. The 
PKCγ cells did not exhibit pERK1/2 expression after 
air-puff stimuli, as reported previously.7 These obser-
vations underline the central role played by PKCγ cells 
in neuropathic DMA, relaying tactile information to  
nociceptive-specific pathways. This view is supported 
by the findings of the selective inhibition of segmental 
PKCγ with KIG31-140: it reversed both the behavioral 
manifestations of DMA and the nociceptive neuronal 
activation induced by CCI-IoN. Indeed, in the pres-
ent study, KIG31-1 considerably attenuated pERK1/2 
expression not only in lamina I cells but also in lamina 
II cells, suggesting an action at the gate for tactile in-
puts. These results are in good agreement with stud-
ies where mice lacking PKCγ failed to develop tactile 
allodynia after sciatic nerve injury.3

A recent study has reported the inhibition of static 
mechanical allodynia in CCI-IoN rats after the admin-
istration of the nonselective PKC inhibitor cheleryth-
rine.6 However, the effects of chelerythrine seem to 
be related to multiple pharmacologic targets, includ-
ing the inhibition of all PKC isoforms40 and the glycine 
transporter 1 (GlyT1).26 It is noteworthy that many 
isoforms of PKC have been implicated in neuropathic 
pain models5,9 and that GlyT1 inhibition is known to 
reverse behavioral and cellular changes induced by 
nerve injury.38 Thus, although in line with the pres-
ent results, the effects of chelerythrine reported by 
Nakajima et al6 cannot be ascribed to the specific in-
hibition of the PKCγ isoform. 

Conclusions 

This study has demonstrated a novel mechanism that 
could explain trigeminal DMA following CCI-IoN. It 
revealed a neuronal circuit activated during the DMA 
that is composed of at least two distinct cell sub-
types: pERK1/2-positive cells and PKCγ cells. The 
latter are markedly recruited in DMA, as revealed by 
their upregulation of PKCγ molecules, which consti-
tutes a key step in the sensitization of the MDH neuro-
nal network composed of PKCγ and pERK1/2 cells. 
Inhibiting PKCγ in this circuit decreased the number 
of pERK1/2-positive cells and prevented DMA.  
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