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INTRODUCTION

The orofacial area is one of the most densely innervated areas 
by the trigeminal nerve and thus becomes a focus for some of the 
most common types of acute pain, such as in pathological condi-
tions of the tooth and its associated structures [1]. However, only 
limited studies have assessed pain relief in the trigeminal region. 
Thus, there are many difficulties in the management of both 
acute and chronic orofacial pain conditions, owing to insufficient 
awareness and understanding of its pain mechanisms [2,3]. Pain 

management in orofacial disorders is one of the most difficult 
areas of study in pharmacology.

Mammalian target of rapamycin (mTOR) is one of the fun-
damentally important complexes in cell biology and cellular 
signaling mechanisms. It is involved in cell growth regulation, 
proliferation and migration, lipid synthesis, and ribosomal bio-
production and autophagy. It is expressed in all cells as a protein 
synthesis regulator, which is essential for normal cell develop-
ment [3-5]. mTOR inhibition leads to anti-inflammatory, anti-
fibrotic, antitumor, and antifungal properties; mTOR signaling 
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ABSTRACT The mammalian target of rapamycin (mTOR) plays a role in various cellu-
lar phenomena, including autophagy, cell proliferation, and differentiation. Although 
recent studies have reported its involvement in nociceptive responses in several pain 
models, whether mTOR is involved in orofacial pain processing is currently unex-
plored. This study determined whether rapamycin, an mTOR inhibitor, reduces noci-
ceptive responses and the number of Fos-immunoreactive (Fos-ir) cells in the trigem-
inal nucleus caudalis (TNC) in a mouse orofacial formalin model. We also examined 
whether the glial cell expression and phosphorylated p38 (p-p38) mitogen-activated 
protein kinases (MAPKs) in the TNC are affected by rapamycin. Mice were intraperi-
toneally given rapamycin (0.1, 0.3, or 1.0 mg/kg); then, 30 min after, 5% formalin (10 
l) was subcutaneously injected into the right upper lip. The rubbing responses with 
the ipsilateral forepaw or hindpaw were counted for 45 min. High-dose rapamycin 
(1.0 mg/kg) produced significant antinociceptive effects in both the first and second 
phases of formalin test. The number of Fos-ir cells in the ipsilateral TNC was also 
reduced by high-dose rapamycin compared with vehicle-treated animals. Further-
more, the number of p-p38-ir cells the in ipsilateral TNC was significantly decreased 
in animals treated with high-dose rapamycin; p-p38 expression was co-localized in 
microglia, but not neurons and astrocytes. Therefore, the mTOR inhibitor, rapamycin, 
reduces orofacial nociception and Fos expression in the TNC, and its antinociceptive 
action on orofacial pain may be associated with the inhibition of p-p38 MAPK in the 
microglia.
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involvement has been established in a variety of cellular func-
tions [6,7]. Recently, it has been reported that mTOR inhibition 
produces antipruritic, anti-inflammatory, and analgesic effects in 
various rodent models for inflammatory, itching, and neuropath-
ic pain [8-10]. However, whether mTOR signaling contributes to 
the induction of orofacial pain and whether mTOR inhibition can 
exert analgesic effects for orofacial pain remain unclear.

The activation of glial cells and neuroglial interactions are 
emerging as key mechanisms underlying chronic pain [11]. 
The current evidence is primarily associated with two types of 
glial cells in the development of inflammatory or neuropathic 
pain: microglia and astrocytes of the central nervous system 
(CNS), such as the spinal cord and trigeminal nucleus caudalis 
(TNC) [11-13]. In addition, mitogen-activated protein kinases 
(MAPKs) play a crucial role in cell signaling and gene expres-
sion in the CNS. MAPKs are activated by phosphorylation and 
function as regulators of transcription and non-transcription, 
converting a wide range of extracellular stimuli into a variety of 
intracellular stimuli [14]. In particular, the phosphorylated p38 
(p-p38) MAPK in spinal dorsal horn cells plays an important role 
in the induction and maintenance of pain hypersensitivity [14,15].

