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Abstract: Temporomandibular disorders (TMD) are a group of diseases in the oral and max-
illofacial region that can manifest as acute or chronic persistent pain, affecting millions of people
worldwide. Although hundreds of studies have explored mechanisms and treatments underlying
TMD, multiple pathogenic factors and diverse clinical manifestations make it still poorly managed.
Appropriate animal models are helpful to study the pathogenesis of TMD and explore effective
treatment measures. At present, due to the high cost of obtaining large animals, rodents and rabbits
are often used to prepare TMD animal models. Over the past decade, various animal models have
been intensively developed to understand neurobiological and molecular mechanisms of TMD, and
seek effective treatments. Although these models cannot carry out all clinical features, they are
valuable in revealing the mechanisms of TMD and creating curative access. Currently, there are
multitudinous animal models of TMD research. They can be constructed in different means and
summarized into four ways according to the various causes and symptoms, including chemical
induction (intra-articular injection of ovalbumin, collagenase, formalin, vascular endothelial growth
factor, intramuscular injection of complete Freund’s adjuvant, etc.), mechanical stress stimulation
(passive mouth opening, change of chewing load), surgical operation (partial disc resection, joint
disc perforation) and psychological stress induction. Here, we summarize and discuss different
approaches of animal models for determining neurophysiological and mechanical mechanisms of
TMD and assess their advantages and limitations, respectively.
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Introduction

Temporomandibular disorders (TMD) are a group of diseases involving the masticatory
muscles, temporomandibular joint (TMYJ), associated structures, and are characterized by
orofacial pain, joint sounds and restricted mandibular movement. TMD is one of the major
causes of non-dental pain in the orofacial region. Besides, TMD commonly occurs in young
and middle-aged people, with the highest prevalence and consultation rate at the age of 20-30
years. Additionally, TMD has a higher prevalence in women,' especially those in childbearing
age.” It has been shown that the prevalence of TMD varies from 21.1% to 73.3%, and painful
signs or symptoms range from 3.4% to 65.7%, while the frequency of non-painful TMD signs
or symptoms varies from 3.1% to 40.8%.> However, TMD is poorly managed in the dental
clinical practice due to the multifactorial etiology and complicated clinical manifestations, yet
the effective mechanism-based therapy for TMD is still under investigation.

Characteristics of TMD
Clinical Classification of TMD

TMD can be further classified into four types including temporomandibular joint

disorders, masticatory muscle disorders, headache disorders and disorders affecting
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associated structures.* TMJ disorders include joint pain
such as arthralgia and arthritis, joint disorders as disc
disorders, degenerative joint disease, systemic arthritides,
osteochondritis dissecans, osteonecrosis, neoplasm and
synovial chondromatosis, fractures, congenital or develop-
mental disorders. Masticatory muscle disorders, account-
ing for a large proportion of TMD, mainly include
myofascial pain, myositis, muscle spasm, unclassified
localized myalgia. Patients with myofascial pain often
show masseter muscle stiffness and pain, difficulty in
movement, etc. In addition, some patients suffer from
headache attributed to TMD. TMD symptoms can also
behave in some associated structures, such as coronoid
hyperplasia. The symptoms of TMD like pain, psycholo-
gical discomfort, physical disability and limitation of man-
dibular movements can become chronic and then impair
the quality of patients’ lives.” Specifically, patients can
present with any or all of the following signs: clicking,
popping, or crepitus of the TMJ on any of its movements
with or without locking of the joint, pain in the TMJ or
masticatory muscles, which may radiate to local or distant
structures.® Moreover, symptoms are often related to jaw
movements and pain in the masseter, preauricular, or tem-
ple region, varying from mild discomfort to debilitating
pain, including limitations of jaw function.

According to the affected area, TMD can be divided into
articular (within the joint) or non-articular (involving the
surrounding musculature) disorder, respectively.” The
articular disorder occurs due to an altered balance of ana-
bolic and catabolic cytokines, and this imbalance brings
about an inflammatory circumstance, which leads to oxida-
tive stress, free radicals, and eventually joint damage.® The
most common articular cause of TMD is articular disc
displacement involving the condyle-disc relationship,’
which may be secondary to osteoarthritis (OA), trauma,
infectious arthritis, prior surgery, gout or pseudogout (crys-
tal-arthropathies), rheumatoid arthritis (RA), psoriatic
arthritis and ankylosing spondylitis. However, more than
50% of TMD patients suffer from myofascial pain. Most
patients with non-articular disorder present myofascial pain
centralized on the muscles of mastication, and radiated to
the ears, neck and head, and even accompanied by some
chronic conditions, such as muscle strain and myopathies.”

Etiology of TMD

However, the etiology of TMD is multifactorial, as evi-
denced by the combination of psychological, physiologi-
cal, structural, postural and genetic factors.'” Nowadays,

with the study of the etiology of TMD, the multifactorial
pathogenic theory and the bio-psycho-social medical
model have been widely acknowledged.!' Moreover, the
clinical characteristics of TMD are so various that it is no
longer considered as a singly local disorder but the result
of diverse risk determinants. Despite the factors involved
in the etiology of TMD are numerous and complex, they
are concluded into four categories: (1) Inflammatory fac-
tors such as inflammation of the masticatory muscles
including masseter and temporal muscles, acute or chronic
synovial inflammation of the TMJ;'? (2) Occlusal factors
like high cusps, excessive wear of teeth, missing molars,
poor restorations, low distance between jaws, etc.
Disorders of occlusal relationship can disrupt the func-
tional balance between joint internal structures;'® (3)
Trauma and mechanical factors involving acute trauma
such as being hit by external force, biting hard objects,
as well as chewing hard food, teeth grinding at night, and
unilateral chewing habits, etc.'* These factors may cause
joint contusion or strain, dysfunction of masticatory mus-
cles; (4) Psychological factors including stress, anxiety,
tension and other psychological factors can increase the
incidence of pain symptoms, aggravate or prolong the

duration of pain symptoms.'’

