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Abstract

The temporomandibular joint (TMJ) is a synovial joint essential for hinge and sliding movements
of the mammalian jaw. Temporomandibular joint disorders (TMD) are dysregulations of the
muscles or the TMJ in structure, function, and physiology, and result in pain, limited mandibular
mobility, and TMJ noise and clicking. Although approximately 40-70% adults in the USA have at
least one sign of TMD, the etiology of TMD remains largely unknown. Here, we highlight recent
advances in our understanding of TMD in mouse models.
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Introduction

The temporomandibular joint (TMJ) is one of the most frequently used joints in the human
body. The TMJ is a synovial joint essential for hinge and sliding movements of the
mammalian jaw. The TMJ consists of the mandibular condyle, the articular disk (or disc),
the glenoid fossa, and the capsule (Tanaka et a/, 2008). The articular disk separates joint
space between the glenoid fossa and the condyle into two distinct parts: the upper and lower
articular cavities. The upper and lower articular cavities are bounded by the articular fossa
and the articular eminence and by the condyle, respectively (Nozawa-Inoue et a/, 2003).
TMJ disorders (TMD) are dysregulations of the muscles or the TMJ in structure, function,
and physiology (Naidoo, 1995). Approximately 40-70% of adults in the USA have at least
one sign of TMD and at least 33% among those have one symptom, such as pain, limited
mandibular mobility, and TMJ noise and clicking (Scrivani et a/, 2008). However, there are
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some important questions which have not been answered yet. Why does TMD occur so
often? What determines the occurrence and progress of TMD and osteoarthritis (OA) in the
TMJ? What causes differences in the TMJ from other synovial joints in the body?

Unique features of the TMJ

« Unlike the articular cartilage of the knee, the cartilage of the mandibular condyle is
considered a secondary cartilage (independent from the chondroskeleton) and has a
different embryonic origin [derived from cranial neural crest (CNC) cells] (Shen
and Darendeliler, 2005).

»  The condyle of the mandible has a lower amount of collagen type | (COLIA1)
compared to the other synovial joints (Benjamin and Ralphs, 2004).

» Incontrast to the articular cartilage of the other joints, the superficial layer of
mandibular condylar cartilage does not express collagen type 1l (COLIIAL) (Hinton
et al, 2009).

»  The articular surfaces are not composed of hyaline cartilage but of fibrous tissue
(Hinton et al, 2009).

Animal models including mice and rats are useful to study the development of the TMJ
because the process of development/morphogenesis and the molecular mechanism are well
conserved in these animal models (Herring, 2003) (Figure 1). In contrast, rodent models
(mice and rats) are less useful for a TMD study because of morphological difference in the
TMJ among humans and rodents; thereby, rodents do not show typical TMD symptoms
(Figure 2).

Morphological features of the TMJ in rodents compared to humans
e The glenoid fossa is shallow and flatted.
e There is no articular eminence.
e The lateral pterygoid muscle is less in the volume and functional force.
e The upper articular cavity forms first, and then, the lower articular cavity forms.
» The articular disk rarely becomes fibrous cartilage with aging.

These anatomical factors cause the limitation of usage of rodent models for TMD study.
Until now, some specific devises and methods have been developed to induce TMD in mice
and rats. In addition, some genetic animal models for OA are used to understand TMJ OA
(known as a severe form of TMD) (Hinton, 2014).

Mouse models for temporomandibular joint disorders (TMD)

Extracellular matrix

The growth of the TMJ is regulated through synthesis and degradation of various
components of the extracellular matrix (ECM) (Wang and Detamore, 2007). The changes of
ECM composition are associated with pathological processes of cartilage degeneration in
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TMJ OA, accompanied by the upregulated matrix metalloproteases (MMPs) expression
(Kanyama et al, 2000). Elevated MMP activity is responsible for ECM degradation in the
processes of TMJ OA. Collagen type Il (COLIIA1) is the most abundant protein in hyaline
cartilage (Ricks et a/, 2013). Mice with a disproportionate micromelia (Dmm) mutation, a
three-nucleotide deletion of the Co/Zal gene, display mild dwarfism in the heterozygotes
(Dmmi+ mice). Dmmil+ mice also show condylar cartilage abnormalities in the TMJ at early
ages. The TMJ of Dmm/+ shows fissuring of condylar cartilage as early as 6 months of age
(Pace et al, 1997). Mice with deficiency of Co/9a1 (Col9a1~) or chondrodysplasia (Chal+)
exhibit TMJ OA (Xu et al, 2003; Lam et a/, 2007). Col9a1~'~ and Chal+ mice develop OA-
like changes in the knee and TMJ from the age of 3 months and show a severe OA-like
pathology over 9-12 months (Tanaka et a/, 2008). Both chondrocyte clustering and
increased production of proteoglycan in the pericellular matrix have been identified as early
OA indicators (Tanaka et af, 2008).