This study aimed to verify whether rapamycin, a well-known 
mTOR inhibitor, could reduce nociceptive responses and the 
number of Fos-immunoreactive (Fos-ir) cells in the TNC in a 
mouse orofacial formalin model. We also examined whether 
the activation of glial cells (astrocytes and microglia) and p-p38 
MAPK in TNC were modified by rapamycin treatment.

METHODS

Animals

Experiments were performed using male C57BL/6 mice (25–30 
g; DBL, Seoul, Korea) housed in colony cages with free access to 
food and water and maintained in temperature- and light-con-
trolled rooms (23°C ± 2°C, 12/12-h light/dark cycle with lights on 
at 07:00) for at least 1 week prior to the experiment. The experi-
mental protocols for animal usage were reviewed and approved 
by the Kyung Hee University Institutional Animal Care and Use 
Committee (KHUASP(SE)-16-014) and conformed to the guide-
lines of the National Institutes of Health (NIH publication no. 86-
23, revised 1985).

Drugs

Rapamycin (LC laboratories, Woburn, MA, USA), an mTOR 
inhibitor, was prepared in dimethyl sulfoxide (DMSO) as a stock 
solution at 100 mg/ml and was then dissolved in physiological 
saline at concentrations of 0.1, 0.3, and 1.0 mg/kg immediately 
before injection. These doses of rapamycin were selected based 
on previous studies [16,17]. The final vehicle (VEH) was adjusted 

to 0.2% DMSO in saline. Mice were weighted and then injected 
intraperitoneally (i.p.) 30 min prior to formalin injection.

Formalin-induced orofacial pain test

The orofacial formalin test was performed as previously 
described [18,19]. Formalin was prepared from commercially 
available stock formalin (aqueous solution of 37% formaldehyde; 
JUNSEI, Tokyo, Japan) and further diluted to 5% in physiologi-
cal saline. Mice were first acclimatized for 30 min in an acrylic 
observation chamber (15 × 15 × 15 cm). Afterward, the mice re-
ceived 10 l subcutaneous (s.c.) injection of 5% formalin through 
a 30-gauge needle attached to Hamilton syringe into the right 
upper lip, lateral to the nose. Next, the animals were immediately 
placed back into the acrylic chamber, and nociceptive responses 
in each animal were recorded using a video camera for a 45-min 
observation period. The recording was divided into 15 blocks of 
3 min, and a nociceptive score was determined for each block by 
measuring the number of seconds the animal spent grooming 
the injected area with the ipsilateral forepaw or hindpaw. The 
movements of the ipsilateral forepaw were accompanied by the 
movements of the contralateral forepaw. The duration of the re-
sponses during the first 2 blocks represented the first phase (0–6 
min postinjection), whereas the duration of responses during the 
subsequent 13 blocks represented the second phase (6–45 min 
postinjection) in the formalin-induced orofacial pain test [1,19]. 
The behavior was analyzed by an investigator who was blinded to 
the animal’s group assignment.