Diagnosis of TMD

In order to better understand the prevalence, incidence,
and other characteristics of TMD, integrate the diagnostic
methods for TMD and seek effective treatments, the
Diagnostic Criteria for TMD (DC/TMD) has been widely
employed in both clinical and research settings.”* In the
early 1990s, pioneers first proposed the TMD dual-axis
diagnostic criteria the Research Diagnostic Criteria for
TMD (RDC/TMD), that is, to comprehensively evaluate
patients with TMD from two aspects involving the body
axis and the psychological axis. In the following two
decades, after achieving more reliable and valid revisions,
the newly commended DC/TMD has been provided.'® The
implement consists of two axes: Axis I, focusing on the
physical profiles, is a means for clinical examination, in
which both masticatory muscles and TMJ are assessed;
Axis II evaluates psychosocial factors. DC/TMD is recom-
mended not only for research purposes but also in clinical
settings in order to screen and test comorbidities and to
premeditate the effects of comorbidities when designing

fitting treatment for these patients.
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Therapeutics of TMD

Currently, despite a large number of patients suffer from TMD,
the clinical treatments for these patients are largely insufficient
since the etiology and pathogenesis of this condition are poorly
understood. Generally, treatments for TMD can be summar-
ized into two aspects: conservative and surgical treatments.
Medication, physiotherapy, occlusal splints, self-management
strategies, and interventions based on cognitive behavioral
approaches have been considered conservative treatments.'’
Simultaneously, surgical treatments involve arthroscopic sur-
gery, arthrocentesis, etc. Compared with surgical approaches,
conservative treatments create satisfactory clinical outcomes
without invasive damage, while they seem to be ineffective for
some patients with severe symptoms. Therefore, the effective
therapeutics for TMD is still controversial and urgently needed
in the clinical practice, as well as the underlying mechanisms
leading to TMD require further investigation.

Neurobiological Mechanisms of
TMD

Given that pain can affect quality of life, and the symptoms
can be chronic and difficult to manage, plenty of studies have
focused on the mechanisms of pain in TMD patients. In
addition to magnetic resonance imaging (MRI),'® white mat-
ter imaging and structural gray matter imaging techniques
have provided an innovative comprehension of structural and
functional brain alterations in TMD patients to further inves-
tigate the neurophysiological mechanisms.'® These studies
provide evidence that the dysfunctions of the peripheral and
central nervous system occur in TMD-related pain.
Peripheral etiological factors, for example, chronic inflam-
mation of TMJ, trauma of the masticatory muscles, and
occlusal disorders, play an important role in the development
of TMD-pain. Meanwhile, pain in other parts of the body
coexisting with TMD-pain suggests that the central nervous
system is involved in the occurrence of this kind of pain.*
Specifically, classic trigemino-thalamo-cortical system and
the lateral and medial pain systems are responsible for the
occurrence and development of the abnormal pain perception
in TMD patients. Besides, reduced white matter connectivity
in the corpus callosum was found in TMD patients through
diffusion tensor imaging (DTI), as well as reduced connec-
tivity to the dorsolateral prefrontal cortex (dIPFC), increased
connectivity to the frontal polar cortex (FPC).?! At the same
time, structural gray matter abnormalities and functional

MRI findings showed similar changes in FPC.'%*?

Long-term emotion stress resulting in obvious changes of
energy metabolism of masseter muscles in rats may be an
important reason for the change of ultrastructure of masseter
muscles.”> The mechanism of TMD symptoms caused by
stress includes both central and peripheral aspects.”* As for
central mechanism, stress causes the excitability of the
hypothalamus-pituitary-adrenal (HPA) axis, increases the
secretion of glucocorticoids, hypothalamic adrenergic hor-
mone releasing hormone, and pituitary adrenal stimulating
hormone, causing sympathetic nerve excitement, then
increased oxygen consumption causes ischemia. In the per-
ipheral, the stress state leads to increased neuromuscular
excitability, causing continuous spasm and contraction of
the masseter and other masticatory muscles, muscle blood
circulation disorders and ischemia, and secondary production
of lactic acid, histamine, serotonin, bradykinin, and nerves
growth factors, etc. These substances cause local blood ves-
sel dilation, inflammation as well as other phenomena, and
ultimately increase the excitability of cell membranes and
lower the perception threshold of nociceptors.

Nowadays, there is high comorbidity with functional syn-
dromes such as TMD, fibromyalgia syndrome (FMS) and
irritable bowel syndrome (IBS).* Increasing evidence impli-
cates the dysfunction of the central nervous system in pain
associated with TMD. By establishing
a comorbid animal model of TMD and FMS, our group
found that NMDAR-dependent central sensitization in the
spinal dorsal horn and 5-HT-dependent descending facilitation

regulation is

contribute to the development of wide-spreading hyperalgesia
in this comorbid pain model.>> Subsequently, we found that
the down-regulation of 5-HT,4 and 5-HT,c receptors in the
spinal cord caused dysfunction of the descending pain inhibi-
tory system, which resulted in somatic pain sensitization fol-
lowing orofacial inflammation and stress, suggesting
a potential target for the treatment of TMD combined with
FMS.%° In addition, the release of calcitonin gene-related
peptide (CGRP) in TMJ may aggravate other pain disorders
in the trigeminal area, leading to the prevalence of
comorbidity.?”  In that TMD is

a multifactorial disease, understanding the neurobiological

conclusion, given
mechanisms of TMD is critical, providing the research direc-
tion for clinical treatments.

Animal model of TMD is an essential approach to
investigate the pathogenesis of TMD and assess the poten-
tial therapeutic interventions since gaining various clinical
samples from patients with TMD is difficult. However, the
pathogenesis of TMD remains controversial and unclear.
In view of the various types of animal models, the
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neurophysiological mechanisms play important roles in the
development of TMD.

Animal Models of TMD

The animal model was defined as

An animal sufficiently similar to a human target group in
its physiology or behavior, based on a natural, bred, or
experimentally induced characteristic in the animals, and
which purpose is to generate knowledge that may be
extrapolated to the human target group.®®

It is an important part of preclinical research and a bridge
between basic research and clinical practice. Animal mod-
els simulating disease symptoms and pathologies are valu-
able tools for investigating potential mechanisms of
diseases, developing new therapies and predicting effec-
tive treatments for diseases. In recent years, there are
multitudinous animal models of TMD research. They can
be constructed in different means and summarized into the
following four ways according to the various causes and
symptoms. Here we summarized the TMD animal models
and respective physiological and molecular mechanisms
according to the different causes of TMD (Table 1 and
Figure 1).