A mouse model for progressive ankylosis (ank/ank mice) shows narrower and/or ankylosed
upper and lower articular cavities filled with fibrous connective tissue throughout the entire
articular cavity after 3 months of age (Huang et a/, 2011). The ANKH gene is a human
homolog of the murine progressive ankylosis gene, ank, and plays a critical role in the
transport of pyrophosphate ions (Timms et a/, 2003). ANKH polymorphism seems to be
associated with human TMJ closed lock (a permanently displaced disk) (Huang et a/, 2011).

Mice with inactivation of Golgi-associated N-sulfotransferase 1 (NdstI), which catalyzes the
constituent sulfation of heparan sulfate proteoglycan glycosaminoglycan chains, exhibit
TMJ deformities with a variation of a thicker prechondroblastic cell layer and ectopic
ossification with increased proliferation to lack of TMJ (Yasuda et a/, 2010).

Transcription factors

The Runx2 (runt-related transcription factor 2; essential for osteoblast differentiation) and
Sox9 (sex determining region Y box 9; essential for chondrocyte differentiation) genes are
expressed in the mesenchymal condensation that initiates the formation of the mandibular
condyles. Mice with deficiency of Runx2 (Runx2™'~ mice) exhibit the absence of the
mandibular condylar cartilage (Shibata et a/, 2004). Mice with the deletion of Sox9in CNC
cells (Sox97F:Wit1-Cre mice) display the mandibular condylar cartilage agenesis,
abbreviated mandibular fossa formation, altered articular disk formation with irregular cell
shape, and incomplete articular cavity formation (Mori-Akiyama et a/, 2003; Wang et al,
2011). Mice with the loss of 7rps1, a transcription factor mutated in human trichorhino-
phalangeal syndrome, which is characterized by an abnormal development of various organs
including the craniofacial skeleton, exhibit an extremely small condylar process, and the
complete absence of the articular disk and articular cavities (Michikami ef a/, 2012). Vitamin
D is a prohormone that can be metabolically converted from 25-hydroxyvitamin D by la-
hydroxylase [La(OH)ase] to the active form, 1,25-dihydroxyvitamin D [1,25(0OH),D].
1,25(0OH),D binds to its nuclear receptor and alters transcription activity of target genes.
Mice with 1,25(0H),D deficiency [Za(OH)ase™'~ mice] exhibit an erosive TMJ OA
phenotype starting at 6 months of age, following DNA damage, cellular senescence, and the
production of senescence-associated inflammatory cytokines (Shen et af, 2013).
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Indian hedgehog signaling

Indian hedgehog (IHH) ligands express in mouse condylar cartilage at embryonic day 15.5
(E15.5). Mice with loss of /4h (1A'~ mice) exhibit the absence of the articular disk and the
lower articular cavity, and severe joint deformities at newborn. These defects in /4247~ mice
can be partially restored by the loss of G/i3(a negative regulator of IHH signaling pathway)
(/hh™=;GliZ”~ mice), indicating that IHH inhibits GLI3 expression and function
(Shibukawa et a/, 2007). Mice with deficiency of G/i2display aberrant TMJ development
including cellular disorganization of condylar cartilage and no articular disk formation
(Purcell et a/, 2009). In addition, a conditional deletion of Smo, a receptor for IHH, from
chondrocyte progenitors in mice (Sm0”F:Sox9-Cre mice) results in a failure of articular disk
separation from the mandibular condyle (Purcell et a/, 2009). Thus, IHH signaling plays
important roles in disk morphogenesis, condyle initiation, and disk—condyle separation.
Interestingly, tamoxifen-induced conditional /44 knockout mice (/A#7F:Col2al-CreER
mice) at postnatal days 4, 7, 14, and 56 show disorganization and growth retardation of
condylar cartilage, and reduced proliferation in a polymorphic zone of the condyle, and
abnormal adhesion of the articular disk with the condylar surface and/or glenoid fossa
(Ochiai et al, 2010). Thus, IHH signaling also plays a crucial role in postnatal TMJ
maintenance for proper tissue homeostasis. Short stature homeobox 2 (ShoxZ2) is expressed
in condylar chondrocytes and the glenoid fossa of the developing TMJ and is essential for
the process of TMJ morphogenesis. Shox2-deficient (Shox2/~) mice exhibit severe defects
in a number of developing organs, as well as the TMJ dysplasia and ankylosis (Gu et a/,
2008). Mice with overexpression of Shox2in CNC cells (Wnt1-Cre,pMes-stopShox2 mice)
show the dysplasia in the condyle and glenoid fossa after 2 weeks of age, following
increased apoptosis and the upregulated expression of MMPs and downregulated expression
of IHH signaling molecules, COLIA1 and COLIIAL (Li et a/, 2014a). Mice with the
replacement of the mouse Sh0x2 gene with the human SHOX gene (Shox2SHOX-KI/KI mice)
show increased apoptosis in the articular disk, following the decreased expression of
COLIAZ1 and aggrecan, accompanied by increased MMP activities (Li ef a/, 2014b).
Senescence-accelerated 8 (Samp8) mice (a spontaneous mouse line) develop early-onset
OA-like changes after 4 months of age, following reduced /A and other IHH signaling
mediators expression in chondrocytes and Co/10in the hypertrophic chondrocyte of the
condylar cartilage (Ishizuka et a/, 2014). This degeneration of condylar cartilage is
accelerated by malocclusion in mutant mice, following increasing apoptosis and decreasing
cell proliferation (Ishizuka et a/, 2014). Primary cilium is known to be a sensor for
mechanical stresses in many organs and regulates hedgehog signaling (Kinumatsu et a/,
2011). Mice with deficiency of kinesin family member 3A (Kif3a) (Kif3a"F ;Col2al-Cre
mice), which encodes ciliary transport protein, exhibit narrow and flat condyles which are
often fused with the articular disk and display an irregular surface (Kinumatsu et af, 2011).

Transforming growth factor beta (TGFB) superfamily signaling

Mice with transgene of TGFB1 point mutation in bone, a mouse model for Camurati—
Engelmann disease (CED), show high levels of active TGFB1 in bone and result in increased
apoptosis and MMPs expression in the hypertrophic zone of the condylar cartilage after 4
months of age (Jiao et a/, 2014). CED mice exhibit abnormal bone remodeling in the
condylar subchondral bone such as microstructure and increased activities of osteoclasts and
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osteoblasts without coupling, and cartilage degradation in the condylar cartilage. Bone
morphogenetic protein receptor type | (BMPR1A) is expressed in the developing condyle,
glenoid fossa, and interzone mesenchymal cells that are all derived from CNC cells (Gu et
al, 2014). Mice with the deletion of Bmpria (aka Alk2) in CNC cells (Bmpria™F :Whnt1-Cre
mice) display defective TMJ development, including a failure of articular disk separation
from the condyle, and persistence of interzone cells between the glenoid fossa and the
articular disk-like structure (Gu et a/, 2014). In contrast, augmented BMPR1A signaling in
CNC cells (caBmprla WhntI-Cretransgenic mice) inhibits osteogenesis in the glenoid fossa
and induces ectopic primary cartilage formation (normally secondary cartilage formation in
the developing condyle) in the condylar primordium (Gu et af, 2014).

Epithelial growth factor signaling

MIG6 (aka ERRFI1) acts as a negative regulator of epidermal growth factor receptor
(EGFR) family members. MIG6 is essential for maintaining the integrity of postnatal
synovial joints, and loss of Mig6 (Mig67") leads to the formation of large osteophytes along
with the degradation of articular cartilage and subchondral cyst formation in the joints,
including the knee, ankle, and TMJ in mice at approximately 1 month of age (Zhang et a/,
2005). The onset of the OA-like phenotype in Mig6~'~ mice likely involves mechanical
stress on the joints in life (Staal ef a/, 2014). Osteophyte formation, which appears at the
edge of the meniscus as newly formed cartilage rich in proteoglycans and collagens, is the
most profound pathological change observed in the knee joints of Mig6™* :Col2a1-Cre mice,
followed by chondrocyte maturation, hypertrophy, and mineralization (Staal et a/, 2014).
The formation of osteophytes is likely the result of inappropriate cell proliferation in the
absence of Mig6. EGFR signaling is overactivated in chondrocytes of the articular cartilage
and in the osteophyte of Mig6™F :Col2a1-Cre knee joints (Staal et a/, 2014). Interestingly,
Mig6™F;Col2a1-Cre mice exhibit aggressive OA-like phenotype only in the knee joints (rare
in the TMJ and the ankle), suggesting that the other cell types (Co/2al-negative cells) may
be responsible for the OA-like phenotype in the TMJ.