Immunohistochemistry

TNC immunohistochemistry was performed as previously 
described [19,20]. Fos, a common marker of neuronal activation, 
is gradually activated by physiological stimuli such as stress and 
inflammation. Fos mRNA accumulates and peaks 30–45 min 
after stimulation, whereas Fos protein synthesis takes about 1–2 
h after stimulation before reaching its peak value [21,22], In ad-
dition, the p-p38 MAPK increases within minutes, persisting for 
hours or days after tissue injury [22-24]. Thus, the animals were 
sacrificed 2 h after formalin injection, and immunohistochem-
istry was performed. Animals were deeply anesthetized with 5% 
isoflurane and transcardially perfused through the ascending 
aorta with 0.1 M phosphate-buffered saline (PBS, 50 ml, pH 7.4), 
followed by 4% paraformaldehyde. After perfusion, the brainstem 
was immediately removed and stored overnight at 4°C in the 
same fixative and then placed in a cryoprotectant solution (30% 
sucrose in PBS) for at least two nights at 4°C before sectioning. 
Serial transverse sections (30 m) were cut from the TNC using 
a cryostat (Leica Microsystems, Wetzlar, Germany) and collected 
in PBS. After eliminating endogenous peroxidase activity with 3% 
hydrogen peroxide in PBS and pre-blocking with 3% normal goat 
serum and 0.3% Triton X-100 in PBS, sections were incubated in 
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polyclonal rabbit anti-Fos antibody (1:1,000; Santa Cruz Biotech-
nology Inc., Santa Cruz, CA, USA) overnight at 4°C. After wash-
ing several times with PBS, the tissue sections were incubated 
with biotinylated anti-rabbit antibody (1:200; Vector Laboratories, 
Burlingame, CA, USA) for 1 h at room temperature; then, the 
tissue sections were processed using the avidin-biotin method 
(Elite ABC; Vector Laboratories). Finally, Fos-ir cells were visual-
ized using a 3-3 diaminobenzidine reaction intensified with 0.2% 
nickel chloride.

For staining experiments involving glial fibrillary acidic 
protein (GFAP), ionized calcium-binding adapter molecule-1 
(Iba-1), neuronal nuclear protein (NeuN), and p-p38, after pre-
blocking with 5% normal donkey serum plus 0.3% triton X-100 
in PBS at room temperature for 1 h, free-floating TNC sections 
were incubated overnight at 4°C with primary antibodies against 
GFAP (1:1,000; Cell Signaling, Danvers, MA, USA), Iba-1 (1:500; 
Wako, Tokyo, Japan), and NeuN (1:1,000; Millipore, Billerica, 
MA, USA), respectively. These were also co-incubated with rab-
bit antibody against p-p38 (1:1,000; Cell Signaling) in 1% normal 
donkey serum plus 0.3% Triton X-100 in PBS at 4°C overnight. 
After washing several times with PBS, the tissue sections were 
incubated with Cy3-conjugated secondary anti-rabbit antibody 
(1:500; Jackson ImmunoResearch, West Grove, PA, USA) and 
Alexa Fluor 488-conjugated secondary anti-mouse or anti-goat 
antibodies (1:500 or 1:400; Jackson ImmunoResearch) for 4 h at 
room temperature. After washing several times with PBS, the tis-
sue sections were mounted onto slides under a cover slip.

Image analysis

The TNC tissues were scanned using the ECLIPSE 80i (Nikon 
Corp., Kanagawa, Japan) brightfield and fluorescent microscope, 
and individual sections were digitized with 4096 gray levels using 
a cooled CCD camera (Cool Snap ES model; Nihon Roper, Tokyo, 
Japan) connected to a computer-assisted image analysis system 
(MetaMorph; Universal Imaging, Westchester, PA, USA). For 
quantitative analysis in the TNC region, six nonadjacent tissue 
sections per each mouse were randomly selected and analyzed 
using a computer-assisted image analysis system (MetaMorph 
version 7.7.2.0; Universal Imaging). For Fos image analysis, we set 
the shape factor to 0.5–1.0 and counted only the cells that were 
at least 30% darker than the average level of each image [20]. For 
p-p38, we counted cells that were at least 80% brighter than the 
average level of each image. To analyze GFAP- and Iba-1-ir im-
ages, we measured the positive pixel areas that had an 80% bright-
ness level within the range of intensity levels [25]. The average of 
percent threshold area of immunoreactivity per section from each 
animal was obtained, and these values were averaged across each 
group and presented as group data. All analytical procedures de-
scribed above were blindly performed without knowledge of the 
experimental conditions.

Statistical analysis

All values are expressed as mean ± SEM. Data analysis and sta-
tistical comparisons were performed using GraphPad Prism ver-
sion 6.0 (GraphPad Software, San Diego, CA, USA). For multiple 
comparisons in the formalin pain behavior test, either two-way 
repeated measures ANOVA or one-way ANOVA followed by post 
hoc Bonferroni test was performed. The data from immunohisto-
chemistry was analyzed using one-way ANOVA, followed by post 
hoc Bonferroni test. Statistical significance was set at p < 0.05.