For the search strategy and selection criteria, we retrieved
studies from the PubMed database up to July 2020, using
various combinations of search terms, including temporoman-
dibular disorder, animal model, pain, and neurobiological
mechanisms. Original articles, reviews, and other articles
were searched, included and reviewed for animal models of
TMD. The studies were included based on the criteria: (1)
published in the form of an original article; (2) reported the
application of different methods to construct a TMD animal
model including inflammatory factors, occlusal factors, trauma
and mechanical factors, psychological factors, and animal
models for TMD comorbid with other diseases; (3) rodents
that had not undergone genetic modification or prenatal pres-
sure or sterilization. The search was limited to studies pub-
lished in English. The studies were excluded: (1) when they
appeared to be repeated publications, reviews, letters or com-
ments; (2) when there was no control group in the experiments;
(3) and the studies did not use in vivo animal models.

Inflammatory Factors

Plenty of studies have shown that specific cytokines, anti-
gens and hormones play an essential role in the occurrence
and development of TMD. Drugs can be injected through

different ways to further induce different types of TMD,
like intra-articular or intramuscular injection.

The drugs of intra-articular injection are divided into
chemicals, enzymes, hormones and others, providing
research methods for OA and inflammatory TMD.
Chemicals include osmic acid, thiotepa, colchicine, nitrogen
mustard, iodoacetate and formaldehyde; enzymes include
papain, trypsin, hyaluronidase, collagenase and urokinase;
hormones include oxytocin, adrenal cortex hormone.
Bacteria, zymosan, interleukin-1 (IL-1), tumor necrosis fac-
tor (TNF) and transforming growth factor-p2 (TGF-B2) are
used sometimes. Complete Freund’s adjuvant (CFA) con-
tains heat-killed mycobacterium tuberculosis suspended in
an oil and saline emulsion. The bacterium is believed to
solicit a macrophage immune response that produces acute
inflammation. The OA was induced by intra-articular injec-
tion of CFA,?® which found time-dependent degeneration
manner of TMJ cartilage and subchondral bone, suggesting
that sustained inflammation is a predisposing factor for TMJ
degeneration®® and the degeneration in cartilage and sub-
chondral bone happened followed by increased receptor acti-
vator of NF-kB ligand (RANKL)/osteoprotegerin (OPQG)
ratio. This experimental approach provides new insights
into the subacute inflammatory processes in the TMJ, enrich-
ing our knowledge of the pathogenesis of TMJ-OA and
helping design clinically relevant strategies for TMD.

After antigen injection has been recognized as a successful
and reliable method for inducing arthritis of the knee joints in
rabbits, the antigen-induced arthritis (AIA) in TMJ of the
rabbit has been chosen by numerous researchers.’! Arthritis
was induced with an intra-articular administration of ovalbu-
min in 10-week-old male New Zealand white rabbits.
Antigen-treated joints demonstrated severe arthritis symp-
toms, involving mononuclear cell infiltration, synovial lining,
villous hyperplasia, and pannus formation, which maintain
from 5 to 55 days post-operation.*” Recently, a large animal
model of AIA of the TMJ has been established via the applica-
tion of bovine serum albumin (BSA) into the pig TMJs.*?
Compared with the rabbit model, the size, anatomy and
mechanical loading in pigs are comparable to those in humans.
Imada et al** injected 1% collagenase into the cavity of the rat
TMI for 2 weeks and found that the rat condyle cartilage was
significantly degenerated, including cartilage fibrosis, proteo-
glycan loss and clusters of chondrocytes, etc. That is, injection
of collagenase was employed to develop the TMJ-OA model
out of consideration for operation simplicity, damage controll-
ability and favorable reproducibility, but OA-like lesions
appeared later, at least four weeks. Through this model, Li
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Table 1 Summary of Animal Models for TMD
Types Species | Methods Signs/Symptoms Pathological Manifestations and References
Neurophysiological Mechanisms
Inflammatory | Rat Intra-articular TMJ-OA, persistent Reduced cartilage thickness, decreased number | Wang et al
factors injection of CFA orofacial hyperalgesia of chondrocytes, and down-regulated 2012%
proteoglycan expression; increased RANKL/
OPG ratio in cartilage and subchondral bone
Rabbit Intra-articular TMJ-OA Elevated numbers of TRAP positive cells in the | Rafayelyan
injection of ovalbumin regions of interest of the condyle; mononuclear | et al 20153
cell infiltration, synovial lining and villous Kapila et al
hyperplasia, and pannus formation 1995%2
Pig Intra-articular TMJ-OA Synovial inflammation, cartilage-specific Naujokat
injection of BSA glycosaminoglycan content loss, cartilage surface | et al 2019%
and discus alterations, the formation of
chondrocyte clusters; enhanced levels of IL-1,
IL-6, TNFo and VEGF
Rat Intra-articular TMJ-OA ADAMTs-5 and TIMP3 expressed in the condyle | Imada et al
injection of cartilage 2003
collagenase
Mice Intra-articular TMJ-OA Increased expression of MMP-9 and MMP-13 in | Shen et al
injection of VEGF chondrocytes and induced chondrocyte 20157
apoptosis through VEGF receptor 2, cartilage
degeneration
Rabbit Intra-articular TMJ-OA Chondrocyte loss and mRNA expression of Fas | Artuzi et al
injection of papain and caspase 3 in the cartilage, increased 2016
and sodium MIA condylar destruction Molinet et al
2015*
Rat Intra-articular TMJ-OA Chondrocyte apoptosis, cartilage matrix Wang et al
injection of MIA disorganization and subchondral bone erosion, | 2012*
fibrosis, subchondral bone sclerosis, and Hussain et al
osteophyte formation 2012*
Rabbit/ Intra-articular TMJ inflammation Sympathomimetic amines such as Swift et al
Rat injection of norepinephrine were released at the site of 1998
carrageenan injury by acting at f2-adrenoceptors Rodrigues
et al 2006*
Oliveira et al
2005
Rat Intra-articular TMD-pain Direct effect of formalin on the sensory Roveroni
injection of formalin receptors and the subsequent development of et al 2001
inflammation and spinal cord sensitization
Rat Intramuscular Craniofacial masseter Increased number of CGRP-muscle afferent Ambalavanar
injection of CFA muscle inflammation, neurons, and an increase in CGRP-ir and CGRP | et al 2007°°
TMD-pain mRNA levels in the trigeminal ganglia Traub et al
2014
(Continued)
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Table | (Continued).
Types Species | Methods Signs/Symptoms Pathological Manifestations and References
Neurophysiological Mechanisms
Occlusal Rabbit Placing metal occlusal | TMD-pain, condylar Increased Fos cells in the TNC; significant Henderson
factors pad on unilateral damage remodeling in the condylar fibrocartilage layers | et al 2015>*
molars as manifested by a change in glycosaminoglycan
distribution and a loss of defined cell layers
Mice Bonding a wire to the | TMJ-OA RANKL-induced bone resorption; significant Walker et al
maxillary molar teeth formation of osteoclasts, upregulation of OPN | 2008°®
and RANKL Matias et al
2016%°
Rat ECDO TMJ-OA Degradation in the condylar cartilage Jiao et al
accompanied by an increase in chondrocyte 2009%°
death and changes in the expression of MMP-3, | Wang et al
MMP-9, TIMP-1 and aggrecan in mandibular 2010%2
condyle cartilage with gender differences
Rat UAC TMJ-OA Degenerative endochondral ossification; Wang et al
decreased ratio of hypertrophic cartilage layer, | 2013%
increased expression of Sox9 and ALP,
decreased expression of TGFBI| and TGFfr2,
the expression of Runx2, Osx and Col
Xincreased at 2 w, but decreased at 4 w
Trauma Rabbit ADD TMJ-OA Degenerative changes in cartilage along with the | Xu et al
factors increased expression of CHOP, GRP78, cleaved | 20187°
caspase-3, and caspase- 12
Rabbit Partial perforations of | TMJ-OA IL-1 stimulates the release of degradative Zhang et al
the discs enzymes and inhibits the synthesis of matrix 20117
proteins, including type Il collagen and aggrecan; | Liu et al
synoviocyte proliferation, cartilage and 201172
subchondral cancellous bone lesions
Rabbit Extra-articular TMJ-OA Anterior disc displacement or disc deformity, Liu et al
surgery causing joint fibrous adhesions in joint compartment, the 20067
disc displacement or condyles or articular eminences showed
deformation irregularities on the cartilage surface, bad disc
deformity and severe fibrous adhesions,
subchondralbone and calcified cartilage became
irregular
Mechanical Rat Excessive mechanical | TMJ-OA Cartilage thinning, reduced chondrocyte Li et al
factors stress numbers, low proliferation, extracellular matrix | 201377
degradation, and subchondral bone erosion
Rabbit Prolonged mouth TMJ-OA VEGF was expressed in the chondrocytes of the | Fujisawa et al
opening mature and hypertrophic cell layers of the 200378
intermediate and posterior region of the Tanaka et al
condyle, significant increment of osteoclasts in 20057°
the mineralized layer subjacent to the
hypertrophic layer
(Continued)
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Table | (Continued).
Types Species | Methods Signs/Symptoms Pathological Manifestations and References
Neurophysiological Mechanisms
Mice Prolonged mouth Persistent orofacial Masseter muscle dystrophy, and increased Wang et al
opening mechanical allodynia proteoglycan deposition and hypertrophic 2018%°
and TMJ dysfunction chondrocytes in the mandibular condyle,
increased F4/80 macrophages in the masseter
muscles and the TM] posterior synovium, ATF3
neuronal injury and increased F4/80
macrophages in the trigeminal ganglia
Psychological | Rat CUMS Changes of the Masticatory muscle function disorders, Jun et al
factors behavior, degenerative abnormal TM) movement combined with 20092
changes in the TM] disc | masticatory muscle function disorders; changes
and condyles in the ultrastructural morphology of the TM)
and degenerative changes
Rat Alternating current Changes of TMJ and Incomplete gelatinlike material on the condyle, | Wu et al
electric box masseter muscles wider waves on the articular disc and exposed | 2011%
stimulation condylar collagen, and cracks were apparent on
the surface of the condyle, increased expression
of IL-1 and IL-6 in the condyle cartilage
increased

