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Abstract: Migraine is commonly reported among patients with temporomandibular disorders
(TMDs), especially myogenic TMD. The pathophysiologic mechanisms related to the comorbidity
of the two conditions remain elusive. In the present study, we combined masseter muscle tendon
ligation (MMTL)-produced myogenic TMD with systemic injection of nitroglycerin (NTG)-induced
migraine-like hypersensitivity in mice. Facial mechanical allodynia, functional allodynia, and
light-aversive behavior were evaluated. Sumatriptan, an FDA-approved medication for migraine,
was used to validate migraine-like hypersensitivity. Additionally, we examined the protein
level of calcitonin gene-related peptide (CGRP) in the spinal trigeminal nucleus caudalis using
immunohistochemistry. We observed that mice with MMTL pretreatment have a prolonged
NTG-induced migraine-like hypersensitivity, and MMTL also enabled a non-sensitizing dose of
NTG to trigger migraine-like hypersensitivity. Systemic injection of sumatriptan inhibited the
MMTL-enhanced migraine-like hypersensitivity. MMTL pretreatment significantly upregulated the
protein level of CGRP in the spinal trigeminal nucleus caudalis after NTG injection. Our results
indicate that a pre-existing myogenic TMD can upregulate NTG-induced trigeminal CGRP and
enhance migraine-like hypersensitivity.

Keywords: temporomandibular disorder; migraine pain; comorbidity; spinal trigeminal nucleus
caudalis; calcitonin gene-related peptide

1. Introduction

Both temporomandibular disorder (TMD) and migraine are highly prevalent and debilitating
conditions [1,2]. TMD is a set of complex conditions of the masticatory muscles, the temporomandibular
joint (TMJ), and associated structures. The prevalence of TMD has been reported as 5% in the United
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States according to the Orofacial Pain Prospective Evaluation and Risk Assessment (OPPERA) study [3]
and between 5% and 12% worldwide [4]. Among all the signs and symptoms produced by TMD, pain is
the most significant as it directly reduces quality of life and the daily activities of affected individuals [5].
The etiology of TMD pain is multifactorial, including arthrogenic- and myogenic-originated disorders.
On the other hand, migraine is the most disabling of all neurological disorders [6,7]. Migraine headache
is a common primary headache. The mechanisms underlying migraine headache have been studied
for many years, yet it remains unclear how transition from acute to chronic migraine headache occurs
and whether other facial pain conditions (e.g., TMD) affect chronicity of migraine headache.

Growing epidemiological data suggest that TMD and migraine are closely associated [8,9]. It has
been reported that the presence of migraine contributes to the risk of developing TMD [10]. Meanwhile,
migraine and other headaches appear to be more prevalent in TMD population [11], especially in
the individuals with myogenic TMD [12]. A clinical study indicates that patients with a comorbidity
of TMD and migraine have a more severe condition [13]. TMD and migraine may share common
pathophysiological aspects, and simultaneous treatment approaches to the two diseases could be
more effective than separate therapies [14]. However, the comorbidity of migraine and TMD remain
poorly understood.

Previous studies have shown that masseter muscle tendon ligation (MMTL) in rats can produce
myogenic TMD pain [15,16] and that systemic injection of nitroglycerin (NTG) can induce acute
migraine-like hypersensitivity [17–20]. An essential role for calcitonin gene-related peptide (CGRP)
has been indicated in migraine pathophysiology [21–23]. In the present study, by combining the
MMTL-produced myogenic TMD with NTG-induced migraine-like hypersensitivity, we investigated
the effect of a pre-existing myogenic TMD on migraine-like pain and the protein level of CGRP in the
spinal trigeminal nucleus caudalis (Sp5C).

2. Results

2.1. MMTL Produces a Myogenic TMD in Mice

Ligation of the anterior superficial part of the masseter muscle tendon (MMTL) has been developed
and well-characterized as a long lasting myogenic orofacial pain model in rats [15,16]. In this study,
we used the MMTL with smaller ligatures to produce a myogenic TMD in mice. Using H&E staining,
we observed that the MMTL caused depressed collagen fiber bundles on the ipsilateral side and
inflammatory cells (macrophage, monocyte, and neutrophil) clustered adjacent to the ligated tendon
on day 3 after ligation. The inflammatory cell infiltration continued to day 7 and almost disappeared
on day 15 post-MMTL (Figure 1A). The contralateral tissue had no inflammatory cell infiltration
throughout the time course (Figure 1B).