RESULTS

Rapamycin reduces orofacial formalin-induced 
nociceptive responses

Rapamycin was i.p. injected at concentrations of 0.1, 0.3, and 1.0 
mg/kg 30 min prior to s.c. facial injection of 5% formalin. Mice 
that were i.p. injected in the VEH group exhibited typical biphasic 
pain behaviors during the 45-min observation period (first phase: 
0–6 min after formalin injection; second phase: 6–45 min after 
formalin injection). The injection of low and medium dose of 
rapamycin (0.1 and 0.3 mg/kg, respectively) did not suppress oro-
facial formalin-induced nociceptive responses compared with the 
VEH group. On the other hand, the nociceptive responses in the 
high-dose rapamycin group (1.0 mg/kg) significantly decreased 
at 3, 18–30, and 42 min after formalin injection (Fig. 1A). Fur-
thermore, high-dose rapamycin (1.0 mg/kg) significantly reduced 
formalin-induced nociception in the first and second phases of 
the formalin test (Fig. 1B).

Rapamycin inhibits the increase of Fos-ir cells in TNC

We examined the number of Fos-ir cells in ipsilateral TNC 
region 2 h after orofacial formalin injection. In Fig. 2, the number 
of Fos-ir cells was increased in the TNC of the VEH group before 
orofacial formalin injection. Although low- and medium-dose 
rapamycin (0.1 and 0.3 mg/kg, respectively) did not reduce the 
number of Fos-ir cells compared with the VEH group (Fig. 2A–
C, E), high-dose rapamycin (1.0 mg/kg) significantly suppressed 
orofacial formalin-induced Fos expression in the TNC (Fig. 2D, E).

Rapamycin does not modify GFAP and Iba-1 
expression in TNC

The change of expression of astrocytes (GFAP) and microglia 
(Iba-1) in the TNC region after rapamycin treatment was exam-
ined in orofacial formalin-injected mice. In Fig. 3, it was con-
firmed that both the astrocyte marker, GFAP (Fig. 3A–E), and mi-
croglia marker, Iba-1 (Fig. 3F–J), did not change in the VEH group 
or in any of the rapamycin-treated groups (0.1, 0.3, and 1.0 mg/kg).
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Rapamycin reduces the number of p-p38 MAPK in 
TNC

We also attempted to confirm whether the treatment of ra-
pamycin could modify the p-p38 MAPK in orofacial formalin-

injected mice. The number of p-p38 MAPK-ir cells in the ipsi-
lateral TNC region did not change after low- and medium-dose 
rapamycin treatment (0.1 and 0.3 mg/kg, respectively) (Fig. 4A–C, 
E). On the other hand, high-dose rapamycin treatment (1.0 mg/
kg) significantly decreased the number of p-p38 MAPK-ir cells 

Fig. 1. Effect of rapamycin in the oro-

facial formalin test in mice. Low- and 
medium-dose rapamycin (0.1 and 0.3 
mg/kg, respectively) did not suppress 
orofacial formalin-induced nociceptive 
responses. On the other hand, high-
dose rapamycin (1.0 mg/kg) significantly 
reduced nociceptive response at 3, 
18–30, and 42 min after formalin injec-
tion (A). High-dose rapamycin (1.0 mg/
kg) showed potent antinociceptive ef-
fects in the first and second phases (B)
compared with the vehicle-treated (VEH) 
group (*p < 0.005, **p < 0.01, and ***p 
< 0.001, compared with the VEH group, 
n = 10–12 per group). i.p., intraperitone-
ally.
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Fig. 2. Effect of rapamycin on the increase of Fos-immunoreactive (Fos-ir) cells in the trigeminal nucleus caudalis (TNC). The number of Fos-ir cells 
increased in the TNC of the vehicle-treated (VEH) group (A, E); low- and medium-dose rapamycin (0.1 and 0.3 mg/kg) did not suppress this increase 
of Fos-ir cells (B, C, E). On the other hand, high-dose rapamycin (1.0 mg/kg) significantly reduced the increase of Fos-ir cells in the ipsilateral TNC (D, E, 
***p < 0.001, compared with the VEH group, n = 5). The boundaries of the TNC are outlined by the dotted line. Scale bar = 200 m.
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compared with the VEH group (Fig. 4D, E). The arrows in Fig. 
4A show the representative p-p38 MAPK-ir cells.