Abbreviations: ADAMTs-5, a disintegrin and metalloproteinase with thrombospondin motifs; ADD, anterior disc displacement; ALP, alkaline phosphatise; ATF3, activating
transcription factor 3; BSA, bovine serum albumin; CFA, complete Freund’s adjuvant; CGPR, calcitonin gene-related peptide; CGRP-ir, CGRP-immunoreactive; CHOP, C/EBP
homologous protein; ColX, type X collagen; CUMS, chronic unpredictable mild stress; ECDO, experimentally created disordered occlusion; GRP78, glucose-regulated
protein 78; IL-1, interleukin-1; IL-6, interleukin-6; MIA, mono-iodoacetate; MMP, metalloproteinase; OPN, osteopontin; Osx, osterix; RANKL/OPG, receptor activator of
NF-kB ligand/osteoprotegerin; Runx2, runt-related transcription factor 2; TGFBI, transforming growth factor B1; TGFpr2, transforming growth factor B2 receptor; TIMP,
tissue inhibitors of matrix metalloproteinases; TMJ-OA, temporomandibular joint-osteoarthritis; TNC, trigeminal nucleus caudalis; TNF, tumor necrosis factor; TRAP,
tartrate-resistant acid phosphatase; UAC, unilateral anterior crossbite; VEGF, vascular endothelial growth factor.

et al* found that in the early stage of TMJ-OA, the expression
of a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTs-5) and tissue inhibitors of matrix metallo-
proteinases (TIMP3) significantly increased, indicating that
these proteins may be involved in the occurrence of initial
stage of condylar cartilage degradation.

