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Elucidation of neuronal activity in mouse models of
temporomandibular joint injury and inflammation by
in vivo GCaMP Ca21 imaging of intact trigeminal
ganglion neurons
Hyeonwi Sona, John Shannonhousea, Yan Zhanga, Ruben Gomeza, Felix Amaristaa, Daniel Pereza, Edward Ellisa,
Man-Kyo Chungb, Yu Shin Kima,c,*

Abstract
Patients with temporomandibular disorders (TMDs) typically experience facial pain and discomfort or tenderness in the
temporomandibular joint (TMJ), causing disability in daily life. Unfortunately, existing treatments for TMD are not always effective,
creating a need for more advanced, mechanism-based therapies. In this study, we used in vivo GCaMP3 Ca21 imaging of intact
trigeminal ganglia (TG) to characterize functional activity of the TG neurons in vivo, specifically in mouse models of TMJ injury and
inflammation. This system allows us to observe neuronal activity in intact anatomical, physiological, and clinical conditions and to
assess neuronal function and response to various stimuli. We observed a significant increase in spontaneously and transiently
activated neurons responding to mechanical, thermal, and chemical stimuli in the TG of mice with TMJ injection of complete Freund
adjuvant or with forced mouth opening (FMO). An inhibitor of the calcitonin gene–related peptide receptor significantly attenuated
FMO-induced facial hypersensitivity. In addition, we confirmed the attenuating effect of calcitonin gene–related peptide antagonist
on FMO-induced sensitization by in vivoGCaMP3Ca21 imaging of intact TG. Our results contribute to unraveling the role and activity
of TG neurons in the TMJ pain, bringing us closer to understanding the pathophysiological processes underlying TMJ pain after TMJ
injury. Our study also illustrates the utility of in vivoGCaMP3Ca21 imaging of intact TG for studies aimed at developingmore targeted
and effective treatments for TMJ pain.
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1. Introduction

Joints endow us with flexible movements like moving away from
danger, securing food, intricate communication, and manipulat-
ing food or objects. Among those joints, the temporomandibular
joint (TMJ) performs essential behaviors such as mastication,
speech, and other jaw movement activities. The paramount role
of joints is evident as 80% of joint afferent nerve fibers exhibit
nociceptive properties.27 The dominance of nociceptors

underscores their critical function—specialized nerve endings
highly sensitive to potential damage & injury stimuli. Their
prevalence indicates an evolutionary response toward immediate
detection and mitigation of injury, serving a protective role for
joints.45

The protective mechanism provided by joint afferents can
become a double-edged sword when injured and inflamed. For
instance, excessive mechanical stress can induce disc displace-
ment in TMJ, leading to inflammation.36 Nociceptors could also
cause a prolonged increase in excitability after inflammation and
become more sensitive to normally innocuous stimuli.7 This
peripheral sensitization in TMJ afferents, innervated exclusively by
trigeminal ganglion (TG) neurons, results in temporomandibular
disorder (TMD)-related pain and discomfort.7,37 As a result, the
pain and discomfort occurring as a protective response to
prevent further injury can become persistent, even in the absence
of an immediate threat to the joint’s integrity.10

TMD is the second most common musculoskeletal disorder,
affecting 5% to 12% of the US population (National Institutes of
Health). It consists of myalgia, arthralgia, and myofascial pain,
resulting in headaches, limited jaw motion, and pain-related
disability.11 Existing treatments for TMD and/or TMJ pain are not
always effective in all patients, underscoring the need for more
advanced, mechanism-based therapies. Therapeutic limitations
stem from our poor understanding of TMJ pain mechanisms.
Because TMJ pain exclusively relies on TG neurons encoding
pain signals and relaying them from the periphery to the central
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nervous system,10 monitoring the activities of TG neurons could
provide direct mechanistic information enabling identification of
the pathological mechanisms of TMJ pain. We have here
confirmed peripheral sensitization in TMJ injury and inflammation
using in vivo GCaMP3 Ca21 imaging of intact TG and have
demonstrated the utility of GCaMP3 Ca21 imaging for unraveling
the function and activity pattern of TG neurons in the TMJ pain.
Our study shows that in vivo GCaMP3 Ca21 imaging of intact TG
offers unprecedented insights into the functional alterations of TG
neurons in TMJ injury and inflammation. Thus, our approach
promises to bridge existing knowledge gaps and foster the
development of targeted therapeutic interventions.