p-p38 MAPK expression is co-localized in microglia, 
but not neurons or astrocytes in the TNC

We also investigated the cellular distribution of p-p38 MAPK 
expression in the TNC and whether it is affected by high-dose 
rapamycin. As shown in Fig. 5, p-p38 MAPK expression was not 
shown together with GFAP (Fig. 5A–C) or NeuN (Fig. 5G–I), 
whereas it was accurately co-localized in Iba-1-ir cells (Fig. 5D–
F; arrows indicate representative co-localized cells). These results 
show that high-dose rapamycin treatment (1.0 mg/kg) reduced 
p-p38 MAPK expression in TNC microglia, causing an antinoci-
ceptive effect in the mouse orofacial formalin test.

DISCUSSION

The present study demonstrated that i.p. rapamycin treatment 
had significant dose-dependent antinociceptive effects during 
the first and second phases of the mice orofacial formalin test. In 

addition, we showed that the number of Fos-ir cells in the ipsilat-
eral TNC was also reduced in rapamycin-treated mice compared 
with those in the VEH group. Rapamycin is a valuable drug with 
various clinical applications, such as the inhibition of mTOR, a 
protein kinase that controls cell growth by regulating many cel-
lular processes, including protein synthesis and autophagy [7,26]. 
The mTOR is divided into two functionally distinct complexes: 
mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). 
Most notably, mTORC1 regulates the activity of peripheral sen-
sory neurons by controlling protein translation; protein synthesis 
within these sensory neurons also contributes to the nociceptive 
function in physiological conditions and chronic pain [27]. Ra-
pamycin has recently been reported to produce antinociceptive 
effects in acute pain models. Asante et al. [28] reported that ra-
pamycin decreased mechanical hypersensitivity in formalin-in-
duced inflammatory rat model. Geranton et al. [29] reported the 
effect of intrathecal (i.t.) injection of rapamycin in both the acute 
capsaicin model and spared-nerve injured chronic pain model. In 
the capsaicin test, i.t. rapamycin significantly reduced mechanical 
hyperalgesia and allodynia, but not thermal hyperalgesia from 5 
min to 2 h after capsaicin injection. These studies, when reviewed 
alongside our results, show that rapamycin injection evokes anti-

Fig. 3. Effect of rapamycin on glial fibrillary acidic protein (GFAP) and ionized calcium-binding adapter molecule-1 (Iba-1) expression in 

the trigeminal nucleus caudalis (TNC). The pixel threshold area of either GFAP (A–E) or Iba-1 (F–J) in the TNC remained unchanged in the vehicle-
treated (VEH) group (A, F) and after all doses of rapamycin treatment (0.1, 0.3, and 1.0 mg/kg) (B–D, G–I). The boundaries of the TNC are outlined by 
the dotted line. Scale bar = 200 m.
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nociceptive effects at similar time periods in two acute tonic pain 
models (capsaicin test and orofacial formalin test) despite dif-
ferences in animal species and delivery pathways. It can be said 
that rapamycin can reduce acute and inflammatory nociceptive 
responses in the orofacial formalin test. This study is the first to 
show that mTOR inhibition with rapamycin can relieve orofacial 
pain in mice.