To examine whether MMTL causes TMD-like orofacial pain, we used von Frey filaments to
measure head withdrawal responses to mechanical stimuli over the masseter muscle (innervated by
trigeminal nerve V3 branch) as well as periorbital region (innervated by trigeminal nerve V1 branch)
(Figure 1C,D).

Our results showed that the MMTL decreased the head withdrawal threshold responding to
ipsilateral stimulation over the masseter muscle for at least 10 days compared with the sham control
group, and that the ligation surgery had no effect on the head withdrawal threshold on the contralateral
side (Figure 1C).

We also observed that the MMTL did not affect the head withdrawal threshold in the periorbital
area throughout the entire time course (Figure 1D).

Furthermore, using a dolognawmeter, a validated operant assay for functional allodynia test,
we found that the MMTL significantly increased gnaw time for 15 days compared with the sham
control group (Figure 1E). These results indicate that the MMTL causes ipsilateral orofacial pain in the
facial areas innervated by trigeminal nerve V3, but not V1, and induces functional allodynia-driven
oral dysfunction.
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Figure  1. MMTL  produces  inflammation  in  the  tendon  tissue,  masseter  muscle  allodynia,  and 

gnawing dysfunction. (A, B) Representative H&E staining images of ipsilateral (A) and contralateral 

(B) masseter  tendon on days 3, 7, and 15 after MMTL. The right panels of  the  images display  the 

Figure 1. MMTL produces inflammation in the tendon tissue, masseter muscle allodynia, and gnawing
dysfunction. (A,B) Representative H&E staining images of ipsilateral (A) and contralateral (B) masseter
tendon on days 3, 7, and 15 after MMTL. The right panels of the images display the respective boxed
areas in the left panels at higher magnification. The asterisks (*) indicate the site of the MMTL injury.
The dashed lines indicate the edge between tenocytes and masseter muscle cells. Mφ, macrophage;
M, monocyte; N, neutrophil. The representative staining was repeated three times to confirm our
results. (C,D) MMTL decreased the head withdrawal threshold in the skin area over the masseter
muscle (n = 6–7; (C)), but not in the periorbital region ipsilateral to MMTL surgery (n = 6–7; (D)).
Ftreatment (3, 22) = 48.990, p < 0.001. Ftime (6, 132) = 7.637, p < 0.001; Finteraction (18, 132) = 8.466, p < 0.001
for (C). Ftreatment (1, 11) = 6.076, p = 0.031. Ftime (6, 66) = 0.860, p = 0.529; Finteraction (6, 66) = 0.819,
p = 0.560 for (D). (E) MMTL increased gnaw time (sham, n = 8; MMTL, n = 10). Ftreatment (1, 16) = 10.750,
p < 0.05; Ftime (7, 112) = 5.261, p < 0.001; Finteraction (7, 112) = 3.780, p < 0.001. *** p < 0.001, ** p < 0.01,
* p < 0.05 vs. the respective sham or saline control. (F) Oral administration of ibuprofen produced a
dose-dependent increase in head-withdrawal threshold in the skin area over the masseter muscle in
mice with MMTL (n = 6 per group). Ftreatment (2, 15) = 17.260, p < 0.001; Ftime (5, 75) = 46.370, p < 0.001;
Finteraction (10, 75) = 6.906, p < 0.001. *** p < 0.001, ** p < 0.01, * p < 0.05 vs. the respective sham or saline
control. (G) Oral administration of ibuprofen (100 mg/kg) on day 7 post MMTL significantly decreased
the gnaw time in the dolognawmeter assay, while saline treatment did not have such effect (n = 6 per
group). * p < 0.05 vs. before treatment by Student’s t-test. ns: no significance; MMTL: masseter muscle
tendon ligation; ipsi: ipsilateral; cont: contralateral; BL: baseline; ibuprofen(30): 30 mg/kg of ibuprofen;
ibuprofen(100): 100 mg/kg of ibuprofen.
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To further validate the MMTL-produced myogenic TMD model, we performed oral gavage of
ibuprofen, a first-line and commonly used nonsteroidal anti-inflammatory drug (NSAID) for the
treatment of inflammatory TMD [24–27], on day 7 after MMTL, and we observed that oral administration
of ibuprofen dose-dependently inhibited MMTL-caused myofascial pain in the trigeminal nerve
V3-innervated masseter area (Figure 1F) and significantly diminished functional allodynia (Figure 1G).