2. Methods

2.1. Animals

Pirt-GCaMP3 mice, prepared according to methods described
previously,22,23 were used with C57BL/6 mice. Mice were
housed 3 to 5 mice per cage and exposed to a 12-hour light/
dark cycle. They were allowed access to water and mouse chow
ad libitum.Male and female mice, aged between 6 and 12weeks,
were used for experiments. All animal procedures were approved
by the University of Texas Health at San Antonio Institutional
Animal Care and Use Committee. All experiments were
performed following the National Institute of Health Guide for
the Care and Use of Laboratory Animals.

2.2. Peptides and drugs

a-Calcitonin gene–related peptide (CGRP) was acquired from
Bachem (Bubendorf, Switzerland). Complete Freund adjuvant
(CFA) was sourced from Sigma (Burlingame, CA). BIBN-4096
was obtained from Tocris Bioscience/Bio-Techne Corporation
(Minneapolis, MN). BIBN-4096, at a concentration of 10 mg/kg,
was formulated in a solution containing 5% DMSO and 5%
Tween-80 dissolved in 0.9% NaCl. The prepared solution was
administered intraperitoneally to the experimental subjects.

2.3. Complete Freund’s Adjuvant injection

CFA (1 mg/mL) was emulsified 1:1 with phosphate-buffered
saline and was injected once unilaterally into the TMJ intra-
articular space (20 mL).16 As a control measure, phosphate-
buffered saline was injected on the contralateral side.

2.4. Forced mouth opening

Forced mouth opening (FMO) procedure used in here was based
on previous studies with modifications.15,19,39,42,44 Mice were
anesthetized with Ketamine/Xylazine (80/10 mg/kg) (Zoetis, KET-
00002R2; VetOne, 33197). To apply a constant force, we used
a colibri retractor (Fine science tools, 17000-03) for opening
mouth. FMO was conducted for 3 hours each day for 5
consecutive days. Control mice underwent the same anesthetic
regimen without a sustained mouth-opening procedure.

2.5. Facial von Frey test

To measure facial pain behavior in response to mechanical
stimuli, we used the facial von Frey test with paper cups.5 Mice
underwent a habituation phase in which they were familiarized
with the experimenter’s scent and hand touch for 2 days. The
mice were then acclimated to a transparent plexiglass chamber

equipped with 4-oz paper cups for 2 hours daily over 3
consecutive days. After acclimation, baseline tests were per-
formed to assess the cutaneous sensitivity of the facial area,
particularly the temporomandibular region, using von Frey
filaments, for 5 to 7 days. The facial von Frey test baseline was
determined to be achieved when mice exhibited a threshold
between 0.5 and 0.7 g. The exact thresholds were ascertained
using the Dixon “up-and-down” methodology.18

2.6. Trigeminal ganglion exposure surgery for in vivo
Pirt-GCaMP3 Ca21 imaging

Mice were anesthetized by intraperitoneal injection of Ketamine
(Zoetis, Parsippany-Troy Hills, NJ)/Xylazine (approximately 80/
10 mg/kg) (VetOne, Boise, ID) 24 hours after the completion of
CFA injection and FMO, and then ophthalmic ointment (Lacri-
lube; Allergen Pharmaceuticals, Dublin, Ireland) was applied to
the eyes. Hair was shaved from the cheek area to the
temporomandibular region, and surgery was performed as
previously described.22,40 The right-side dorsolateral skull was
exposed by removing skin and muscle. A patch of dorsolateral
skull (parietal bone between the right eye and ear) was removed
using a dental drill (Buffalo Dental Manufacturing, Syosset, NY) to
make a cranial window (;10 3 10 mm). The TG was then
exposed by aspirating overlying cortical tissue. During the
surgery, the mouse’s body temperature was maintained on
a heating pad at 37˚C 6 0.5˚C and monitored by a rectal probe.

2.7. In vivo Pirt-GCaMP3 Ca21 imaging of intact
trigeminal ganglion

In vivo Pirt-GCaMP3 Ca21 imaging of intact TG in live mice was
performed for 2 to 5 hours immediately after exposure surgery.
After the exposure surgery, mice were placed abdomen-down on
a custom-designed platform under the microscope. For in vivo
Pirt-GCaMP3 Ca21 imaging of intact TG, the animal’s head was
fixed by a head holder to minimize movements from breathing
and heartbeats. During the imaging session, body temperature
was maintained at 37˚C 6 0.5˚C on a heating pad and was
monitored by a rectal probe. Anesthesia was maintained with 1%
to 2% isoflurane using a gas vaporizer with pure oxygen. Live
imageswere acquired at 10 frames per cycle in frame-scanmode
at ;4.5 to 8.79 seconds per frame, ranging from 0 to 900 mm,
using a 5 3 0.25 numerical aperture dry objective at 512 3 512
pixels or higher resolution with solid diode lasers tuned at 488 nm
and emission at 500 to 550 nm.

To evaluate the sensitization of TG in response to different stimuli,
we applied mechanical (von Frey filaments), thermal (noxious water
and acetone), and chemical (capsaicin) stimuli. von Frey filament (0.4
g) was applied to the different areas of the animal’s face divided by
TG branches for 1 cycle. Noxious water (4˚C and 50˚C, 2 mL) and
acetone (20 mL) were gently applied with a pipette to the fur skin of
the mouse’s face for 2 cycles. Capsaicin (500 mM, 10 mL) was
injected intracutaneously into the different TG branches.

For the analysis of imagingdata, raw image stackswere collected,
deconvoluted, and imported into ImageJ (National Institutes of
Health). We realigned and corrected optical planes from sequential
time points using the stackreg plugin, which is based on rigid-body
cross-correlation image alignment. We expressed Ca21 signal
amplitudesas a ratio of Ft (the fluorescence intensity in each frame) to
F0 (the average fluorescence intensity observed during the initial 1-4
frames). Each responding cell was confirmed through a meticulous
visual examination of the raw imaging data. Cells that exhibited
stead-state high Ca21 or oscillations in amplitude driven by calcium
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signals in the absence of external stimuli were identified as
spontaneous neurons, whereas those that exhibited amplitude
changes in response to specific stimuli were termed activated
neurons. The cell body diameters of these neurons were
quantitatively assessed using the ImageJ software, specifically using
the Feret diameter measurement tool. After this evaluation, neurons
were categorized based on their diameter: cells with a diameter
of,20 mmwere considered small, those in the 20 to 25 mm range
were considered medium, and neurons with diameters .25 mm
were classified as large.

2.8. Statistics

Statistical evaluations were conducted using Prism (GraphPad).
Error bars represent mean 6 SEM. A P , 0.05 was considered
significant. The specific statistical tests used are detailed in the
figure legends.

3. Results

3.1. In vivo GCaMP Ca21 imaging enables monitoring of
functional changes and activity patterns of trigeminal
ganglion neurons innervating temporomandibular
region (V3)

Using Pirt-GCaMP3 mice, in which the genetically encoded Ca21

indicatorGCaMP3 is specifically expressed in.95%of all peripheral
sensory neurons under the control of the Pirt Promoter,22,23 we
imaged intact TG in vivo (Fig. 1A). We imaged 2819 6 18.84
neuronal cell bodies in each TG examined. Diameters of most
neurons ranged from 10 to 35mm (Fig. 1B), whichwe classified into
3 groups, including small-diameter (,20 mm), medium-diameter
(20-25 mm), and large-diameter (.25 mm) neurons. Small-diameter
TG neurons were the most numerous (Figs. 1C and D). To observe
the basal condition of spontaneously activated neurons, before
stimulus or drug application, we monitored TG neurons for
approximately 25 minutes using in vivo Ca21 imaging of intact TG.
An average of 36.3 neurons exhibited spontaneous activity (Figs. 1E
and F). Small-diameter TG neurons exhibited the highest average
activation, followed bymedium-diameter neurons (Figs. 1G and H).

Next, to observe TG neuronal activity in response to various
stimuli, we applied von Frey filament (mechanical), hot/cold water
(thermal), or capsaicin (chemical) to each orofacial region
innervated by ophthalmic (V1), maxillary (V2), and temporoman-
dibular (V3) TG neurons12 during in vivo Pirt-GCaMP3 Ca21

imaging of intact TG (Fig. 2A). In response to stimuli applied to
V1, V2, and V3 regions of the face, TGneurons exhibited a region-
specific activation pattern, highlighting a distinct, localized
response in the TG neurons associated with each peripheral
tissue (Fig. 2A, right panels). V2 and V3 neurons were more
responsive to stimuli than V1 neurons (Figs. 2B–E). Neurons
activated in response to stimulation in region V3 were primarily
medium-diameter neurons (Figs. 2B–E). These results, using
Pirt-GCaMP3 mice, indicated that in vivo GCaMP Ca21 imaging
of intact TG in living mice provides a robust tool for capturing
neural dynamic responses with various stimuli under various
conditions, especially within the V3 region. These techniques and
tools will likely provide the capacity for precise and detailed
examination of neural signaling and circuit responses.

3.2. Sensitization of trigeminal ganglion neurons in
temporomandibular joint pain animal models

Animal models mimicking the high levels of inflammation
observed in the TMJ of TMD patients have been developed

using direct injection of chemical agents, including CFA,
zymosan, carrageenan, mustard oil, monoiodoacetate, albumin,
and formalin, into the TMJ to cause inflammation. It has been
confirmed that intra-TMJ injections of CFA cause mechanical
hyperalgesia within the TMJ in rodents.11 Consistent with this, we
confirmed hypersensitivity lasting up to 7 days in the V3 region of
CFA-injected mice by the von Frey test (Fig. 3A). Although the
current model is essential for deciphering the inflammatory
processes leading to TMJ pain and degeneration, there is
a pressing need for a direct translational model that accurately
replicates the pathological progression of TMJ pain. This
necessity stems from the fact that the use of CFA injections only
captures some aspects of the complex disease pathogenesis of
TMJ pain. The FMO model involves overloading the TMJ and
mechanically mimics the pathogenesis of TMJ pain.15,19,39,42,44

Here, we found that FMO for 3 hours per day for 5 days caused
mechanical hypersensitivity in the V3 region, which lasted longer
than the CFA-injection model (Fig. 3B). FMO–induced hyper-
algesia lasts up to 32 days.44 These results suggest that, as
a translational model for understanding the pathophysiology of
TMJ pain, the FMO model is more representative of human
TMJ pain.

Peripheral sensitization of nociceptors usually takes 2 forms.
One is a sustained spontaneous activity, and the other is
a response to innocuous stimuli.10 To assess whether CFA
injection or FMO alters the spontaneous activity of TG neurons,
we first observed the activity of TG neurons using in vivo Pirt-
GCaMP3 Ca21 imaging of intact TG. The total number of
spontaneously activated neurons increased in both the CFA and
the FMO groups compared with the sham controls, and the
increases were because of increases in 2 subgroups, small-
diameter (,20 mm) and medium-diameter (20-25 mm) neurons
(Figs. 4A and B). We next asked whether TG neurons were
sensitized in response to noxious or nonnoxious stimuli. For this,
we applied von Frey filament (mechanical), acetone (thermal), hot/
cold water (thermal), or capsaicin (chemical) to the V3 region.
After application of 0.4 g filament to the V3 region, activation of
small-diameter neurons but not of medium-diameter neurons
was increased in CFA-injected mice, whereas activation of both
small- and medium-diameter neurons was increased in FMO
mice (Figs. 5A andB). Whenwe applied acetone to the V3 region
of CFA-injected mice, the number of activated neurons was
increased because of an increase in activation of small-diameter
neurons (Fig. 5C). Cold (4˚C) water induced an increase in
activated neurons of FMOmice (Fig. 5D), but hot (50˚C) water did
not induce any changes in activated neurons of V3 regions of
either CFA-injected or FMO mice (Figs. 5E and F). Capsaicin
injection into the V3 region increased the number of activated TG
neurons in both CFA-injected and FMOmice (Figs. 5G and H). In
CFA-injected mice, small- and medium-diameter neurons
contributed to the increase of activated neurons, whereas in
FMO mice, all 3 subgroups contributed to the capsaicin-induced
increase (Figs. 5G and H). These data indicate that CFA injection
and FMO differentially sensitize TG neurons to various stimuli and
suggest that FMO causes behavioral and cellular changes related
to TMJ pain symptoms.