It is well known that vascular endothelial growth factor
(VEGF) is a potent, pro-angiogenic growth factor that
expresses in synoviocytes and chondrocytes during cartilage
growth. Both VEGF and its receptors have been detected
within the superficial chondrocyte layer in growing articular
cartilage.*® In the TMJ, VEGF is involved in articular cartilage
destruction and TMJ-OA development. It has been shown that
high VEGF expression in the condylar cartilage of TMJ-OA
model, suggesting an important role of VEGF in the develop-
ment of TMJ-OA. Intra-articular injection of exogenous
VEGF once a week over 4 weeks in the TMJ of mice induced
gradual prominent cartilage degeneration, subchondral bone
destruction and resorption were confirmed using micro-CT
analysis in VEGF-injected mice. VEGF may increase the
expression of metalloproteinase-9 (MMP-9) and MMP-13 in

chondrocytes and cause chondrocyte apoptosis through
VEGF2 receptor, then leading to cartilage degeneration and
making this model of TMJ-OA can be used to explore the
molecular mechanisms of TMJ-OA.*’

Two different chemical inductors, papain and sodium
mono-iodoacetate (MIA, an inhibitor of glycolysis), were
applied by arthrocentesis to induce OA in the TMJ of
rabbits. MIA-injection
changes in the knee joints that intimately resemble OA

induced various histological
of humans®® and papain affected the components of the
extracellular matrix of the joint, imitating the primary
changes observed in the OA.*° After 15 and 30 days
post-induction by MIA, the TMJ presented histological
characteristics, and the changes of OA were stable after
60 days,*® while the induction by papain determined less
significant changes.*' Furthermore, OA of TMJ induced
by MIA showed a higher degree of severity after induc-
tion, which was directly related to its exposure time and
the concentration given, suggesting that this animal model
can be used in TMJ-OA studies. In addition, female rats
were injected with varied doses of MIA into the upper

Journal of Pain Research 2021:14

1421

Dove:


https://www.dovepress.com
https://www.dovepress.com

Xiang et al

Dove

. Intra-articular injection of CFA,
ovalbumin, BSA, collagenase,
VEGEF, papain/MIA,
carrageenan, Formalin

. Intra-muscular injection of

CFA

1. ADD

2. Partial perforations of the
discs

3. Extra-articular surgery

causing joint disc

displacement or deformation

Trauma
factors

1. CUMS
2. Alternating Current electric box
stimulation

Inflammatory
factors

Ps&éﬂdﬁéﬁcal
factors

1. TMJ-OA
2. Orofacial hyperalgesia

3. TMJ inflammation

4. Masseter muscle inflammation
5. TMD-pain

1. Placing metal occlusal
2. Bonding wire

3. Orthodontic method
4. UAC

5. Excessive mechanical stress
6. Prolonged mouth opening

" Occlusal/
| Mechanical
[ factors

1. TMJ-OA

2. Persistent orofacial
mechanical allodynia

3. TMJ dysfunction

1. Changes of the behavior,
degenerative changes in the
TMJ disc and condyles

2. Changes of TMJ and masseter

muscles

Figure | Schematic diagram of the establishment methods and symptoms for TMD animal models. The red circles represent the establishment methods for different causes
of TMD, and the blue circles represent the signs and symptoms produced by TMD models.

Abbreviations: ADD, anterior disc displacement; BSA, bovine serum albumin; CFA, complete Freund’s adjuvant; CUMS, chronic unpredictable mild stress; MIA, mono-
iodoacetate; TMJ-OA, temporomandibular joint-osteoarthritis; UAC, unilateral anterior crossbite; VEGF, vascular endothelial growth factor.

compartment of TMJ and observed for up to 12 weeks.*
These results demonstrate a reliable and convenient rat
model of TMJ-OA. On the basis of this model, Wang
et al*® found that 17B-estradiol (E2) could aggravate
MIA-induced TMJ-OA in ovariectomized (OVX) rats
through enhancing chondrocyte apoptosis, which lead to
the disruption of cartilage integrity in OA. Simultaneously,
they verified that genes of the death receptor family, invol-
ving Fas and FasL, were related to chondrocyte apoptosis
and up-regulated in this animal model.****

Intra-articular injection of chemical carrageenan also
induced acute TMJ inflammation.*> This model was created
by administering carrageenan into one joint and an equivalent
volume of saline into the contralateral joint of male New
Zealand white rabbits, providing a reproducible and reliable
approach to explore the time course of inflammatory mediator
release and their modulation by anti-inflammatory medica-
tions. Rodrigues et al*® further validated that carrageenan-
induced TMJ inflammatory hyperalgesia model in rats by
showing that administration of indomethacin before the initia-
tion of inflammation diminished the TMJ hyperalgesia.
Furthermore, they showed that sympathomimetic amines
such as norepinephrine contribute to the development of TMJ

hyperalgesia, by acting at f2-adrenoceptors located in the TMJ

region. Oliveira et al*’

found that co-application of the general
adenosine triphosphate P2 receptor antagonist with carragee-
nan significantly reduced the carrageenan-induced TMJ hyper-
algesia, implying P2X receptors as potential targets for the
development of new analgesic drugs to control TMJ pain.

Formalin can produce biphasic nociceptive responses
when injected into the rat hind paw and is a noxious stimulus
often used in animal behavioral experiments.** Thus,
Roveroni et al*® injected different concentrations of formalin
into the TMJ region of rats to develop an experimental beha-
vioral model of TMJ pain. It was found that the formalin-
induced behavioral responses including head flinches and
orofacial rubbing increased for concentrations of formalin
above 1.5% for 45 mins. Similar to the examination of carra-
geenan-induced behavioral responses, in this model, TMJ
hyperalgesia is assessed by measuring the behavioral nocicep-
tive responses, such as rubbing the orofacial region and flinch-
ing the head. However, the effect of carrageenan-induced TMJ
inflammatory hyperalgesia is tested up to 7 h after application
and formalin is acute in that all assessments were made within
45 mins of application, showing certain limitations in conduct-
ing experimental research.
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As for intramuscular injection, a previous study confirmed
that injection of CFA into the masseter muscle induced
mechanical allodynia for 3 weeks, thermal hyperalgesia for 1
week and an increase of CGRP-immunoreactive muscle affer-
ent neurons in the trigeminal ganglion.® Therefore, CFA-
induced craniofacial muscle inflammation extends the way to
create animal models for masticatory muscle inflammation of
TMD. Traub et al®' injected CFA into both the masseter
muscles of rats to simulate masticatory muscle inflammatory
TMD. Even though the CFA injection is simple and reprodu-
cibly to induce TMJ inflammation, most animal models utiliz-
ing CFA have focused on small rodent models, thus in the
future more studies will be needed in larger animal models to
ensure translation of the findings.

In general, most chemical approaches have focused on the
inflammatory aspect of TMD and its relationship to pain, and
several studies used injection methods to induce degeneration
or OA model. The state of inflammation maintains for a short
period of time, while the changes of TMJ as a result of OA
need to be observed for a longer time. Obviously, chemical
approaches seem simple operation, controllable damage and
reproducible, but most are used in rodents and only simulate
a single factor of inflammation. Therefore, the application of
this method in larger animals such as sheep and pigs still needs
further study.

Occlusal Factors
Dental occlusion is necessary for the stability of the cra-
niomandibular system, including teeth, masticatory mus-
cles and TMlJs, which are associated with TMD. Although
some researchers have put forward an argument through
a systematic literature review, indicating that there seems
to lack ground to further hypothesis a role for dental
occlusion in the pathophysiology of TMD.>* It has been
confirmed that disturbed occlusion may lead to an imbal-
ance of the masticatory system and become an initiator,
a predisposing or perpetuating factor in TMD etiology.>
Therefore, nowadays many researchers have established
dental occlusion animal models to simulate the occurrence
and development of TMD.

An altered occlusion model was established by placing
a 1 mm metal occlusal pad on unilateral molars of New
Zealand white rabbits for 6 weeks. The unilateral splint
caused uneven condylar fibrocartilage degeneration, which
resulted in the activation of the nerves in the synovium or
subchondral bone and consequently the pain responses of
the rabbits were increased,>® but there were no changes in
the TMJ disc.” These results suggest a possible explanation

that why some patients have TMJ pain, but no TMJ disc
problems. However, more studies are needed to investigate
the connection between TMJ changes and the development
of TMD-pain and longer time points are essential to clarify
if disc changes would occur. In a word, this model is
advantageous because the joint capsule is not penetrated
and it provides various approaches to understanding TMD
such as pain and kinematic assessments. On the other hand,
these results also suggest that altered loading is the cause
rather than the effect in TMD.’®>” Simultaneously, this
model has limitations. For example, though the rabbit is
larger than many other animal models, its mouth is still too
small to conduct dental procedures, and the number of soft
tissues provided for testing is still limited.

Given that the altered occlusion could lead to OA, a study
has developed a malocclusion animal model by bonding a wire
to the maxillary molar teeth of 8-week-old mice indefinitely,
which was similar to that used by Walker and coworkers.*®
This new technique used stainless steel wire, which was cut
into 5 mm sections and each section was folded in half such
that the final product was a “U” shaped piece approximately
2.5 mm long, dental mandibular separator and cheek retractor
were used in keeping the mouth open and allowing proper
placement of the wire on the molars. The development of
TMIJ-OA was observed as early as two weeks post-misalign-
ment, the cartilage degradation and elevated levels of catabolic
biomarker expression were demonstrated after 8 weeks.> This
model demonstrated that upregulation of receptor for
advanced glycation end products (RAGE) induced OA, and
chronic inflammation mediated by RAGE signaling might be
one mechanism for TMJ-OA. As the mechanical nature of the
malocclusion is similar to the natural development of OA in
humans, this model is ideal to explore the pathogenesis and
treatment of TMJ-OA. Additionally, this is an inexpensive,
efficient, highly reproducible and non-invasive model of TMJ-
OA in mice.

Jiao et al®

designed abnormal occlusion by orthodontic
methods, which was called the experimentally created disor-
dered occlusion (ECDO). In this model, the first and third
molars of the left maxilla and right mandible were moved
mesially and distally, respectively. An elastic rubber band was
used to ensure the occlusal contact relationship not be inter-
fered. At the 8th and 12th week after this surgery, an obvious
subchondral bone loss followed cartilage degradation in the
mandibular condyles and increased death of chondrocytes
were observed,®’ which were sex-related and progressed
with time, and OA-like lesions were induced accompanied
by changes in the expression of MMP-3, MMP-9, tissue
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inhibitors of matrix metalloproteinases (TIMP-1) and aggre-
can, as well as active interaction of stromal cell-derived factor-
1 (SDF-1)/CXCR4 axis and local up-regulation of MMP9, IL-
6, and OPG.%%>®* In addition, an increased number of CD163+
(a member of the scavenger receptor cysteine-rich superfam-
ily) chondrocytes with enhanced phagocytic activity were
found within degraded joint cartilage in this model,** provid-
ing a new strategy for the treatment of TMJ-OA. However, as
the obvious differences in occlusion and TMIJ structure
between rats and human, this OA-like lesion cannot be com-
pletely equivalent to human OA-like lesions.

Another malocclusion animal model has been established
by Zhang et al.®> They used a unilateral anterior crossbite
(UAC) procedure, which induced OA-like changes in the
TMI cartilage of rats by binding to the left and upper man-
dibular incisors with a metal tube, causing the incisor 135° lip
tilted anti-occlusal guide, which mimicked human conditions
of malocclusion.®® This procedure induced acute, mild and
reversal changes in both the masseter and lateral pterygoid
muscles of rats at the early stage,*® with the deposition of basic
calcium phosphate (BCP)-like minerals in osteoarthritic carti-
lage, which stimulated matrix degradation by promoting the
expression of cartilage-degrading enzymes to facilitate OA
progression.®” In addition, through this kind of malocclusion
model, orofacial hyperalgesia was found from day 1 to day 7,
with a peak on day 3, accompanied with the central sensitiza-
tion through the activation of extracellular signal-regulated
kinase (ERK) 1/2 mainly in neurons as well as in microglia
of the spinal trigeminal subnucleus caudalis (Vc) and the
activation of p38 in both neurons and microglia of the V¢.®®
These results suggest that activated ERK1/2 affects p-p38
expression in neurons and microglia, which has enhanced
the UAC-elicited p-p38 expression and contributed to orofa-
cial hyperalgesia. Recently, a study shows that UAC activates
the lateral habenula (LHb) neurons as well as the periodontal
proprioceptive pathway to provide excitatory input to the
trigeminal afferents (Vme) and produces anxiety in rats,
which provides a possible explanation of malocclusion
patients experiencing emotional stress and masseter hyperac-
tivity, a common situation in TMD patients.”” Despite the
created UAC prosthesis seldom occurs clinically, this model
provides evidence that abnormal anterior occlusion plays
arole in the development of TMJ-OA, and provides an experi-
mental basis for studies on treatments of TMD.

While these studies provide a suitable foundation to induce
degeneration of the joint, malocclusion created by mechanical
methods may be efficient, highly reproducible, as well as
being cheap and presenting little risk for the animals, but

their pathological state cannot be equated with human being
thoroughly. It is still important to examine how well differ-
ences between animals and human critically, and longer time
points could be used to help explain this phenomenon.

Trauma and Mechanical Factors

Destroying the TMJ structure through surgical methods
such as removing the articular disc or damaging the carti-
lage on the joint surface directly can be used as a research
method for TMD models. Moreover, some mechanical
factors can be risks for the development of TMD, such
as prolonged mouth opening.

Anterior disc displacement (ADD) is commonly asso-
ciated with the beginning of TMD and then it has been
regarded as a common surgical model for TMD in animals.
Xu et al™

Specifically, a 3 cm incision was made along the right zygo-

utilized adult rabbits to surgically induce ADD.

matic arch, and the zygomatic-squamosal suture was exposed
in the anesthetized rabbit. Then, the zygomatic process was
separated, and a hole was drilled under the anterior process on
the superior margin of the zygomatic arch. The anterior part of
the disc was then pulled anteriorly and anchored to the hole
using elastic rubber. Following surgical ADD, enhanced chon-
drocyte apoptosis occurred in rabbit cartilage, leading to
a decrease in cell density. In addition, they found for the first
time that endoplasmic reticulum stress (ERS) pathway might
be involved in the development of ADD, providing new
insight that ER stress pathway may become potential thera-
peutic target for TMD.

Partial disc perforation was applied bilaterally to induce
TMIJ-OA in rabbits, which resected one-third of the disc in the
anterior and lateral regions of the joint, then induced OA
lesions to joint structures.”'”’* Indirect trauma to the TMJ
can also cause TMD and mandibular developmental disorders,
inducing various TMJ diseases. Liu et al’® used extra-articular
surgery to unilaterally pull the rabbit’s lower jaw backward,
causing joint disc displacement or deformation, synovial
hyperplasia occurred early in the postoperative period, and
adhesion in joints, a severe deformation of the joint disc at 6
weeks after the operation, appearing typical OA pathological
manifestations. Even though this model does not damage the
joint capsule and joint disc attachment, and to some extent
maintains the integrity of the joint structure, it is still quite
different from the occurrence and development of human
TMD. Regarding surgical approaches, they supply insight
into the process of joint degeneration by both normal patho-
genesis, like ADD and partial disc perforation. Most surgical
approaches are used in large animal models which have not
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been as widely cited as the smaller animal models.
Meanwhile, the destruction of the joint structure during sur-
gery may interfere with the natural progression of TMD.
There is a strong relationship between mechanical
stress and the development of chronic TMD.”* Excessive
mechanical stress has been assumed as one of the major
involved factors contributing to the TMJ-OA,”* and com-
pressive mechanical stress-induced cartilage thinning pre-
sents as a primary stage in the progression of TMJ-OA.”®
Li et al’” used a rat model to load compressive mechanical
stress on mandibular cartilage, and found obvious cartilage
thinning, reduced chondrocyte numbers, low proliferation,
extracellular matrix degradation, and subchondral bone
erosion. Specifically, a rubber band was tied between the
jig and the anchorage hooks to load 40 g of force on each
side, and X-ray images were used to show the direction of
mechanical stress loading. Through this research, pro-
longed mouth opening acting as a kind of mechanical
stress is used to develop OA model, providing a new
insight into the role of ERS in regulating OA and promot-
ing the identification of novel therapeutic objectives for
treating TMJ diseases. Fujisawa et al’® reported a genuine
mechanical-stress-induced OA model of the rabbit TMJ by
forced mouth opening with a repetitive, steady, mouth
opening of 3 h/day for 5 days. Considering this finding,
Tanaka et al’”’ imposed mechanical stress that forced
mouth opening of 30 mm for 1 h/day in the rabbit TMJ.
After 20 days of forced mouth opening, obvious OA-like
lesions were recognized, which were similar to those
observed in TMJ-OA patients, suggesting that VEGF
plays an important autocrine or paracrine role in the initia-
tion and progression of OA in the TMJ simultaneously.
Recently, Wang et al®® reported a new mouse model of
TMD in which a bite block was placed between the upper
and lower incisors so that the mouth was kept maximally
open for 1.5 h/day for 5 days, suggesting inflammation
associated with macrophage/microglia in the tissue and
trigeminal system plays a part in the development of
TMD pain, which is the first time that the clinical validity
of a mouth opening animal model is thoroughly researched
and convinced. The mice developed persistent orofacial
mechanical allodynia and TMJ dysfunction accompanying
sustained mouth opening. Generally, these models follow
the natural course of TMD onset of human, and avoid
extra tissue damage of joint structures. However, there
are several latent limitations, such as a clinically relevant
vertical height of mouth opening, occurrence of adverse

trauma or joint dislocation, valuation of orofacial pain in
animals in a reliable pain assessment system.

Psychological Factors

It has been shown that psychological stress plays a vital role
in the occurrence and development of TMD, which may
occur when an organism perceives an inability to cope with
a “challenge” or fails to respond appropriately to emotional
threats.®'**  Gaballah et al
a population-based cross-sectional study of 2101 individuals
between the ages of 19 and 60. Through detailed analysis of
the questionnaire survey results, they found the importance

or physical conducted

of psychological factors in the pathogenesis of TMD.*
Psychological stress state, such as anxiety and depression is
related to TMJ diseases or dysfunction and may negatively
impact the quality of life. Besides, psychological stress can
cause spasms and disharmony in the chewing muscle groups.
Clinical studies have shown that higher prevalence rates of
psychiatric disorders among patients with TMD when com-
pared to healthy people.®* Since psychological factors are
risk factors for TMD,**¢ several experimental animal mod-
els of TMD were established from psychological factors.
Liang et al* performed chronic unpredictable mild stress
(CUMS) stimulation on single-cage orphan rats for 6 weeks,
including day and night inversion, acupuncture, tail clamping,
forced swim, then they found that changes in the behaviors and
degeneration in the TMJ disc and condyles, which were con-
sistent with the pathological changes of TMD. Rats under
strong emotional stress can cause masticatory muscle function
disorders, and abnormal TMJ movement combined with mas-
ticatory muscle function disorders are main factors that cause
changes in the weight-bearing and uneven stress distribution
of the TMJ. Long-term exposure to such a state of adverse
stress caused changes in the ultrastructural morphology of the
TMIJ in rats and degenerative changes, which were consistent
with the pathological signs of TMD. Wu et al®” established an
animal model of psychological stress in rats through alternat-
ing current (AC) electric box stimulation, and they found that
the TMJ and masseter muscles of rats underwent qualitative
changes. Psychological stress may affect the hypothalamus
through neural pathways, resulting in the release of cortico-
tropin-releasing hormone, which in turn promotes the secre-
tion of adrenocorticotropic hormone (ACTH) from the
pituitary and finally ACTH acts in the adrenal cortex to facil-
itate the synthesis and release of glucocorticoids, meanwhile,
the serum concentration of cortisol and ACTH, the TMIJ
ultrastructure, and the expression levels of the inflammatory
cytokines IL-1 and IL-6 also occur a series of changes.
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Similarly, communication box was used to establish the rat
model of psychological stress and found that psychological
stress reduced the thickness of the central and posterior regions
of the condylar cartilage in rats, and local lesions in the bones
below the condylar cartilage were found by micro-CT scans.®®

Overall, psychological stress approaches reflect the
role of psychological factors in the development of TMD
patients. Therefore, psychological interventions, such as
stress management training, biofeedback and habit rever-
sal, are effective in reducing pain symptoms in patients
with TMD. Given that it is difficult to select people as
experimental objects to promote research in this area; thus,
the establishment of TMD experimental animal models
under psychological stress would be of great significance
for further research on the pathogenesis of TMD, espe-
cially the direction of the psychological axis of TMD
biaxial diagnosis, simulating clinical treatment and explor-
ing better treatment avenues for patients.

Animal Models for TMD Comorbid with

Other Diseases
Comorbidity refers to the incidence of two different diseases
in the same individual.” Many patients with TMD have pain
symptoms in other parts of the body that are not related to the
primary disease, leading to comorbidity, and yet the mechan-
ism is still unclear. The most frequent comorbid conditions of
TMD involve IBS, FMS, rheumatoid arthritis, chronic head-
ache, depression, and sleep disturbances.®® Many patients
with TMD report additional pain, resulting in comorbid or
overlapping pain syndromes.’*’! Several cross-sectional stu-
dies have shown that there is an association between TMD
and IBS. Sanders et al®? found that the incidence of TMD in
people with IBS was three times higher than in people with-
out IBS. In addition, 10% to 18.4% of FMS patients have
TMD and 71% to 94% of TMD patients suffer from FMS.”
Traub et al®' established a model of comorbidities of TMD
and IBS for the first time, which induced continuous visceral
hypersensitivity in rats under the combined effects of estrogen,
chronic maxillofacial pain caused by masseter inflammation
and stress stimulation.”* This model can be used to explore the
pathogenesis of the comorbidity of TMD and IBS under stress,
providing a stage to investigate underlying mechanisms of
these overlapping pain syndromes. Based on this model, our
group has found that craniofacial muscle inflammation fol-
lowed by 3-day forced swim stress induced ERK 1/2 activation
in lumbosacral spinal segments (L6-S2) in E2 replacement
rats, and intrathecal injection of mitogen-activated protein

kinase (MAPK) kinase (MEK) inhibitor PD98059 blocked
the visceral hypersensitivity induced by masseter muscle
inflammation combined with forced swim stress. ** These
results provide a new therapeutic avenue for alleviating over-
lapping pain conditions. Recently, Ji et al”® confirmed that
estradiol is pronociceptive and testosterone is antinociceptive
in a model of stress-induced visceral hypersensitivity (SIVH)
in rats by recording the visceromotor response to colorectal
distention following a 3-day forced swim stress. Furthermore,
the same stressor that induces transient visceral hypersensitiv-
ity (3-4 weeks) evokes long-lasting (>13 weeks) visceral
hypersensitivity in the presence of a preexisting orofacial
pain by exploiting a model of comorbid pain hypersensitivity
(CPH).”® This animal model will further advance the study of
pain associated with TMD and IBS.

The signs and symptoms of FMS are frequently diag-
nosed as part of TMD, which could be an etiologic or
aggravating condition for TMD. FMS and TMD have some
common clinical characteristics, such as chronic evolution,
the incompletely acknowledged pathophysiology, the severe
physical and psychological effects, and the common leading
factors.””?® It has been evidenced that TMD is more preva-
lent in patients with FMS compared with contrasts in the
range of 33% to 97%.”” We have successfully established
a rat model of masseter muscle inflammation combined with
various stress stimulations that cause somatic pain
sensitization.”> Based on this model, the behavioral indica-
tors such as the thermal paw withdrawal latency and mechan-
ical paw withdrawal threshold were used to evaluate the
thresholds of somatic pain and provide an experimental
basis for studying the comorbidity mechanism of TMD and
FMS. Orofacial inflammation induced by injection of CFA
into bilateral masseter muscles simulating the symptoms of
TMD combined with different modes of stress stimulation
causes somatic pain sensitization, which is the first TMD and
FMS comorbid animal model,* providing an ideal animal
model for further exploration of comorbidity.

It has been shown that there is comorbidity between TMD
and primary headache as TMD symptomatology is more com-
mon in patients with primary headaches such as migraine, and
the presence of either disorder notably increases the prevalence
and exacerbates the other disorder.'°*'°! Romero-Reyes et al-
192 demonstrated that CGRP is a significant neurotransmitter
involved in driving peripheral and central sensitization in the
TMD model induced by an intramuscular injection of CFA,
without the involvement of inflammatory mechanisms at an
acute stage. CGRP antagonist is efficacious at inhibiting spon-
taneous nociceptive behaviors in the orofacial region and
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neuronal activation in the trigeminal nucleus caudalis (TNC),
suggesting that CGRP receptor antagonists may have thera-
peutic efficacy in the treatment of TMD and comorbidity.?’

Conclusions

TMD is a common disease of the oral and maxillofacial
region. Due to its occult occurrence and the special anatomy
of the TMJ, the clinical studies are difficult to explore. In spite
of the variety of TMD models established and the essential
neurophysiological mechanisms revealed through them, each
model has its own advantages and disadvantages, and most of
the current models are single-factor models, which cannot
fully reflect the etiology and course of the disease. The valid
TMD animal models for the mechanisms and therapeutic
studies are still limited. Therefore, it is of great significance
to select appropriate experimental animals to mimic TMD
both causally and symptomatically and thus exploring better
therapeutic approaches for patients. Additionally, it is neces-
sary to comprehensively evaluate various models and create
multi-factor models, providing more suitable animal models
for in-depth investigation of the neurobiological and molecular
mechanisms of TMD. Furthermore, clinical trials are essential
because animal studies cannot fully simulate the physiological
evolution of humans.
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