2.2. MMTL Enhances NTG-Induced Migraine-Like Hypersensitivity

We injected (i.p.) two different doses of NTG (10 mg/kg and 1 mg/kg) into mice and compared
their effects. We observed that the higher dose (10 mg/kg) of NTG markedly decreased the head
withdrawal threshold in the periorbital area (Figure 2A) and masseter area (Supplementary Figure S1)
at 2 h post-injection, but did not induce light-aversive behavior at 90 min or 24 h after NTG injection
(Figure 2B). However, the injection with the lower dose (1 mg/kg) of NTG had no effect on the head
withdrawal threshold in the periorbital or masseter area and the light-aversive behavior, compared to
the vehicle-treated group (Figure 2, Supplementary Figure S1).
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Figure 2. Systemic injection of NTG induces acute migraine-like hypersensitivity in mice.
(A) Intraperitoneal injection (i.p.) of NTG at 10 mg/kg decreased the head withdrawal threshold in the
periorbital region, whereas 1 mg/kg of NTG had no effect on the threshold (n = 6 per group). Ftreatment

(2, 14) = 6.394, p < 0.05; Ftime (5, 70) = 2.886, p < 0.05; Finteraction (10, 70) = 4.189, p < 0.001. * p < 0.05 vs.
the corresponding time point in vehicle group. (B) Both vehicle and NTG did not significantly alter
the time spent in the dark compartment (n = 6–9 per group). NTG: nitroglycerin; NTG(1): 1 mg/kg of
nitroglycerin; NTG(10): 10 mg/kg of nitroglycerin.

To investigate whether a pre-existing myogenic TMD affects NTG-induced migraine-like
hypersensitivity, we performed MMTL eight days prior to NTG injection (Figure 3A).

We observed that the MMTL surgery (“MMTL + vehicle” group) did not affect the head
withdrawal threshold in the periorbital area, while the MMTL pretreatment prolonged the higher dose
(10 mg/kg) of NTG-induced acute allodynia in the periorbital area. Notably, NTG combined with the
MMTL pretreatment (“MMTL + NTG(10)” group) produced long-lasting mechanical allodynia in the
ipsilateral periorbital area for at least seven days (Figure 3B), but only slightly prolonged NTG-induced
migraine-like hypersensitivity on the contralateral side (Supplementary Figure S2), whereas NTG
without the MMTL pretreatment (“Sham + NTG(10)” group) only significantly decreased the head
withdrawal threshold in the periorbital area at 2 h post-injection.

We also observed that NTG (10 mg/kg) with or without MMTL pretreatment did not induced
light-aversive behavior at 90 min or 24 h following NTG administration (Figure 3C).

Moreover, we found that the MMTL pretreatment enabled the lower dose (1 mg/kg) of NTG
to induce mechanical allodynia in the periorbital area, though the lower dose of NTG alone had
no effect on the head withdrawal threshold in the periorbital area (Figures 2 and 3D). The MMTL
pretreatment-enabled migraine-like hypersensitivity persisted for five days after the injection with the
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lower dose of NTG (Figure 3D), but the MMTL pretreatment did not induce light-aversive behavior at
90 min or 24 h after NTG (Figure 3E).
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Figure 3. MMTL enhances NTG-induced migraine-like hypersensitivity. (A) Timeline of this experiment.
(B) MMTL pretreatment prolonged the higher dose (10 mg/kg) of NTG-decreased head withdrawal
threshold in the periorbital region (n = 6–8 per group). Ftreatment (3, 24) = 61.580, p < 0.001. Ftime (11, 264)
= 10.990, p < 0.001; Finteraction (33, 264) = 7.143, p < 0.001. (C) NTG (10 mg/kg) with or without MMTL
pretreatment did not induce light-aversive behavior at 90 min or 24 h after NTG (n = 5–9 per group).
(D,E) MMTL pretreatment enabled the lower dose (1 mg/kg) of NTG to decrease the head withdrawal
threshold in the periorbital region (n = 6–8 per group; D), but did not induce the light-aversive behavior
at 90 min or 24 h after NTG (n = 5–8 per group; E). Ftreatment (3, 22) = 22.660, p < 0.001; Ftime (10, 220)
= 6.787, p < 0.001; Finteraction (30, 220) = 7.433, p < 0.001 for (D). *** p < 0.001, ** p < 0.01, * p < 0.05 vs.
the corresponding time points in the “sham + vehicle” group (B,D). MMTL: masseter muscle tendon
ligation; NTG: nitroglycerin; NTG(1): 1 mg/kg of nitroglycerin; NTG(10): 10 mg/kg of nitroglycerin.