Persistent pain resulting from trigeminal nerve injury and
orofacial inflammation can spread to adjacent orofacial
regions.38 Notably, patients with TMDs show comorbidity with
headache disorders.30 We, therefore, investigated whether
FMO leads to the sensitization of adjacent orofacial regions,
including the V1 and V2 regions, similar to the observations in
the V3 region. We replicated the stimuli used in the V3 region to
the V1 and V2 regions of FMO mice during in vivo GCaMP3
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imaging of intact TG. Our results showed an increase in the
activation of TG neurons in response to a 0.4-g filament stimulus
and capsaicin injection applied to V1 region but not to cold (4˚C)
and hot (50˚C) water (Figs. 6A–D). In the V2 region, a 0.4-g
filament stimulus increased activated neurons only (Fig. 6E),
whereas there were no differences in response to noxious
temperature stimuli and capsaicin injection (Figs. 6F–H). These
results may indicate that TMJ pain spreads to adjacent orofacial
regions at the level of TG.

3.3. Calcitonin gene–related peptide antagonist alleviates
forced mouth opening–induced sensitization of trigeminal
ganglion neurons

CGRP levels are elevated in the synovial tissue of patients with
TMD and are associated with TMD symptoms.1,2,20,25,35 Thus,
CGRP is thought to contribute to the pathogenesis of TMD, and
indeed, CGRP antagonists have been shown to alleviate TMD

symptoms in preclinical studies.6,21,31,41 To determine if artificially
increasing CGRP levels induced pain behavior, we administered
CGRP directly into the TMJ and tested for pain behavior. CGRP
injection induced hypersensitivity (Fig. 7A), which lasted up to
2 days after CGRP injection. Conversely, to determine whether
a CGRP receptor antagonist (BIBN-4096) inhibited pain behavior
in the FMO model, we induced mechanical hypersensitivity with
FMO and then intraperitoneally injected a CGRP receptor
antagonist. Hypersensitivity was gradually attenuated by suc-
cessive injections (Fig. 7B). We used GCaMP3 Ca21 imaging to
determine whether the CGRP receptor antagonist attenuated
FMO-induced sensitization of TG neurons. The antagonist was
administered on day 4 after FMO under the same conditions as in
Figure 7B, and GCaMP Ca21 imaging was performed 2 hours
later. We found that the increases in activated neurons seen
previously (Figs. 4B and 5E–H) were attenuated by the CGRP
antagonist (Figs. 7C–G). However, the increased number of
activated neurons resulting from application of cold (4˚C) water

Figure 1. Visualization and analysis of activated neuronal populations in TG of Pirt-GCaMP3 Mice. (A) Representative image of whole TG captured using in vivo
Pirt-GCaMP3 Ca21 imaging of intact TG. The locations of neuronal cell bodies for V1 (ophthalmic), V2 (maxillary), and V3 (mandibular) are indicated. (B) Histogram
depicting the cell number distribution according to cell diameter (mm) (n 5 3 mice). (C) Graph showing the cell numbers categorized into 3 groups based on cell
diameter: small (,20mm), medium (20-25mm), and large (.25 mm) (n5 3mice). (D) Pie chart representing the percentage composition of each cell diameter size
group (n5 3mice). (E) Representative image of spontaneous activities captured through in vivo Pirt-GCaMP3 Ca 21 imaging of intact TG. White arrowheads point
to spontaneously activated neurons. (F) Representative heatmap displaying the spontaneously activated individual neurons in normal mice. (G) Bar graph showing
the number of spontaneously activated neurons, categorized by cell diameter size group (n 5 3 mice). (H) Pie chart showing the percentage composition of
spontaneously activated neurons according to cell diameter size (n5 3mice). S: small-diameter TG neurons (,20mm);M:medium (20-25mm); L: large (.25mm).
Error bars indicate SEM. TG, trigeminal ganglion.
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Figure 2. Region-specific activation patterns of TG neurons in response to various stimuli. (A) (Left) Schematic illustrating the specific regions stimulated during
in vivo GCaMP3Ca21 imaging. (Right) Representative images depicting neurons activated after capsaicin injection in the V1, V2, or V3 regions. (B-E) (Left) Graphs
showing the number of individual TG neurons activated by various stimuli: (B) 0.4-g von Frey filament, (C) 4˚C water, (D) 50˚C water, and (E) capsaicin (500 mM,
10 mL) in normal mice (n 5 3 mice). Each graph categorizes activated neurons by cell diameter size: small (,20 mm), medium (20-25 mm), and large (.25 mm).
(Right) Pie charts representing the percentage composition of each cell diameter size group (n 5 3 mice). Error bars indicate SEM. TG, trigeminal ganglion.

Figure 3. Mechanical hypersensitivity in the orofacial V3 region of CFA-injected and FMO models. (A) Graph depicting the TMJ and orofacial withdrawal
thresholds, as measured by von Frey filament, after CFA injection (n 5 6 mice per group). (B) Graph depicting the TMJ and orofacial withdrawal thresholds
determined by von Frey filament after FMO (n5 7 mice per group). Error bars indicate SEM. **P, 0.01; ***P, 0.001; 2-way analysis of variance with Bonferroni
multiple comparison post hoc test. CFA, complete Freund adjuvant; BL, baseline; FMO, forced mouth opening; TMJ, temporomandibular joint.
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Figure 4. Spontaneous activity increase of TG neurons after CFA-TMJ injection or FMO. (A) (Upper) Representative images of spontaneous activities in in vivo Pirt-
GCaMP3 Ca21 imaging of intact TG in CFA-TMJ–injected mice. V1 (ophthalmic), V2 (maxillary), and V3 (mandibular) indicate the location of neuronal cell bodies in
images of intact TG. White arrowheads indicate spontaneously activated neurons. (Bottom) Number of total, small, medium, and large spontaneously activated
neurons from each group in CFA-TMJ–injected mice (n5 6 mice per group). (B) (Upper) Representative images of spontaneous activities in FMO mice. (Bottom)
Number of total, small, medium, and large spontaneously activated neurons from each group in FMOmice (n5 7mice per group). Error bars indicate SEM. **P,
0.01; ***P, 0.001; 2-tailed Student t test. CFA, complete Freund adjuvant; FMO, forced mouth opening; TG, trigeminal ganglion; TMJ, temporomandibular joint.

Figure 5. Differential activation patterns of TG neurons in CFA-TMJ–injected or FMO mice in response to various mechanical, thermal, and chemical stimuli.
(Upper left and right) Representative images of in vivo GCaMP Ca21 imaging of intact TG neurons activated by 0.4-g von Frey filament onto V3 region. Number of
activated TG neurons in response to various stimuli in CFA-TMJ–injected (A-D) (n 5 6 mice per group) and FMO (E-H) (n 5 7 mice per group) mice. The graph
represents the number of individual neurons activated by 0.4-g von Frey filament (A and E), acetone (B), 4˚C water (F), 50˚C water (C and G), and capsaicin (D and
H). Error bars indicate SEM. *P , 0.05; **P , 0.01; ***P , 0.001; 2-tailed Student t test. CFA, complete Freund adjuvant; FMO, forced mouth opening; TG,
trigeminal ganglion; TMJ, temporomandibular joint.
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was not reduced by the CGRP antagonist (Fig. 7E). These results
confirm the sensitization of TG neurons in the FMO-induced TMJ
pain and indicate that GCaMP Ca21 imaging enables mechanis-
tic studies with various drugs and stimuli.

4. Discussion

TMJ involves daily jawmovements, such as chewing, swallowing,
speech, and other automatic movements, including yawning,
grinding, or clenching. TMJ dysfunction in patients with TMD can
devastate daily-life activities in humans.36 However, available
treatment methods and options only provide limited effective-
ness. The unmet therapeutic needs of patients with TMD stem
from our poor understanding of the pathophysiological mecha-
nisms of TMJ pain. Here, we showed that in vivo GCaMP3 Ca21

imaging of intact TG allows the simultaneous monitoring of nearly
3000 neurons in living mice and could be used to determine
whether the sensitization of TG neurons occurs in clinically
relevant translational TMJ pain animal models. Moreover, we
confirmed that a CGRP receptor antagonist alleviates FMO-
induced hypersensitivity of TG neurons. In addition, our use of
in vivoGCaMP3Ca21 imaging of intact TG has provided nuanced
insights into TG neuronal sensitization in TMJ pain, laying
a foundational step towards enhanced therapeutic strategies,
as evidenced by the mitigating effects of CGRP antagonist on
FMO-induced hypersensitivity.

The articular disk of TMJ has a limited ability to redistribute joint
stress, making this joint susceptible to damage from overloading.
Overloading causes disk displacement or joint degeneration,

which leads to inflammation and the release of inflammatory
mediators.7 This inflammation can cause peripheral sensitization
of nociceptors in the TMJ,27 ultimately resulting in pain and
discomfort related to TMD.7 Because of the role that inflammation
plays in the development of TMD-related pain, CFA injection into
TMJ in mice provides a reasonable TMJ pain model. However,
this model has limitations. CFA injections are limited in simulating
the complexity of chronic inflammatory responses. Although CFA
can induce acute inflammatory reactions and histological
modifications in the TMJ, including extracellular matrix accumu-
lation and soft tissue alterations, it does not cause cartilage and
bone degradation. Furthermore, this model is not fully represen-
tative of the underlying causes driving the sustained pain and
degeneration experienced by human patients because it does
not encompass the unidentified foundational elements contrib-
uting to the persistence of these conditions.11 Because excessive
TMJ activity and prolonged mouth opening are risk factors in
development of TMD,7 the FMO model of TMD-related pain is
attractive.15,19,39,42,44 FMO causes prolonged hypersensitivity in
the V3 region of mice, which lasted for at least 32 days after FMO,
which is longer than the CFA-injection model. In addition, FMO
causes TMJ injury but also significantly induces masticatory
muscle injury.44 These characteristics suggest that FMO is
sufficient to induce sensitization of TG neurons innervating
TMJ. The changes in thermal pain thresholds have been
observed in patients with TMD who showed lower thermal pain
thresholds to heat or cold stimuli.8,43 In particular, the hypersen-
sitivity to cold sensation (Fig. 5), but not to heat sensation, is
consistent with a lower threshold to cold stimuli, but not to heat

Figure 6. Activation patterns of TG neurons in FMOmice in response to different stimuli in V1 and V2 regions. (Upper left and right) Representative images of in vivo
GCaMPCa21 imaging of intact TG neurons activated by 0.4-g von Frey filament onto V1 (left) and V2 (right) region. Number of activated TG neurons in response to
various stimuli to V1 region (A-D) (n 5 5 mice per group) and V2 region (E-H) (n 5 5 mice per group). The graph represents the number of individual neurons
activated by 0.4-g von Frey filament (A and E), 4˚C water (B and F), 50˚C water (C and G), and capsaicin (D and H). Error bars indicate SEM. *P , 0.05; 2-tailed
Student t test. FMO, forced mouth opening; TG, trigeminal ganglion.
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stimuli, in the V3 region of TMD patients.8 This symptom similarity
suggests that our TMJ pain model using GCaMP3 Ca21 imaging
and FMO is suitable for preclinical testing of the efficacy of
therapeutic compounds.

Peripheral sensitization of the afferents originating from the TG
significantly contributes to ongoing craniofacial pain.37 Peripheral
neuropeptides, receptors, and ion channels activating or
sensitizing the nociceptive afferents have been identified.4,17

TRPV1, TRPA1, and TRPV4 have been identified as contributing
to the sensitization of TG in animal models of TMJ pain.9,26,41

However, direct studies on the sensitization of TG neurons in TMJ
pain animal models still need to be completed. Here, we
monitored the spontaneous activity and response to stimulation
of TG neurons in livemice in TMJ pain animal models and showed
that the neurons were more highly sensitized than in controls. We
also confirmed that CGRP inhibitors attenuated FMO-induced TG
sensitization. To our knowledge, this is the first time that the
sensitization of TG neurons has been measured directly in a TMJ
pain model in vivo.

Neuropeptides are known to contribute to nociceptor sensi-
tization.3,24 In peripheral tissue, neuropeptides, including CGRP
and substance P, are released from sensory neurons in a process
of neurogenic inflammation and can activate their specific
receptors to promote inflammation or sensitize nociceptors.29,32

CGRP has been associated with craniofacial pain, including
TMD.33,37 In particular, in migraine, an increase in CGRP levels of
peripheral tissues activates receptors on nociceptors and then

sensitizes nociceptors.14 Newmedications have been developed
based on this mechanism and are now commercially available for
patients with migraine.13 The effectiveness of these drugs in
migraine continues to be confirmed.34 In TMD, the relationship
between CGRP levels and TMD symptoms has also been
confirmed,1,2,20,25,35 and preclinical studies have shown anti-
nociceptive effects of CGRP antagonists.6,21,31,41 However, the
role of CGRP in TMJ pain remains unclear. In this context, our
confirmation of the effect of CGRP antagonists through in vivo
GCaMP Ca21 imaging represents a significant step forward in
understanding CGRP-related mechanisms in TMJ pain. As the
systemic treatment of CGRP antagonists in this study did not
completely exclude the involvement of the central nervous
system, future studies are needed to investigate the mechanisms
behind the effects of CGRP antagonists that we have identified.

TMD and primary headaches have an interrelationship in their
onset or severity.30 Consistent with this, we found themechanical
sensitization of neurons from uninjured branches, innervating V1
and V2, at the TG level using in vivo GCaMP imaging. Previous
studies have advanced the understanding of the mechanisms
mediating the spreading sensitization of nociceptors in sensory
ganglia.28,38 The spread of sensitization from injured regions to
uninjured regions can bemediated by crosstalk between neurons
or between neurons and satellite glial cells at the level of sensory
ganglia. Gap junctions, which are formed by connexins, allow
direct transmission of secondary messengers within sensory
ganglia. Nitric oxide released from sensitized primary afferent

Figure 7. Evaluation of CGRP-induced hypersensitivity and its attenuation by a CGRP receptor antagonist in FMO mice. (A) Graph showing head withdrawal
thresholds tested by von Frey filament after CGRP-TMJ injection (n5 5mice per group). (B) Headwithdrawal thresholds observed in FMOmice treatedwith BIBN-
4096 (CGRP receptor antagonist, 10 mg/kg intraperitoneally) (n 5 6 mice per group). (C) Number of total, small, medium, and large spontaneously activated
neurons in FMOmice after BIBN-4096 treatment (n5 6mice per group). (D-G) Number of individual TG neurons activated by 0.4-g von Frey filament (D), 4˚Cwater
(E), 50˚C water (F), and capsaicin (G) after BIBN-4096 treatment in FMO mice. Error bars indicate SEM. *P, 0.05; **P, 0.01; ***P, 0.001; (A) 2-tailed Student
t test; (B) 2-way analysis of variance with Tukey multiple comparison post hoc test; (C-G) 1-way analysis of variance with Tukey multiple comparison post hoc test.
CGRP, calcitonin gene-related peptide; FMO, forced mouth opening; TMJ, temporomandibular joint; Veh, vehicle.
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neurons could alter the excitability of uninjured trigeminal nerve
branches. The spread of sensitization in the sensory ganglia could
be indirectly mediated by paracrine neuropeptides such as
substance P and CGRP. CGRP released from TG neurons could
activate other neurons, satellite glial cells, and schwann cells,
increasing nitric oxide and several cytokines, including tumor
necrosis factor a and interleukin 1b. However, how the
sensitization spreads from the injured branch to the uninjured
branch in the TMD remains to be needed further investigation.
Our GCaMP3 in vivo imaging with the FMOmodel may provide an
opportunity to reveal the unidentifiedmechanism of the spreading
pain in TMDs.

This study confirmed that FMO, an established TMJ pain
model, induces significant hypersensitivity in the V3 region,
accompanied by TG sensitization, as confirmed by in vivo
GCaMP3 Ca21 imaging of intact TG. The finding reported here
are the first confirmation of TG sensitization in an animal model of
TMJ pain and of the antinociceptive effect of a CGRP antagonist
that attenuates TG sensitization, suggesting that in vivo GCaMP
Ca21 imaging of intact TG may provide the means to fully
elucidate the pathogenesis of TMD and contribute to finding new
therapeutic targets in preclinical studies.
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