The change of Fos protein expression in the TNC has a strong 
positive correlation with the intensity of nociceptive stimula-
tion [30]. Since the trigeminal nervous system is generally activat-
ed by peripheral tissue conditions, such as electrical or chemical 
stimulation of the orofacial or meningeal region (e.g., capsaicin), 
Fos protein expression has been used as an indicator of the func-
tional activity of neurons in the TNC [31,32]. In this study, we 
also demonstrated that the orofacial formalin-induced increase of 
Fos-ir cells in the TNC dose-dependently decreased in the mice 
treated with rapamycin, implying the close association of the an-
tinociceptive effect of high-dose rapamycin with the modification 
of orofacial pain processing in the TNC.

Glial cells interact and influence each other’s involvement in 
an exaggerated nociceptive response to injury or inflammation. 
The activation of astrocytes plays a role in the initiation of acute 
pain and the maintenance of chronic pain, whereas activated mi-
croglia promote pro-inflammatory cytokines or reactive oxygen 
species, such as TNF-, IL-1, and nitric oxide [33,34]. These 
glia-derived substances cause glia-neuron cross talk, which is 
associated with the induction of central sensitization, one of the 
mechanisms of chronic pain [35,36]. Astrocytes were previously 
found to be activated within 15 min after s.c. formalin injection 
into the hindpaw [37]. Astrocyte activation, as identified by in-
creased GFAP expression, was also found in the medullary dorsal 

horn as early as 1 h after acute tooth pulp inflammation and 
within one day after inducing trigeminal chronic inflammation 
and nerve injury [38,39]. On the other hand, significant microglia 
activation in the spinal cord occurs 24 h following the injection of 
zymosan [40], whereas the expression of Ox-42, another microg-
lia marker, increased from day 3 to week 4 after s.c. formalin in-
jection into the rat’s hindpaw [41]. These studies showed that the 
activation of astrocytes and microglia has different mechanism of 
regulation by various extracellular or intracellular signals in the 
spinal cord or TNC region.

Rapamycin has been reported to suppress the activation of 
microglia and the increase of pro-inflammatory factors in the 
CNS [42], and it could also reduce the development of neuropath-
ic pain after spinal cord injury [17]. Because of this, we investi-
gated the changes in the expression of astrocytes and microglia in 
the TNC after rapamycin treatment in the orofacial formalin test. 
Interestingly, all doses of rapamycin (0.1–1.0 mg/kg) used in this 
study did not alter the expression of GFAP or Iba-1 in the TNC 
after orofacial formalin injection. This discrepancy between our 
results and previous studies seems to be due to differences among 
animal models, specifically regarding pain duration and type (e.g., 
acute versus chronic pain and inflammatory versus neuropathic 
pain). Moreover, in contrast to our study, most previous studies 
involving the activation of microglia or astrocytes in the spinal 
cord have been performed in chronic pain models [43-45].

Many studies have provided evidence that the MAPK pathway 
contributes to pain sensitization after tissue and nerve injury via 
distinct molecular and cellular mechanisms. The phosphoryla-
tion of MAPK under different persistent pain conditions results 
in the induction and maintenance of pain hypersensitivity 
through transcriptional and non-transcriptional regulation [46]. 

Fig. 4. Effect of rapamycin on phosphorylated p38 (p-p38) mitogen-activated protein kinase (MAPK) in the trigeminal nucleus caudalis (TNC). 
The expression of p-p38 in the TNC remained unchanged after treatment with low- and medium-dose rapamycin (0.1 and 0.3 mg/kg, respectively) (A–
C, E; n = 5). On the other hand, the number of p-p38-ir cells significantly decreased after treatment with high-dose rapamycin (1.0 mg/kg) compared 
with the vehicle-treated (VEH) group (D, E; **p < 0.01, compared with the VEH group, n = 5). The boundaries of the TNC are outlined by the dotted 
line. The arrows indicate representative p-p38-ir cells. Scale bar = 200 and 100 m (magnified panel).
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The MAPK family includes three major members: extracellu-
lar signal-regulated kinase, p38, and c-Jun N-terminal kinase, 
representing three different signaling cascades. In particular, 
p38 MAPK, which is activated by the upstream kinase MKK3/
MMK6, is considered a stress-inducing kinase, and its phosphor-
ylated form plays an important role in maintaining inflamma-
tory responses and pain hypersensitivities in chronic neuropathic 
pain models [47,48]. Recently, several studies have indicated 
that p38 MAPK activation in the spinal microglia mediates pain 
processing in various acute and chronic pain models, including 
incision-induced mechanical allodynia [49], peripheral nerve 
injury [47,50,51], inflammation-evoked pain [52-54] and spinal 
cord injury [55]. Tateda et al. [17] reported that p38 MAPK activ-
ity in the lumbar spine was significantly attenuated by rapamycin 
treatment and that p-p38 MAPK-positive microglia was relatively 
reduced. Similarly, we also found that the increased number of 
p38 MAPK-ir cells in the TNC after orofacial formalin injection 