2.3. Sumatriptan Inhibits MMTL-Enhanced Migraine-Like Hypersensitivity

To validate that the MMTL pretreatment-enhanced periorbital hypersensitivity after NTG
administration is migraine-like, we injected (i.p.) sumatriptan, an FDA-approved drug prescribed
for migraine, into mice prior to NTG administration (Figure 4A). We found that compared with the
saline control group, sumatriptan significantly inhibited the periorbital hypersensitivity at 2 h and 6 h
post-NTG in the lower dose (1 mg/kg) of NTG group (Figure 4B) as well as 2 h post-NTG in the higher
dose (10 mg/kg) of NTG group (Figure 4C).
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Figure 4. Sumatriptan inhibits MMTL-enhanced migraine-like hypersensitivity. (A) Timeline of this
experiment. (B) On day 8 after MMTL, systemic injection of sumatriptan (i.p., 1 mg/kg) significantly
inhibited MMTL-enabled migraine-like hypersensitivity following the injection of the lower dose
(1 mg/kg) of NTG at both 2 h and 6 h post-NTG (n = 6 per group). *** p < 0.001, ** p < 0.01 vs.
the corresponding time points in the control group (“saline + NTG(1)”). Ftreatment (1, 10) = 13.950,
p = 0.004; Ftime (2, 20) =16.220, p < 0.01; Finteraction (2, 20) = 9.904, p = 0.001. (C) On day 8 after MMTL,
systemic injection of sumatriptan (i.p., 1 mg/kg) significantly inhibited MMTL-enhanced migraine-like
hypersensitivity following the injection of the higher dose (10 mg/kg) of NTG at 2 h post-NTG (n = 6
per group). *** p < 0.001 vs. the corresponding time points in the control group (“saline + NTG(10)”).
Ftreatment (1, 10) = 20.140, p = 0.001; Ftime (2, 20) = 67.500, p < 0.001; Finteraction (2, 20) = 24.000, p < 0.001.
MMTL: masseter muscle tendon ligation; NTG: nitroglycerin; NTG(1): 1 mg/kg of NTG; NTG(10):
10 mg/kg of NTG; -1d: one day before NTG.

2.4. MMTL Upregulates NTG-Induced CGRP in the Sp5C

To investigate the possible mechanism underlying the effect of MMTL on NTG-induced
migraine-like hypersensitivity, we examined the protein level of CGRP, a neuropeptide that plays an
important role in migraine [28], in the Sp5C. Compared to the sham-operated group, MMTL surgery
increased CGRP in the ipsilateral rostral Sp5C (V3), but did not alter the protein level of CGRP in the
caudal Sp5C (V1) on day 8 post-MMTL (Figure 5A,B). We further observed that MMTL pretreatment
significantly increased CGRP in the ipsilateral Sp5C-V1 after NTG injection at both 2 h and 1 day
post-NTG in the higher dose (10 mg/kg) of NTG group (Figure 5C,D) and in the lower dose (1 mg/kg)
of NTG group (Figure 5E,F).
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Figure 5. Effect of MMTL pretreatment on the protein level of CGRP in the Sp5C after NTG injection.
(A) Representative immunofluorescent staining images of CGRP in the rostral Sp5C-V3 and caudal V1
area from sham and MMTL groups on day 8 after surgery. (B) Quantification of integrated densities of
CGRP in the Sp5C (n = 3 mice per group). (C,E) Representative immunofluorescent staining images of
CGRP in the caudal Sp5C-V1 from sham or MMTL plus the higher dose (10 mg/kg) of NTG groups
(C), and sham or MMTL plus the lower dose (1 mg/kg) of NTG groups (E). (D,F) Quantification
of integrated densities of CGRP in the caudal Sp5C-V1 (n = 3 mice per group). Note that MMTL
significantly increased CGRP in the ipsilateral rostral Sp5C-V3, but had no effect on the CGRP protein
level in the caudal Sp5C-V1 compared with the sham-treated group (A,B), and that MMTL pretreatment
significantly increased CGRP in the ipsilateral caudal Sp5C-V1 after NTG injection of both higher
dose (10 mg/kg, E, F) and lower dose (1 mg/kg, C and D). * p < 0.05 vs. the respective control groups.
Ftreatment (1, 8) = 3.725, p = 0.90; Fside (1, 8) = 6.384, p < 0.05; Finteraction (1, 8) = 4.951, p = 0.057 for
the rostral Sp5C-V3. Ftreatment (1,8) = 1.472, p = 0.260; Fside (1,8) = 0.225, p = 0.648; Finteraction (1,8) =

0.838, p = 0.387 for the caudal Sp5C-V1 in (B). Ftreatment (3,16) = 15.100, p < 0.001; Fside (1,16) = 11.28,
p < 0.005; Finteraction (3,16) = 6.426, p < 0.05 for (D). Ftreatment (3,16) = 10.750, p < 0.001; Fside (1,16) =

20.07, p < 0.005; Finteraction (3,16) = 5.746, p < 0.05 for (F). CGRP: calcitonin gene-related peptide; MMTL:
masseter muscle tendon ligation; NTG: nitroglycerin; NTG(1): 1 mg/kg of nitroglycerin; NTG(10):
10 mg/kg of nitroglycerin.
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3. Discussion

One of the common experiences reported among individuals with TMD is the regular occurrence
of headaches [29,30]. It has been proposed that TMD may create a pro-nociceptive environment
predisposing the patients to headaches [31]. Currently there is no animal model available for studying
the comorbidity of migraine and TMD. Establishing an animal model that mimics the occurrence
of enhanced migraine-like hypersensitivity in TMD patients is the central premise for investigating
such comorbid condition. In the present study, we combined a myogenic TMD with NTG-induced
migraine-like hypersensitivity to develop a comorbidity mouse model, in which we demonstrate for
the first time that a pre-existing myogenic TMD enhances NTG-induced migraine-like hypersensitivity
in mice. Given that female sex hormones (such as estrogen) fluctuation during menstrual cycle may
affect the comorbidity, we used male mice in the present study. Recently, we further observed that the
myogenic TMD-enhanced migraine-like hypersensitivity in female mice lasts slightly longer than that
in male mice (Supplementary Figure S3). In the future, we will investigate potential sex difference in
the comorbidity of TMD and migraine-like pain.

Several mouse models have been used to study TMD, including genetic mouse models [32,33],
partial discectomy-induced osteoarthritis in TMJ [34], and TMD induced by algetic agents [35–38].
These TMD models have helped understand mechanisms related to TMD pain. In this study, we
modified a MMTL-based myogenic orofacial pain rat model [15] into a myogenic TMD model in
mice. In this myogenic TMD mouse model, long-lasting mechanical allodynia indicates that MMTL
can be used to induce TMD pain in mice. Previous studies have reported that clinical TMD pain is
associated with oral dysfunction [39,40]. To assess whether the TMD pain in our MMTL mouse model
is accompanied with oral dysfunction, we used a dolognawmeter, a validated operant assay [41],
to examine mouse gnawing function. Gnaw time in the mice significantly increased for fifteen
days post-MMTL, indicating the presence of functional allodynia after the MMTL. Moreover, H&E
staining showed that inflammatory cells cluster around the injured tendon at the early stage and
then gradually infiltrate into the tendon. The time course of the MMTL-produced local inflammation
is consistent with that of the MMTL-induced facial mechanical allodynia, suggesting that there is a
correlation between local inflammation and TMD pain following MMTL. Furthermore, using ibuprofen,
a first-line and commonly used NSAID for the treatment of inflammatory TMD [24–27], we validate the
MMTL-produced myogenic TMD model. Given that the surrounding structures, such as paratenon and
endotenon, are innervated by nerve fibers and the innervation could be damaged by tendon ligation
and that there is potential nerve ingrowth into the tendon during tendon repair [42], neuropathic
factors may be also involved in the MMTL-produced myogenic TMD.

Many patients with TMD report pain comorbidities including migraine headache [12]. In this study,
we focused on the comorbid myogenic TMD and migraine-like hypersensitivity. A systemic injection
of NTG has been used extensively to induce migraine-like hypersensitivity [17–20,43]. Our results are
consistent with these previous studies: 10 mg/kg of NTG induces acute periorbital hypersensitivity,
while 1 mg/kg of NTG is not enough to induce significant hypersensitivity. By combining MMTL with
NTG injection, we mimicked the comorbid condition in a mouse model. MMTL pain is displayed in
the masseter muscle (innervated by trigeminal nerve V3 branch) but not present in the periorbital area
(innervated by trigeminal nerve V1 branch). NTG-induced acute migraine-like hypersensitivity was
observed in the periorbital area innervated by trigeminal nerve V1. Interestingly, we further observed
that MMTL pretreatment significantly prolonged NTG-induced facial mechanical allodynia in the
periorbital area. Our results suggest that a pre-existing myogenic TMD can enhance NTG-induced
migraine-like hypersensitivity and promote its chronicity. The combinative approach causes an
exacerbated orofacial pain state. Moreover, a low dose (1 mg/kg) of NTG cannot induce detectable
mechanical allodynia and light-aversive behavior as described previously [17], but MMTL pretreatment
induces mechanical allodynia after injecting the low dose of NTG. Together, these results demonstrate
that the new mouse model we developed can be used to mimic the comorbid migraine headache
in TMD patients. However, this model has several limitations: (1) The MMTL we used produces
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myogenetic TMD, but TMDs in clinic are usually caused by a combination of factors; (2) Although NTG
has been commonly used as a migraine triggering agent, the administration of NTG is systemic rather
than restricted to specific trigeminal region; (3) In previous studies [20,44–46] light aversive behavior
induced by NTG in rodents is observed only within 2 h, and we did not detect light aversive behavior
90 min or 24 h post-NTG administration. The timepoints of light-aversive behavior in rodents do not
exactly match with the timeline of photophobia in patients with migraine. Therefore, further studies
will be needed to determine the translational significance of our model. In the future, we may use
other methods (such as genetic mouse model of migraine) to verify the effect of the MMTL-produced
myogenic TMD on migraine pain.

To further validate that the periorbital facial pain enabled by MMTL pretreatment under low-dose
of NTG is migraine-like, we used sumatriptan, an FDA-approved drug for migraine, in our studies.
Our results showed that systemic injection of sumatriptan prior to NTG inhibits the MMTL-enabled
periorbital hypersensitivity, indicating that the MMTL-enabled periorbital pain is migraine-like. Nitric
oxide donors, such as NTG, can cause arterial dilatation and may induce migraine attack [47,48].
Sumatriptan is a potent selective serotonin receptor agonist that is used to abort migraine attacks [49,50],
including NTG-induced migraine [17,51], by suppressing nitric oxide signaling [52,53]. However, it
has been reported that the anti-migraine effect of sumatriptan involves both peripheral and central
mechanisms [54]. This drug can regulate multiple signaling pathways by activating different types of
serotonin receptors. Thus, sumatriptan may inhibit the MMTL-enhanced migraine-like hypersensitivity
by modulating both nitric oxide-related and nitric oxide-irresponsive signaling pathways.

CGRP is synthesized in certain neurons and then released from their peripheral or central terminals
in the trigeminal nociceptive system [55,56]. CGRP increases in the Sp5C in different migraine animal
models [21–23]. In the present study, our results showed that the MMTL itself only increased the
protein level of CGRP in the ipsilateral rostral Sp5C-V3 area, but not the caudal Sp5C-V1 area. However,
when combined with NTG, the MMTL significantly increased NTG-induced CGRP in the caudal
Sp5C-V1 at different time points. These results suggest that CGRP in the Sp5C not only contributes to
the molecular mechanisms for TMDs and migraine, but also plays a role in their comorbidity. The
released higher CGRP after MMTL could activate trigeminal nociceptive neurons in the Sp5C and
facilitate central sensitization, thereby promoting chronicity of migraine pain. A previous study [57]
reported that CGRP expression in the Sp5C decreases at 4 h after subcutaneous injection of NTG.
The disparity of NTG-produced change in CGRP protein level may be due to different tissue harvest
time and the NTG injection method used in that study and our study.

Previous studies have shown that both inflammation in the TMJ [58,59] and inflammation on the
dura [60] produce inflammatory response in the trigeminal ganglion. Trigeminal ganglion inflammation
might play a role in the pathogenesis of migraine [61]. The inflammation in one of the ganglion
branches could lead to increased likelihood of hypersensitivity in other branches, which may contribute
to the development of migraine and its chronicity. In the future, we will target trigeminal ganglion to
investigate how the ganglion inflammation affects migraine and produces exacerbated orofacial pain
in our combination model.