WNT/B-catenin signaling

B-Catenin (CTNNBL) is critical for the induction of TMJ cartilage degeneration (Wang et a/,
2014). The conditional constitutive activation of the Ctnnb1 gene in TMJ cartilage
(Ctnnb1(ex3),Col2-CreER) leads to an OA-like phenotype in mice after 1 month of age
(Wang et al, 2014). The deletion of Mmp13 (matrix metallopeptidase 13; aka collagenase 3)
or Adamts5 (a disintegrin and metalloproteinase with thrombospondin motif 5), which are
the key enzymes for cartilage degradation, partially restores the OA-like phenotype in
Ctnnb1(ex3),Col2-CreER mice in the cartilage thickness and area (Wang et a/, 2014).

Fibroblast growth factor signaling

Mice with a knock-in mutation of Fgfr3, which significantly enhances the affinity of
fibroblast growth factor (FGF) receptor type 111 (FGFRIII) to FGF ligands, (Fgfr37244R
mice) display early degenerative changes of condylar articular cartilage, abnormal
development of the articular eminence/glenoid fossa, and fusion of the articular disk in the
TMJ at postnatal day 21, following reduced cell proliferation, diminished Sox9and Co/10
expression, and a compromised trabecular bone network underlying the cartilage (Yasuda et
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al, 2012). The Sprouty genes, Spry and Spry2, encode intracellular inhibitors of receptor
tyrosine kinase signaling pathways, including FGF signaling. SpryZ and SpryZ2are highly
expressed in muscles attached to the TMJ. Mice with combined inactivation of SpryZ and
Spry2 (Spry1™~,;Spry2™~ mice) exhibit overgrowth of lateral pterygoid and temporal
muscles and regression of the developing mandibular fossa, and smaller condylar cartilage
compared to controls (Purcell ef af, 2012).

Parathyroid hormone-related peptide signaling

Parathyroid hormone (PTH) and parathyroid hormone-related peptide (PTHrP) regulate
calcium homeostasis; PTHrP further regulates growth and development. Mice with
constitutively active PTH/PTHTP receptor expression in bone (Col1-caPPR mice) show
abnormal growth and disruption of postnatal TMJ. The condylar cartilage is mostly
composed of immature chondrocytes and fibroblastic cells, with only an occasional island of
hypertrophic chondrocytes (Tsutsui et a/, 2008).

Discoidin signaling

Disordered cell matrix interactions play a central role in the pathogenesis of OA (Lam et a/,
2007). Mice with the deletion of discoidin domain receptor tyrosine kinase 1 (DdrZ™'~ mice)
exhibit a high incidence of OA in the TMJ beginning at as early as 9 weeks of age with
typical signs of OA, including surface fissures, loss of proteoglycans, chondrocyte cluster
formation, upregulated Co/lal expression, and atypical collagen fibril arrangements
(Schminke et a/, 2014). Loss of Ddr1 causes major changes in ECM components. Darl™~
mice exhibit a greater relative bone mineral density of the subchondral bone. Dadr17/~
chondrocytes from the TMJ exhibit decreased expression of ColZal, Col3al, Col9al,
Aggrecan (Acan), and Sox9, and increased expression of Nidogen-2 (Nid2) and Runx?.
Moreover, loss of the superficial cartilage layer, deep surface fissures, and destroyed
condylar surface are observed in DdrZ~ mice. Interestingly, expression of hedgehog
interacting protein (HHIP), which is overexpressed in human OA and in cartilage from other
OA mouse models, is increased in DdrZ~/~ mice (Schminke et a/, 2014). In addition,
vascular endothelial growth factor A (VEGF-A), which is associated with the wingless in
Drosophila (WNT) pathway in OA pathogenesis and angiogenesis, and MMP13 are
increased in DdrZ~/~ chondrocytes, followed by the degradation of collagens (Schminke et
al, 2014). Thus, the loss of Ddr1 influences OA pathogenesis through the increased
expression of Mmp13, Collal, Runx2, etc., and results in the change of ECM components.

Conclusion

There are limited numbers of studies using mouse genetic models for TMD and TMJ OA.
The molecular mechanism of TMD and TMJ OA is presumably different from the
pathogenesis of knee joint OA because of differences in the structure and origin of cells that
give rise to TMJ structures. The further characterization of CNC cells (a source of TMJ
structures) in the TMJ will facilitate the understanding of normal development of the TMJ
and its dysfunction (TMD and TMJ OA). Recent studies suggest that mechanical stress is a
key factor to induce and progress TMD with a combination of some intent with genetics.
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Figure 1.
Time course of temporomandibular joint development in humans. At the 8th week of

gestation, mesenchymal condensation forms at the TMJ region. