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It is commonly accepted that psychological stress is closely associated with the
occurrence and development of chronic orofacial pain. However, the pathogenesis
underlying this process has not been fully elucidated. In the present study, we explored
the role of N-methyl-D-aspartate receptors (NMDARs) and Jun N-terminal kinase
(JNK) mediated intercellular communication between neurons and astrocytes in the
spinal trigeminal nucleus caudalis (Vc) in the induction of masseter hyperalgesia by
psychological stress in rats. We found that subjecting rats to 14 days of restraint stress
(8 h/d) caused a significant decrease in body weight gain, behavioral changes and
marked masseter hyperalgesia in the rats. We also found that exposure to restraint
stress for 14 days caused the expression of pJNK in astrocytes in the Vc to significantly
increase, and intrathecally infusing a JNK inhibitor significantly prevented restraint stress-
induced masseter hyperalgesia in the rats. In addition, after exposure to restraint stress
for 14 days, the stressed group exhibited a noticeably increased expression level of
pNR2B in neurons in the Vc. Then, we intrathecally injected MK-801 (an NMDAR
inhibitor) and ifenprodil (a selective NR2B subunit antagonist) and observed that the
two types of inhibitors not only alleviated masseter hyperalgesia but also significantly
inhibited the phosphorylation of JNK in the Vc after restraint stress; this indicates
that the effect of NMDAR antagonists may influence the activation of astrocytic JNK.
Furthermore, inhibitors of neuronal nitric oxide synthase (nNOS) activation and guanylate
cyclase (GC) inhibitor could not only inhibit the expression of pJNK in the Vc, but also
effectively alleviate masseter hyperalgesia induced by restraint stress. Taken together, our
results suggest that NMDAR activation could increase JNK phosphorylation in astrocytes
after restraint stress, which may depend on the nNOS-GC pathway. The intercellular
communication between neurons and astrocytes in the Vc may play a key role in the
induction of masseter muscle hyperalgesia by psychological stress in rats.

Keywords: psychological stress, chronic masseter pain, spinal trigeminal nucleus caudalis, N-methyl-D-aspartate
receptor, c-Jun N- terminal kinase, intercellular communication

Frontiers in Cellular Neuroscience | www.frontiersin.org 1 November 2019 | Volume 13 | Article 495

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://dx.doi.org/10.3389/fncel.2019.00495
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2019.00495&domain=pdf&date_stamp=2019-11-14
https://creativecommons.org/licenses/by/4.0/
mailto:cyj1229@fmmu.edu.cn
mailto:zhangmin@fmmu.edu.cn
https://doi.org/10.3389/fncel.2019.00495
https://www.frontiersin.org/articles/10.3389/fncel.2019.00495/full
https://www.frontiersin.org/articles/10.3389/fncel.2019.00495/full
https://www.frontiersin.org/articles/10.3389/fncel.2019.00495/full
https://www.frontiersin.org/articles/10.3389/fncel.2019.00495/full
https://loop.frontiersin.org/people/832108/overview
https://loop.frontiersin.org/people/766522/overview
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Lin et al. NMDARs and JNK in Hyperalgesia

INTRODUCTION

With the development of modern society and the formation of
an increasingly fast-paced lifestyle, increasing attention has been
drawn to the importance of psychological factors in people’s
health. Many studies have proven that psychological stress is
related to the occurrence and development of a variety of
systemic diseases (Luppino et al., 2011; de Brouwer et al., 2013;
Lee et al., 2015). Presently, the researches on the influence of
psychological stress on the oral and maxillofacial regions are
clear; psychological stress can aggravate the occurrence and
development of periodontitis (Zhao et al., 2012), delay the
healing of oral mucosal diseases (Horan et al., 2005) and increase
the tension of masticatory muscles (Song et al., 2014). However,
as one of the most common oral and maxillofacial diseases,
chronic orofacial pain, because of its complex etiology, is affected
by many factors. Thus, far, the underlying cellular and molecular
mechanisms are primarily unknown.

In the maxillofacial pain pathway, the primary afferent
neurons are located in the trigeminal ganglion, whose peripheral
terminals and central terminals are distributed in the face
and spinal trigeminal nucleus, respectively. Many studies have
suggested that the spinal trigeminal nucleus caudalis (Vc) plays
a vital role in the transmission and regulation of orofacial
nociceptive information (Guo et al., 2010; Wang et al., 2015).
Based on this hypothesis, a series of studies have been carried
out by our research group. Astrocytes in the Vc have been
confirmed as key players in the induction and maintenance
of masseter hyperalgesia by psychological stress in rats (Zhao
et al., 2015). Astrocytes cannot generate action potentials
themselves; however, the synapses of neurons are tightly
wrapped by glial cells. Currently, some scholars believe that
glial cells are part of the synaptic structure of neurons and
participate in neural information transmission (Ren, 2010).
Studies (Guo et al., 2010; Park et al., 2011; Yang et al.,
2018) have indicated that the neurons in the Vc are activated
following orofacial nociceptive stimulation, and N-methyl-D-
aspartate (NMDA), a glutamate neurotransmitter, is involved
in signal transmission between astrocytes and neurons, which
plays an important role in synaptic transmission. However, it
is not clear how neurons mediate the activation of astrocytes
through NMDA and its receptors (NMDARs) in chronic
orofacial pain.

Recent studies have shown that c-Jun N-terminal kinase
(JNK), a member of the mitogen-activated protein kinase
(MAPK) family, is upregulated significantly in the dorsal
horn of the spinal cord after nerve injury and is specifically
distributed in astrocytes (Yamamoto et al., 2013). Thus, far,
JNK activation is used as a reliable indicator of the pain-
related activation of astrocytes (Ji et al., 2009). Studies have
also demonstrated that NMDA receptors play an important
role in the phosphorylation of JNK in cultured cortical
neurons (Centeno et al., 2007). In addition, studies have found
that the NMDA-dependent activation of JNK is involved in
morphine tolerance (Sanna et al., 2015). However, it is not
clear whether NMDAR activates astrocytic JNK under chronic
orofacial pain conditions. In the present study, we tested our

hypothesis that neuronal NMDAR activation is involved in the
phosphorylation of astrocytic JNK in the Vc, which is involved in
masseter hyperalgesia induced by psychological stress, through
reciprocal crosstalk.

MATERIALS AND METHODS

Experimental Animals and Model
Establishment
All experiments were performed under the approval of the
Animal Use and Care Committee for Research and Education
of the Fourth Military Medical University (Xi’an, China). Adult
male Sprague–Dawley rats (180–220 g) were used in this study.
The rats were divided into the control group, and 1-day, 3-
days, 5-days, 7-days, 9-days, 11-days and 14-days stress groups
(n = 8). The animal model was established by subjecting rats to
restraint stress. The animals were kept in a restrainer for 8 h/day.
The restrainers were made of inflexible wire mesh so that the
bodies of the animals were not constricted (Imbe et al., 2004).
This kind of restraint stress minimized the physical pressure on
the animals. The rats were not allowed to eat or drink during the
stress procedure.

Behavioral Testing
The open-field test and elevated plus maze test (RD 1412-OF,
Shanghai Mobile Datum Corporation, Shanghai, China) were
used to evaluate the animal model. The activity of each rat was
automatically monitored using a digital video camera (McLean
et al., 2010). According to our previous study (Zhao et al.,
2015), masseter muscle mechanical sensitivity was evaluated in
the animals by an electronic von Frey anesthesiometer (IITC Life
Science Instruments, Woodland Hills, CA, USA). In our study,
force was applied 10 mm inferior to the central point of the line
between the orbit and the tragus with the probe.

Intrathecal Implantation and Drug
Administration
The methods used for intrathecal implantation and drug
administration were based on previous studies (Zhao et al., 2015).
Under pentobarbital anesthesia (50 mg/kg, i.p.), an incision was
made in the midline of the rats’ back at the level of the thoracic
vertebrae. Polyethylene (PE) tubing (I.D. 0.28 mm and O.D. 0.61
mm) was passed caudally from the T8 level to the L3 level of the
spinal cord of the tube end was left exposed free for 2 cm. After
surgery, the animals recovered for 7 days. Only the rats that fully
recovered were used for further experiments.

Detailed information about the drugs used is shown in
Table 1. Normal saline (0.9%) was used as the negative control
in the experiments. For the continuous intrathecal infusion of
SP600125, the catheter was connected to an osmotic pump
(11-days pump, 1 µl/h; Durect, Cupertino, CA, USA), which
was placed subcutaneously on the back of the rats and was filled
with SP600125 (1 µg/µl) or 0.9% saline. MK801 (100 µg/kg),
ifenprodil (100 µg/kg), NMDA (1 µg/kg), 7-NINA (100 µg/kg),
ODQ (100 µg/kg) and 0.9% saline were intrathecally injected via
the catheter twice a day (before stress and after stress).
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TABLE 1 | Drugs used in the study.

Drugs Mechanisms of action Solvent Source

SP600125 A selective inhibitor of c-Jun N-terminal kinase 1% DMSO Calbiochem
MK-801 A non-competitive NMDA receptor antagonist saline Sigma
Ifenprodil A selective antagonist of NMDA receptors containing the NR2B subunit 1% DMSO Sigma
NMDA A specific agonist of the NMDA receptor 1% DMSO Sigma
7-NINA A selective neuronal nitric oxide synthase inhibitor 20% DMSO Sigma
ODQ A selective inhibitor of the nitric oxide sensitive guanylyl cyclase 20% DMSO Sigma

Immunofluorescence Staining
The rats were anesthetized with pentobarbital (60 mg/kg)
and were perfused with 100 ml of 0.9% saline followed by
500 ml of 0.1 M phosphate buffer (PB, pH 7.3) containing
4% paraformaldehyde and 2% picric acid. The medulla and
upper cervical spinal cord were removed, and transverse frozen
sections (30 µm thick) of the caudal medulla were cut by a
cryostat microtome (Leica CM1800; Heidelberg, Germany), and
the sections were collected in 0.01 M phosphate-buffered saline
(PBS, pH 7.3). The sections were blocked with 2% donkey serum
in 0.01 M PBS containing 0.3% Triton X-100 for 1 h at room
temperature and then subjected to immunofluorescence staining.
The sections were incubated overnight at room temperature
with a rabbit anti-NR2B antibody (1:100; Santa Cruz) mixed
with a mouse anti-NeuN (1:3,000; Millipore, Burlington, MA,
USA) or mouse anti-GFAP (1:5,000; Millipore, Burlington, MA,
USA) antibody or a rabbit anti-pJNK antibody (1:1,000; Cell
Signaling) mixed with a mouse anti-glial fibrillary acidic protein
(GFAP) antibody (1:5,000; Millipore, Burlington, MA, USA).
After being rinsed, the sections were incubated for 4 h at room
temperature with the Alexa Fluor 488-conjugated donkey anti-
mouse IgG (1:500; Molecular Probes, Eugene, OR, USA) and
an Alexa Fluor 594-conjugated donkey anti-rabbit IgG (1:800;
Molecular Probes, Eugene, OR, USA) secondary antibodies. A
confocal laser microscope (FV1000; Olympus, Tokyo, Japan)
was used to image the immunofluorescence staining for each
group. For semi-quantification, images of the same area of the
superficial laminae of the Vc were captured. An Image-Pro Plus
system (Media Cybernetics, Rockville, MD, USA) was used to
measure the signal intensity, and the optical density of each
section was determined.

Western Blotting
The rats were anesthetized with pentobarbital (60 mg/kg) and
rapidly sacrificed on dry ice. The Vc region was quickly dissected
and placed in a 1.5-ml centrifuge tube. The selected region was
homogenized, and the homogenates were centrifuged at 12,000
rpm for 10min. The supernatants were heated at 100◦C for 5min
and cooled. Then, the protein concentration of the supernatant
was evaluated by a BCA Protein Assay Kit (Pierce, Rockford,
IL, USA). The samples for electrophoresis were loaded onto
10% SDS-poly-acrylamide gels with standard Laemmli solutions
(Bio-Rad Laboratories, Hercules, CA, USA), and the proteins
of interest were transferred onto a polyvinylidene difluoride
(PVDF) membrane (Immobilon-P, Millipore, Billerica, MA,
USA). The membranes were placed in a blocking solution (Tris-
buffered saline with 0.02% Tween-20 and 3% nonfat dry milk

powder) for 1 h and then incubated overnight with rabbit
anti-JNK (1:1,000; Cell Signaling), rabbit anti-phosphorylated
JNK (pJNK, 1:1,000; Cell Signaling Technology, Beverly, MA,
USA), rabbit anti-phosphorylated NR2B (1:100; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) mouse anti-β-actin
(1:50,000; Millipore, Burlington, MA, USA) primary antibodies.
After being rinsed, the membranes were incubated for 2 h under
gentle agitation with horseradish peroxidase (HRP)-conjugated
secondary antibodies (anti-rabbit 1:3,000, anti-mouse 1:5,000;
Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA). An
enhanced chemiluminescence detection method (Amersham)
was used to detect the reaction, and Labworks Software (Ultra-
Violet Products, Cambridge, UK) was used to analyze the
densities of the protein blots. The levels of the target proteins
normalized to β-actin levels and expressed as relative fold
changes compared to the control or saline groups.

Statistical Analysis
The experimental data are expressed as mean ± SD. All data
were analyzed using SPSS version 19.0 software (SPSS Inc.,
Chicago, IL, USA). The body weight gain, behavioral tests, and
von Frey test were evaluated using two-way ANOVA, and the
Bonferroni correction was applied to adjust the P-value when the
ANOVA indicated overall significance. The western blotting data
in Figure 5 were analyzed by the t-test (two groups). The other
Western blotting data were analyzed using one-way ANOVA
followed by Dunnett’s t-test for multiple comparisons. P < 0.05
(double tail) was considered statistically significant in all cases.

RESULTS

Effect of Restraint Stress on Body Weight
Gain, Behavior and Masseter Mechanical
Sensitivity
The results demonstrated that restraint stress led to significantly
lower body weight gain. Compared to the control group, the
rats in the 7-days, 9-days, 11-days and 14-days stress groups
(P < 0.05 on 7-days and 9-days, P < 0.01 on 11-days and
14-days, Figure 1A) exhibited significantly decreased body
weight gain, whereas no significant difference was observed
between the control group and the 1-day, 3-days, 5-days stress
groups (P > 0.05, Figure 1A). In addition, restraint stress led
to noticeable behavioral changes. In the open field test, the
total distance traveled and the distance traveled in the center by
the 7-days and 14-days stress groups were significantly shorter
than those by the control group (P < 0.05, Figures 1B,C).
Additionally, a decreased percentage of open-arm entries and a
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FIGURE 1 | Effect of chronic restraint stress on body weight gain (A), behavior (B–E) and the head withdrawal threshold (F) in rats. In the open field test, the total
distance traveled (B) and the distance traveled in the center (C) were measured, and in the elevated plus-maze test, the percentage of open-arm entries (D) and the
open-arm retention time (E) were measured. All data were calculated as the mean ± SD (n = 8/group). ∗P < 0.05, ∗∗P < 0.01 vs. the matched control group.

decreased open-arm retention time were observed in the 7-days
and 14-days stress groups compared with the control group
(P < 0.05, Figures 1D,E).

Furthermore, restraint stress resulted in marked mechanical
hyperalgesia in the masseter muscle. The head withdrawal
threshold was significantly lower in the 7-, 9-, 11- and 14-days
groups than that in the control group. In the 1-day, 3-days, and
5-days stress groups, the head withdrawal threshold showed no
significant compared to that of the control group (P > 0.05,
Figure 1F).

Astrocytic JNK Activation Contributes to
Psychological Stress-Induced Rat
Masseter Hyperalgesia
The immunohistochemistry results showed that exposure to
restraint stress for 14 days significantly increased the expression
of pJNK (Figures 2A–D). The red square frame refers to
the region of staining in Vc [Figure 2K, Bregma 1.60 mm
(Paxinos and Watson, 2005)]. Higher magnification images
(Figures 2E–J)showed double immunofluorescence of pJNK and
GFAP in the two groups. The typical double-labeled astrocytes
were easily seen in the stressed group whereas hardly found in

the control group. We further used Western blotting to evaluate
the increase in astrocytic pJNK in the spinal trigeminal nucleus
14 days after restraint stress. The results indicated that both
JNK1 and JNK2 are normally expressed at high levels in the
Vc. However, the expression level of pJNK-1 in the 14-days
stress group was increased significantly compared with that in
the control group (Figure 2L). To further confirm the role
of astrocytic JNK in the Vc in masseter muscle hyperalgesia
induced by restraint stress in rats, the JNK inhibitor SP600125
was intrathecally injected from the 1st day of restraint stress
to the 11th day. We evaluated the change in the masseter
muscle pain threshold after drug administration and observed
that SP600125 significantly prevented restraint stress-induced
masseter hyperalgesia in the rats from days 7 to 14 (D7 to D14;
P < 0.05, Figure 2M).

Blocking NMDARs Inhibits Restraint
Stress-Induced Rat Masseter Hyperalgesia
and JNK Activation
Like JNK, NMDARs were observed to be phosphorylated.
We used Western blotting to detect the phosphorylation level
of the NR2B subunit in the Vc after restraint stress. The

Frontiers in Cellular Neuroscience | www.frontiersin.org 4 November 2019 | Volume 13 | Article 495

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Lin et al. NMDARs and JNK in Hyperalgesia

FIGURE 2 | Restraint stress increases the expression of the astrocytic specific marker GFAP (A,B) and phosphorylated JNK (pJNK, C,D) in the Vc after exposure to
restraint stress for 14 days. Panels (E–J) shows the higher magnification of double immunofluorescence in the control and stress group. The arrows indicate some
typical cells double-labeled with pJNK and GFAP. Scale bars = 100 µm in A (applies to A–D) and 50 µm in E (applies to E–J). (K) Red square frame refers to the
region of staining in Vc. (L) Western blot showing that JNK1 is phosphorylated in the Vc after exposure to restraint stress for 14 days. ∗P < 0.05 vs. the control
group, n = 4 in each group. (M) Effects of the intrathecal infusion of the JNK inhibitor SP600125 on masseter hyperalgesia. ∗P < 0.05 vs. the saline group, n = 4 in
each group.

FIGURE 3 | Panels (A–F) show the double immunofluorescence of pNR2B with NeuN or GFAP. The arrow indicates the typical double-labeled cell. Scale bars =
50 µm. (G) The impression of pNR2B in control and stress group. ∗∗P < 0.01 vs. the control group, n = 4 in each group.

results showed that the expression of pNR2B in the Vc in the
rats exposed to restraint stress was higher than that in the
control group (Figure 3G). We further evaluated the cellular
localization of pNR2B in the Vc. The immunofluorescence

results indicated that the pNR2B was almost co-localized
with the neuronal-specific marker NeuN (Figures 3A–C).
However, there was almost no pNR2B expression in
astrocytes (Figures 3D–F).
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To investigate whether NMDARs were involved in stress-
induced masseter muscle hyperalgesia and the activation of
astrocytic JNK, we administered MK-801, a non-competitive
NMDAR antagonist and ifenprodil, a selective antagonist
of NMDARs containing the NR2B subunit by intrathecal
implantation to the stressed rats. Behavioral tests indicated
that both MK-801 and ifenprodil significantly alleviated stress-
induced masseter hyperalgesia (Figure 4A). The Western
blotting results showed that the expression of pJNK1 was
significantly increased after 14 days of restraint stress. Compared
to saline administration, the intrathecal administration of
MK-801 or ifenprodil effectively down-regulated the stress-
induced increase in pJNK1 (Figure 4B). Taken together,
these results suggested that NMDARs, specifically NR2B-
containing NMDARs, are highly expressed in Vc neurons
and play a pivotal role in the induction of masseter muscle
hyperalgesia and astrocytic JNK activation by restraint
stress in rats.

The Role of the nNOS-GC Pathway in
Psychological Stress-Induced Rat
Masseter Muscle Hyperalgesia and JNK
Activation
In order to further study the possible mechanism underlying
NMDAR activation-induced astrocytic pJNK expression, we
detected the role of nNOS-GC activation in the process
of astrocytic JNK activation induced by psychological stress
in rats. We administered 7-NINA, a selective inhibitor of
neuronal nitric oxide synthase (nNOS) and ODQ, a selective
inhibitor of guanylate cyclase (GC), and checked the change
of masseter pain threshold and the expression of pJNK by
Western Blotting after administration. The results indicated
that intrathecal administration of both 7-NINA and ODQ not
only effectively alleviated masseter hyperalgesia (Figure 5A),
but also significantly inhibited the expression of pJNK induced
by restraint stress (Figure 5B). The results suggested that
NMDA receptor activation could increase JNK phosphorylation
in astrocytes after restraint stress, which may depend on the
nNOS-GC pathway.

DISCUSSION

Studies have shown that psychological stress is closely related
to the occurrence and development of chronic orofacial pain
(Huang et al., 2011; Okamoto et al., 2012). In the present
study, we employed an animal model of chronic restraint stress,
which avoids excessive physical stimulation and is widely used
to study abnormalities in animal behavior under depressive
or anxious conditions (Costa et al., 2005; Grizzell et al.,
2014). The results demonstrated that repeated restraint stress
led to significantly lower body weight and increased negative
emotion. In the behavioral tests, the distance moved in the
open-field and entry into open arm of the elevated plus-maze
are important indicators to assess the anxious and depressive
emotion of animals. in the present study, the animals showed
decreased distance moved in the open-field and reduced time

and entry into the open arm, indicating that the animals
experienced increased negative emotion. Moreover, the effects
were most significant 14 days after restraint stress, indicating
that the chronic restraint stress applied in this study resulted
in chronic psychological stress in the rats. In addition, we
found that chronic restraint stress significantly decreased the
mechanical pain threshold of the rats, which is consistent
with previous studies. The results confirmed the correlation
between psychological stress and chronic orofacial pain. Further
exploring the underlying mechanisms, we noticed that a number
of studies have indicated that exposure to chronic stress may
cause increased masticatory muscle activity, including some
symptoms of temporomandibular disorders or bruxism (Rosales
et al., 2002; Tsai et al., 2002). Also in our previous study,
we have found out that chronic restraint stress could cause
overactivity of the masseter muscle (Song et al., 2014). Therefore,
the overwork of masticatory muscle may be one of the peripheral
causes of stress-induced masseter hyperalgesia. However, the
central neural mechanisms underlying this correlation still need
further study.

In recent years, a large number of studies (Ren, 2010) have
shown that the glial cells that support neurons play a key role
in the generation and maintenance of chronic pain. A previous
study (Zhao et al., 2015) by our research group confirmed
that astrocytes in the spinal trigeminal nucleus are involved in
orofacial hyperalgesia induced by chronic psychological stress.
In the nervous system, neurons are closely associated with glial
cells, and the effect of glial cells on the transmission of pain
information is ultimately mediated by neurons. In terms of
organizational structure, nerve synapses are tightly wrapped
by glial cells, which allows astrocytes and neurons to interact
and affect the transmission of information. It is thought that
crosstalk between neurons and astrocytes serves as a mechanism
for the regulation of neuronal signals in sensory pathways
(Hanani, 2005). In the central nervous system, the transmission
of information between neurons is mainly dependent on nerve
synapses, and the active substances contained in synapses are
neurotransmitters. Glutamate, a classic neurotransmitter in the
brain, plays a key role in the transmission of information. Among
glutamate receptors, NMDARs are widely distributed and are one
of themost important types of amino acid receptors in the central
nervous system. Studies have also indicated that neurons in
the Vc are activated following orofacial nociceptive stimulation
and that neuronal glutamate NMDARs are involved in signal
transmission (Wong et al., 2014; Takehana et al., 2017). Among
all the subunits of NMDARs, NR2B subunit phosphorylation has
to be demonstrated in previous studies to play a more important
role than other subunits in the nociceptive transmission and
neuron-astrocytic interaction (Bursztajn et al., 2004; Kato et al.,
2006; Wang et al., 2011). In the present study, our results
showed that restraint stress-induced the overexpression of
pNR2B in the Vc. The intrathecal administration of NMDA
aggravated masseter hyperalgesia induced by stress, and blocking
NMDARs inhibited restraint stress-induced chronic masseter
pain in the rats. These results suggest that NMDARs are
involved in the induction of the masseter hyperalgesia process
by chronic stress.
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FIGURE 4 | The effects of an N-methyl-D-aspartate (NMDA) receptor antagonist on restraint stress-induced masseter hyperalgesia (A) and JNK activation (B). ∗P <

0.05, ∗∗P < 0.01 vs. the saline group, n = 4 in each group.

FIGURE 5 | The effects of neuronal nitric oxide synthase (nNOS) selective inhibitor 7-NINA and guanylate cyclase (GC) inhibitor ODQ on restraint stress-induced
masseter hyperalgesia (A) and JNK activation (B). ∗P < 0.05, ∗∗P < 0.01 vs. the saline group, n = 4 in each group.

The MAPKs family is a family of protein kinases that
plays a pivotal role in intracellular signal transduction. The
JNK is one important member of MAPKs family, which
has three isoforms, JNK1, JNK2 and JNK3. Various studies
of chronic pain have demonstrated that JNK1/2 are mainly
found in astrocytes in central neural system and play an
important role in the transmission of nociceptive signals
(Hansen and Malcangio, 2013; Tian et al., 2017). The
results in this study also demonstrated that the expression
of pJNK1 was elevated after chronic restraint stress and
that a JNK inhibitor significantly prevented restraint stress-
induced masseter hyperalgesia, indicating that JNK activation
also contributes to stress-induced masseter hyperalgesia. In
addition, previous studies have demonstrated that spinal
NMDAR activation increases astrocytic JNK phosphorylation,
which contributes to nerve injury-induced neuropathic pain

(Wang et al., 2011), opioid-induced hyperalgesia and analgesic
tolerance (Sanna et al., 2015; Deng et al., 2019). Similarly,
in our study, the administration of an NMDAR agonist
increased JNK expression in the Vc, and the administration
of an NMDAR antagonist decreased stress-induced chronic
muscle pain. These results suggest that under conditions
of chronic stress, neuronal NMDAR activation activates the
astrocytic JNK pathway in the Vc which contributes to
masseter hyperalgesia.

Previous studies have shown that the activation of NMDA
receptors leads to a massive influx of Ca2+ and up-regulation
of the activation of some intracellular enzymes including
nNOS in neurons, which were involved in the process of
pain (Abe et al., 2005). The activated nNOS induced the
synthesis of NO increased and studies have shown that
NO plays a significant and pivotal role in the development
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and maintenance of hyperalgesia (Meller and Gebhart, 1993;
Meller et al., 1994). Unlike most other endogenous chemical
mediators, NO is a diffusible gas that readily permeates cell
membranes. Based on this, we inferred that NO may diffuse
into astrocytes and activate JNK. NO relies on the guanylate
cyclase-cyclic guanosine monophosphate (GC-cGMP) pathway
to exert its biological effects, and studies have shown that
NO-GC-cGMP pathway plays an important role in spinal
nociceptive transmission (Feil and Kleppisch, 2008; Schmidtko
et al., 2009). In the present study, we also found that
inhibitors of nNOS activation and GC inhibitor could not
only inhibit the expression of pJNK in the Vc but also
effectively alleviate masseter hyperalgesia induced by restraint
stress, which indicated that nNOS is involved in the stress-
induced JNK activation. The results suggested that NMDA
receptor activation could increase JNK phosphorylation in
astrocytes after restraint stress, which may depend on the
nNOS-GC pathway.

It has been shown that JNK could be activated by a variety
of cytokines and proinflammatory cytokines, such as TNF-α and
IL-1β (Borsello et al., 2003; Gao and Ji, 2008). In the present
study, we found that neuronal NMDARs in the Vc mediated
JNK activation. However, it is worth noting that NMDAR
antagonists do not completely block the activation of JNK. Thus,
the activation of JNK in astrocytes is not entirely dependent
on NMDARs, and other factors, such as cytokines, may also
influence the astrocytic JNK pathway during the induction of
masseter muscle hyperalgesia by restraint stress.

In summary, the present study is the first to provide
evidence that the activation of astrocytic JNK in the
spinal trigeminal nucleus caudalis is involved in masseter
hyperalgesia induced by psychological stress. Furthermore,
the activation of neuronal NMDARs, specifically NR2B-
containing NMDARs, plays a key role in the phosphorylation
of astrocytic JNK through reciprocal crosstalk. These findings
suggest that the inhibition of intercellular communication
between neurons and astrocytes may hold therapeutic

promise for the treatment of orofacial pain induced by
psychological stress.

DATA AVAILABILITY STATEMENT

The datasets generated during and/or analyzed during the
current study are available from the corresponding author on
reasonable request.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Use
and Care Committee for Research and Education of the Fourth
Military Medical University (Xi’an, China).

AUTHOR CONTRIBUTIONS

WL, YZ and BC carried out the animal model establishment,
behavioral testing, and performed intrathecal implantation, drug
administration, and immunostaining assay. HZ, LM and QL
carried out animal experiments, acquired the array data and
performed data analysis. MZ and YC conceived the project, wrote
the article, coordinated and supervised the experiments.

FUNDING

This work was supported by the National Natural Science
Foundation of China (NSFC 81671011) and the Shaanxi Science
and Technology Innovation Project (2016KTCQ03-05).

ACKNOWLEDGMENTS

We thank Prof. Tao Chen and other members from
the Department of Anatomy and K. K. Leung Brain
Research Centre of Fourth Military Medical University, for
helpful suggestions and comments on this research and
the manuscript.

REFERENCES

Abe, T., Matsumura, S., Katano, T., Mabuchi, T., Takagi, K., Xu, L., et al. (2005).
Fyn kinase-mediated phosphorylation of NMDA receptor NR2B subunit at
Tyr1472 is essential for maintenance of neuropathic pain. Eur. J. Neurosci. 22,
1445–1454. doi: 10.1111/j.1460-9568.2005.04340.x

Borsello, T., Clarke, P. G. H., Hirt, L., Vercelli, A., Repici, M., Schorderet, D. F.,
et al. (2003). A peptide inhibitor of c-Jun N-terminal kinase protects
against excitotoxicity and cerebral ischemia. Nat. Med. 9, 1180–1186. doi: 10.
1038/nm911

Bursztajn, S., Rutkowski, M. D., and Deleo, J. A. (2004). The role of the
N-methyl-D-aspartate receptor NR1 subunit in peripheral nerve injury-
induced mechanical allodynia, glial activation and chemokine expression
in the mouse. Neuroscience. 125, 269–275. doi: 10.1016/j.neuroscience.2004.
01.024

Centeno, C., Repici, M., Chatton, J. Y., Riederer, B. M., Bonny, C., Nicod, P., et al.
(2007). Role of the JNK pathway in NMDA-mediated excitotoxicity of cortical
neurons. Cell Death Differ. 14, 240–253. doi: 10.1038/sj.cdd.4401988

Costa, A., Smeraldi, A., Tassorelli, C., Greco, R., and Nappi, G. (2005). Effects of
acute and chronic restraint stress on nitroglycerin-induced hyperalgesia in rats.
Neurosci. Lett. 383, 7–11. doi: 10.1016/j.neulet.2005.03.026

de Brouwer, S. J. M., van Middendorp, H., Kraaimaat, F. W., Radstake, T. R. D. J.,
Joosten, I., Donders, A. R. T., et al. (2013). Immune responses to stress after
stress management training in patients with rheumatoid arthritis. Arthritis Res.
Ther. 15:R200. doi: 10.1186/ar4390

Deng, M., Chen, S. R., Chen, H., Luo, Y., Dong, Y., and Pan, H. L. (2019). Mitogen-
activated protein kinase signalingmediates opioid-induced presynaptic NMDA
receptor activation and analgesic tolerance. J. Neurochem. 148, 275–290.
doi: 10.1111/jnc.14628

Feil, R., and Kleppisch, T. (2008). NO/cGMP-dependent modulation of synaptic
transmission. Handb. Exp. Pharmacol. 184, 529–560. doi: 10.1007/978-3-540-
74805-2_16

Gao, Y.-J., and Ji, R.-R. (2008). Activation of JNK pathway in persistent pain.
Neurosci. Lett. 437, 180–183. doi: 10.1016/j.neulet.2008.03.017

Grizzell, J. A., Iarkov, A., Holmes, R., Mori, T., and Echeverria, V. (2014). Cotinine
reduces depressive-like behavior, working memory deficits and synaptic
loss associated with chronic stress in mice. Behav. Brain Res. 268, 55–65.
doi: 10.1016/j.bbr.2014.03.047

Guo, W., Wang, H., Zou, S., Wei, F., Dubner, R., and Ren, K. (2010). Long lasting
pain hypersensitivity following ligation of the tendon of the masseter muscle
in rats: a model of myogenic orofacial pain.Mol. Pain. 6:40. doi: 10.1186/1744-
8069-6-40

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 November 2019 | Volume 13 | Article 495

https://doi.org/10.1111/j.1460-9568.2005.04340.x
https://doi.org/10.1038/nm911
https://doi.org/10.1038/nm911
https://doi.org/10.1016/j.neuroscience.2004.01.024
https://doi.org/10.1016/j.neuroscience.2004.01.024
https://doi.org/10.1038/sj.cdd.4401988
https://doi.org/10.1016/j.neulet.2005.03.026
https://doi.org/10.1186/ar4390
https://doi.org/10.1111/jnc.14628
https://doi.org/10.1007/978-3-540-74805-2_16
https://doi.org/10.1007/978-3-540-74805-2_16
https://doi.org/10.1016/j.neulet.2008.03.017
https://doi.org/10.1016/j.bbr.2014.03.047
https://doi.org/10.1186/1744-8069-6-40
https://doi.org/10.1186/1744-8069-6-40
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Lin et al. NMDARs and JNK in Hyperalgesia

Hanani, M. (2005). Satellite glial cells in sensory ganglia: from form to function.
Brain Res. Brain Res. Rev. 48, 457–476. doi: 10.1016/j.brainresrev.2004.09.001

Hansen, R. R., and Malcangio, M. (2013). Astrocytes—multitaskers in chronic
pain. Eur. J. Pharmacol. 716, 120–128. doi: 10.1016/j.ejphar.2013.03.023

Horan, M. P., Quan, N., Subramanian, S. V., Strauch, A. R., Gajendrareddy, P. K.,
and Marucha, P. T. (2005). Impaired wound contraction and delayed
myofibroblast differentiation in restraint-stressed mice. Brain Behav. Immun.
19, 207–216. doi: 10.1016/j.bbi.2004.09.004

Huang, F., Zhang, M., Chen, Y.-J., Li, Q., and Wu, A.-Z. (2011). Psychological
stress induces temporary masticatory muscle mechanical sensitivity in rats.
J. Biomed. Biotechnol. 2011:720603. doi: 10.1155/2011/720603

Imbe, H., Murakami, S., Okamoto, K., Iwai-Liao, Y., and Senba, E. (2004). The
effects of acute and chronic restraint stress on activation of ERK in the rostral
ventromedial medulla and locus coeruleus. Pain 112, 361–371. doi: 10.1016/j.
pain.2004.09.015

Ji, R. R., Gereau, R. W., Malcangio, M., and Strichartz, G. R. (2009). MAP
kinase and pain. Brain Res. Rev. 60, 135–148. doi: 10.1016/j.brainresrev.2008.
12.011

Kato, H., Narita, M., Miyatake, M., Yajima, Y., and Suzuki, T. (2006). Role of
neuronal NR2B subunit-containing NMDA receptor-mediated Ca2+ influx
and astrocytic activation in cultured mouse cortical neurons and astrocytes.
Synapse 59, 10–17. doi: 10.1002/syn.20213

Lee, S. P., Sung, I.-K., Kim, J. H., Lee, S.-Y., Park, H. S., and Shim, C. S. (2015). The
effect of emotional stress and depression on the prevalence of digestive diseases.
J. Neurogastroenterol. Motil. 21, 273–282. doi: 10.5056/jnm14116

Luppino, F. S., Dortland, A. K. B. V. R., Wardenaar, K. J., Bouvy, P. F., Giltay, E. J.,
Zitman, F. G., et al. (2011). Symptom dimensions of depression and anxiety
and the metabolic syndrome. Psychosom. Med. 73, 257–264. doi: 10.1097/PSY.
0b013e31820a59c0

McLean, S. L., Woolley, M. L., and Neill, J. C. (2010). Effects of subchronic
phencyclidine on behaviour of female rats on the elevated plus maze and open
field. J. Psychopharmacol. 24, 787–790. doi: 10.1177/0269881109103112

Meller, S. T., Cummings, C. P., Traub, R. J., and Gebhart, G. F. (1994). The role of
nitric oxide in the development and maintenance of the hyperalgesia produced
by intraplantar injection of carrageenan in the rat. Neuroscience 60, 367–374.
doi: 10.1016/0306-4522(94)90250-x

Meller, S. T., and Gebhart, G. F. (1993). Nitric oxide (NO) and nociceptive
processing in the spinal cord. Pain 52, 127–136. doi: 10.1016/0304-
3959(93)90124-8

Okamoto, K., Tashiro, A., Chang, Z., Thompson, R., and Bereiter, D. A. (2012).
Temporomandibular joint-evoked responses by spinomedullary neurons and
masseter muscle are enhanced after repeated psychophysical stress. Eur.
J. Neurosci. 36, 2025–2034. doi: 10.1111/j.1460-9568.2012.08100.x

Park, M. K., Lee, J. H., Yang, G. Y., Won, K. A., Kim, M. J., Park, Y. Y.,
et al. (2011). Peripheral administration of NR2 antagonists attenuates orofacial
formalin-induced nociceptive behavior in rats. Prog. Neuropsychopharmacol.
Biol. Psychiatry 35, 982–986. doi: 10.1016/j.pnpbp.2011.01.018

Paxinos, G., and Watson, C. (2005). The rat brain in stereotaxic coordinates (5th
edition). Elsevier Academic Press. Figure 159.

Ren, K. (2010). Emerging role of astroglia in pain hypersensitivity. Jpn. Dent. Sci.
Rev. 46, 86–92. doi: 10.1016/j.jdsr.2009.10.005

Rosales, V. P., Ikeda, K., Hizaki, K., Naruo, T., Nozoe, S., and Ito, G. (2002).
Emotional stress and brux-like activity of the masseter muscle in rats. Eur.
J. Orthod. 24, 107–117. doi: 10.1093/ejo/24.1.107

Sanna, M. D., Ghelardini, C., and Galeotti, N. (2015). Activation of JNK
pathway in spinal astrocytes contributes to acute ultra-low-dose morphine
thermal hyperalgesia. Pain 156, 1265–1275. doi: 10.1097/j.pain.0000000000
000164

Schmidtko, A., Tegeder, I., and Geisslinger, G. (2009). No no, no pain? The role of
nitric oxide and cGMP in spinal pain processing. Trends Neurosci. 32, 339–346.
doi: 10.1016/j.tins.2009.01.010

Song, F., Li, Q., Wan, Z.-Y., Zhao, Y.-J., Huang, F., Yang, Q., et al. (2014).
Lamotrigine reverses masseter overactivity caused by stress may be via Glu
suppression. Physiol. Behav. 137, 25–32. doi: 10.1016/j.physbeh.2014.06.017

Takehana, S., Kubota, Y., Uotsu, N., Yui, K., Iwata, K., Shimazu, Y.,
et al. (2017). The dietary constituent resveratrol suppresses nociceptive
neurotransmission via the NMDA receptor. Mol. Pain 13:174480691769701.
doi: 10.1177/1744806917697010

Tian, G., Luo, X., Tang, C., Cheng, X., Chung, S. K., Xia, Z., et al. (2017). Astrocyte
contributes to pain development via MMP2-JNK1/2 signaling in a mouse
model of complex regional pain syndrome. Life Sci. 170, 64–71. doi: 10.1016/j.
lfs.2016.11.030

Tsai, C. M., Chou, S. L., Gale, E. N., and McCall, W. D. Jr. (2002). Human
masticatory muscle activity and jaw position under experimental stress. J. Oral
Rehabil. 29, 44–51. doi: 10.1046/j.1365-2842.2002.00810.x

Wang, J., Li, Z. H., Feng, B., Zhang, T., Zhang, H., Li, H., et al. (2015).
Corticotrigeminal projections from the insular cortex to the trigeminal
caudal subnucleus regulate orofacial pain after nerve injury via extracellular
signal-regulated kinase activation in insular cortex neurons. Front. Cell.
Neurosci. 9:493. doi: 10.3389/fncel.2015.00493

Wang, W., Mei, X.-P., Wei, Y.-Y., Zhang, M.-M., Zhang, T., Wang, W., et al.
(2011). Neuronal NR2B-containing NMDA receptor mediates spinal astrocytic
c-Jun N-terminal kinase activation in a rat model of neuropathic pain. Brain
Behav. Immun. 25, 1355–1366. doi: 10.1016/j.bbi.2011.04.002

Wong, H., Kang, I., Dong, X. D., Christidis, N., Ernberg, M., Svensson, P.,
et al. (2014). NGF-induced mechanical sensitization of the masseter muscle
is mediated through peripheral NMDA receptors. Neuroscience 269, 232–244.
doi: 10.1016/j.neuroscience.2014.03.054

Yamamoto, S., Kishishita, Y., Yoshida, M., Miura, D., Suzuki, H., Ishikawa, K.,
et al. (2013). Activation of different signals identified with glia cells contribute
to the progression of hyperalgesia. Cell. Mol. Neurobiol. 33, 167–174. doi: 10.
1007/s10571-012-9881-8

Yang, H., Yan, H., Li, X., Liu, J., Cao, S., Huang, B., et al. (2018). Inhibition of
connexin 43 and phosphorylated NR2B in spinal astrocytes attenuates bone
cancer pain in mice. Front. Cell. Neurosci. 12:129. doi: 10.3389/fncel.2018.
00129

Zhao, Y.-J., Li, Q., Cheng, B.-X., Zhang, M., and Chen, Y.-J. (2012). Psychological
stress delays periodontitis healing in rats: the involvement of basic
fibroblast growth factor. Mediators Inflamm. 2012:732902. doi: 10.1155/2012/
732902

Zhao, Y.-J., Liu, Y., Li, Q., Zhao, Y.-H., Wang, J., Zhang, M., et al. (2015).
Involvement of trigeminal astrocyte activation in masseter hyperalgesia
under stress. Physiol. Behav. 142, 57–65. doi: 10.1016/j.physbeh.2015.
02.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Lin, Zhao, Cheng, Zhao, Miao, Li, Chen and Zhang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 November 2019 | Volume 13 | Article 495

https://doi.org/10.1016/j.brainresrev.2004.09.001
https://doi.org/10.1016/j.ejphar.2013.03.023
https://doi.org/10.1016/j.bbi.2004.09.004
https://doi.org/10.1155/2011/720603
https://doi.org/10.1016/j.pain.2004.09.015
https://doi.org/10.1016/j.pain.2004.09.015
https://doi.org/10.1016/j.brainresrev.2008.12.011
https://doi.org/10.1016/j.brainresrev.2008.12.011
https://doi.org/10.1002/syn.20213
https://doi.org/10.5056/jnm14116
https://doi.org/10.1097/PSY.0b013e31820a59c0
https://doi.org/10.1097/PSY.0b013e31820a59c0
https://doi.org/10.1177/0269881109103112
https://doi.org/10.1016/0306-4522(94)90250-x
https://doi.org/10.1016/0304-3959(93)90124-8
https://doi.org/10.1016/0304-3959(93)90124-8
https://doi.org/10.1111/j.1460-9568.2012.08100.x
https://doi.org/10.1016/j.pnpbp.2011.01.018
https://doi.org/10.1016/j.jdsr.2009.10.005
https://doi.org/10.1093/ejo/24.1.107
https://doi.org/10.1097/j.pain.0000000000000164
https://doi.org/10.1097/j.pain.0000000000000164
https://doi.org/10.1016/j.tins.2009.01.010
https://doi.org/10.1016/j.physbeh.2014.06.017
https://doi.org/10.1177/1744806917697010
https://doi.org/10.1016/j.lfs.2016.11.030
https://doi.org/10.1016/j.lfs.2016.11.030
https://doi.org/10.1046/j.1365-2842.2002.00810.x
https://doi.org/10.3389/fncel.2015.00493
https://doi.org/10.1016/j.bbi.2011.04.002
https://doi.org/10.1016/j.neuroscience.2014.03.054
https://doi.org/10.1007/s10571-012-9881-8
https://doi.org/10.1007/s10571-012-9881-8
https://doi.org/10.3389/fncel.2018.00129
https://doi.org/10.3389/fncel.2018.00129
https://doi.org/10.1155/2012/732902
https://doi.org/10.1155/2012/732902
https://doi.org/10.1016/j.physbeh.2015.02.005
https://doi.org/10.1016/j.physbeh.2015.02.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	NMDAR and JNK Activation in the Spinal Trigeminal Nucleus Caudalis Contributes to Masseter Hyperalgesia Induced by Stress
	INTRODUCTION
	MATERIALS AND METHODS
	Experimental Animals and Model Establishment
	Behavioral Testing
	Intrathecal Implantation and Drug Administration
	Immunofluorescence Staining
	Western Blotting
	Statistical Analysis

	RESULTS
	Effect of Restraint Stress on Body Weight Gain, Behavior and Masseter Mechanical Sensitivity
	Astrocytic JNK Activation Contributes to Psychological Stress-induced Rat Masseter Hyperalgesia
	Blocking NMDARs Inhibits Restraint Stress-induced Rat Masseter Hyperalgesia and JNK Activation
	The Role of the nNOS-GC Pathway in Psychological Stress-induced Rat Masseter Muscle Hyperalgesia and JNK Activation

	DISCUSSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