In conclusion, we combined a myogenic TMD with NTG-induced migraine-like hypersensitivity to
mimic the comorbidity of TMD and migraine in a mouse model. Our results indicate that a pre-existing
myogenic TMD enhances NTG-induced migraine-like hypersensitivity, which could be mediated by
upregulation of CGRP in the Sp5C. In the future, we will use this mouse model to investigate the
underlying mechanisms of this comorbidity. It is hoped that our work will help identify potential
therapeutic targets for such comorbid condition in order to develop a mechanism-based, novel therapy
for patients with these frequently occurring pain presentations.
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4. Materials and Methods

4.1. Animals

Totally 204 male C57BL/6 mice (6–8 weeks, Charles River Laboratories, Wilmington, MA, USA)
were used. The mice were housed under standard conditions on a 14:10 light/dark cycle (7 AM–9 PM
light), with food and water available ad libitum. The mice were randomly assigned into different
groups. All behavioral tests were carried out by an investigator blinded to the treatment groups.
All experiments were approved by the Texas A&M University Institutional Animal Care and Use
Committee and all animal procedures were carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and the Animal Research Reporting of In
Vivo Experiments (ARRIVE) guidelines.

4.2. MMTL Surgery

Unilateral MMTL was conducted with modification from a rat model [15]. Briefly, mice were
anesthetized with intraperitoneal (i.p.) injection of pentobarbital sodium (50 mg/kg). MMTL was
achieved via an intraoral approach. On the left side, the tendon of the anterior superficial part of the
masseter muscle was gently freed from the surrounding connective tissues and then tied with two
6.0 chromic gut ligatures. The ligatures are 2 mm apart. The incision was closed with Vetbond tissue
adhesive (Catalog #1469SB, 3M, St. Paul, MN, USA). The sham control mice underwent the same
operation, but the tendon was not ligated.

4.3. Drug Administration

A stock solution of NTG (5.0 mg/mL, NDC #0517-4810-25, American Regent, Shirley, NY, USA)
containing 30% alcohol and 30% propylene glycol was freshly diluted with 0.9% saline. The vehicle
control for NTG was its dissolvent (30% alcohol and 30% propylene glycol) diluted in 0.9% saline.
Mice received a single injection of NTG or vehicle (i.p.), and NTG included two doses: 10 mg/kg
(the higher dose) and 1 mg/kg (the lower dose). To validate MMTL-produced myogenic TMD pain,
ibuprofen (Catalog # I1892, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% saline and
then administered by oral gavage at two doses (30 mg/kg and 100 mg/kg) as described in recent
publications [62–66]. For sumatriptan administration (one dosage), 20 min prior to NTG injections,
each animal was injected (i.p.) with sumatriptan succinate (1 mg/kg in 0.9% saline, Catalog # S1198,
Sigma-Aldrich, St. Louis, MO, USA) or 0.9% saline as described previously [17,67–72].

4.4. Functional Allodynia Test

TMD-produced functional allodynia was measured using a dolognawmeter, a validated operant
assay to quantify gnawing dysfunction in mice [41]. Briefly, each mouse was placed in a tube
confinement with one end closed. On the other end, two polymer dowels in series blocked mouse from
escaping. The mice instinctually gnaw through both dowels to escape. The duration of time required
to sever the second dowel was recorded as gnaw time. We started all tests at ~10:00 AM and trained all
mice for 10 sessions before the MMTL or sham surgery. For each mouse, the average gnaw time of the
last three training sessions served as its own baseline. Gnawing function was reported as a percent
change from baseline.

4.5. Facial Mechanical Allodynia Test

The facial mechanical allodynia of mice was measured with calibrated von Frey filaments as
described in our previous studies [20,36]. Briefly, each mouse was placed in an acrylic restraining
cylinder (10 cm long, 3 cm internal diameter) and allowed to poke out its head and forepaws but
cannot turn around [18]. The mice were habituated for 10 min prior to every test. A series of von Frey
filaments (0.07, 0.16, 0.4, 0.6, 1.0, 1.4, and 2.0 g) were applied to the periorbital region ipsilateral to
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MMTL surgery (innervated by trigeminal nerve V1 branch) [73,74] and the skin area over the masseter
muscle (innervated by trigeminal nerve V3 branch). Each filament, starting from the lowest force
(0.07g) continuing in ascending order, was applied five times and each time lasted for 1–2 s with a
10 s interval. A positive response was defined as a clear withdrawal of the head or a forepaw swipe.
The head withdrawal threshold was calculated as the force at which the positive response occurred at
least three times out of five stimuli.