was reduced after administering high-dose rapamycin (1.0 mg/
kg). Moreover, our immunohistochemical studies showed that 
p-p38 MAPK-ir cells in the TNC co-localized only with Iba-1, but 
not with NeuN or GFAP, indicating that the antinociceptive ef-
fect of high-dose rapamycin might be caused by the regulation of 
microglial p-p38 MAPK in the TNC.

Understanding the differential role of Fos and p-p38 protein in 
this study is also important. As mentioned earlier, the Fos protein 
is commonly used as a neuronal activation marker for nocicep-
tion; therefore, this reduction in Fos expression may be a second-
ary change in the analgesic effect of rapamycin. On the other 
hand, for p-p38, it has been reported that the activation of the Src/
p38 MAPK signaling cascade in spinal microglial cells contrib-
uted to late-stage persistent mechanical hyperalgesia induced by 
formalin injection into the paw [56]. Several reports have shown 
that the increased expression of p-p38 was closely associated with 
different types of pain induction [14,15,57] and that the pharma-

Fig. 5. Co-localization of astrocyte (glial fibrillary acidic protein, GFAP), neuron (neuronal nuclear protein, NeuN), or microglia (ionized calci-

um-binding adapter molecule-1, Iba-1) with phosphorylated p38 (p-p38) MAPK in the trigeminal nucleus caudalis (TNC). Neither GFAP (A–C) 
nor NeuN (G–I) co-localized with p-p38 in the TNC. In contrast, Iba-1 immunoreactivity was co-expressed in p-p38-positive cells in the TNC in orofacial 
formalin-injected mice (D–F). The rectangular areas are magnified in panels (C, F, I), whereas arrows indicate representative p-p38-ir cells double-
stained with Iba-1. Scale bar = 200 and 100 m (magnified panel).
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cological inhibition of p38 MAPK reduces mechanical allodynia 
in neuropathic pain models [58,59]. Therefore, in this experi-
ment, we suspect that p38 MAPK activation is involved in pain 
induction and that rapamycin treatment inhibits p38 MAPK acti-
vation, thus exerting antinociceptive effects in the inflammatory 
acute pain model. However, how rapamycin treatment modulates 
the activity (i.e., phosphorylation) of p38 MAPK in the microglia 
of the TNC and whether this is associated with the suppression of 
orofacial chronic pain conditions, including trigeminal neuralgia 
and temporomandibular joint disorders, remain unclear. Further 
studies using animal models of trigeminal neuropathic pain or 
chronic mandibular inflammation are needed to address those 
concerns.

In conclusion, the present study demonstrated that rapamycin 
dose-dependently reduced nociceptive responses in both the first 
and second phases of the orofacial formalin test. The number of 
For-ir cells in the ipsilateral TNC was also reduced by rapamycin 
treatment compared with those in the VEH group. Moreover, 
the number of p-p38-ir cells in the ipsilateral TNC significantly 
decreased after treatment with high-dose rapamycin, and this 
p-p38 expression was co-localized in the microglia, but not in 
neurons and astrocytes. In summary, these findings suggest that 
rapamycin, an mTOR inhibitor, reduces orofacial pain and that 
microglial p-p38 MAPK inhibition can be associated with its an-
tinociceptive action in the orofacial region.
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