4.6. Light-Aversive Behavior Test

Light-aversive behavior was examined via the light/dark box test on day 8 after MMTL (before
NTG administration), 90 min and 24 h after NTG administration. The light/dark box test was carried
out as described in a previous study [20]. Briefly, a light/dark box was custom made (30 × 30 × 30 cm)
with two equal-sized compartments and a small opening (7 × 7 cm) connecting the two compartments.
The light compartment was painted white without a cover and a LED illuminator (1000 lx, Catalog
#AMPS-ILED-21, Laxco Inc, Mill Creek, WA, USA) was placed over the top; the dark compartment
was painted black with covered top. Mice were individually tested in the custom-made light/dark
box for 30 min. At the beginning of the test, mice were put at the small opening door between the
two compartments, so that the mice can choose which compartment they prefer to enter. The box
was cleaned with 75% ethanol followed by distilled water between each test. The test sessions were
recorded using a video camera, without the presence of the experimenter in the test room; this was
done to minimize potential environmental variables introduced by the experimenter. The videos were
evaluated later and the percentage of time spent in the dark compartment was calculated.

4.7. Hematoxylin and Eosin (H&E) Staining

On days 3, 7 and 15 after MMTL surgery, mice were perfused intracardially with 4%
paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4) under deep anesthesia with isoflurane. The masseter
muscle and tendon tissues were harvested, post-fixed in 4% PFA in 0.1 M PBS for 24 h, and cryoprotected
in 30% (w/v) sucrose for 48 h at 4 ◦C. The tissues were sectioned at 15 µm thickness with a cryostat
(CM1950, Leica, Buffalo Grove, IL, USA). Standard H&E staining was performed according to the
manufacturer′s instructions (Catalog #MHS16 and #HT110116, Sigma-Aldrich, USA).

4.8. Immunohistochemistry

On day 7 after MMTL surgery, and at 2 or 24 h after NTG administration, mice were perfused
as described above. Next, the brainstem tissues containing Sp5C were harvested, post-fixed,
and cryoprotected. The tissues were sectioned at 20 µm thickness. For each mouse, sections
were collected (one section from every five consecutive sections) and blocked in 0.1 M PBS containing
5% normal goat serum (Catalog #5425S, Cell Signaling, Danvers, MA, USA) and 0.3% Triton X-100 for
1 h. The sections were incubated with mouse anti-calcitonin gene-related peptide (CGRP) antibody
(1:300; Catalog # ab81887, Abcam, Cambridge, MA, USA) diluted in blocking solution for 20 h at 4 ◦C,
and then rinsed and incubated with a Cy3 conjugated secondary antibody (1:400; Catalog # 715-165-150,
Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at room temperature. The sections were
examined under a Leica microscope (DMi8, Leica, Buffalo Grove, IL, USA). For quantification of
immunohistochemical staining, images of caudal Sp5C-V1 and rostral Sp5C-V3 [75] were taken under
the 40X objective lens, at 500-ms exposure time. Total integrated density of all the positive signals was
measured using Leica Application Suite X (LAS X software, Leica, Buffalo Grove, IL, USA). For each
mouse, three sections were used.

4.9. Statistical Analysis

All data are expressed as means ± standard error of mean (SEM). Statistical analyses were
performed with SPSS Statistics, version 24.0 (IBM Corp, Armonk, NY, USA). Sample size calculations
were performed using the power analysis program G*Power 3.1 [76]. The data from behavioral tests
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were analyzed with two-way repeated measures ANOVA followed by Sidak or Tukey’s post hoc test.
The immunohistochemistry data were analyzed with two-way ANOVA followed by Tukey’s post hoc
test. Statistical significance was accepted for a p-value less than 0.05.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/11/4049/s1;
Supplementary Figure S1: Systemic injection of NTG induces mechanical hypersensitivity in trigeminal nerve
V3-innervated masseter area of mice; Supplementary Figure S2: MMTL differentially affects NTG-induced
mechanical hypersensitivity in ipsilateral and contralateral periorbital area; Supplementary Figure S3:
MMTL enhances NTG-induced migraine-like hypersensitivity in female mice; Supplementary Figure S4:
Specificity of the CGRP antibody. Sp5C-containing brainstem tissues from wild-type mice were harvested
for immunofluorescence staining.
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Abbreviation List

CGRP calcitonin gene-related peptide
MMTL masseter muscle tendon ligation
NTG nitroglycerin
Sp5C spinal trigeminal nucleus caudalis
TMD temporomandibular disorders
TMJ temporomandibular joint
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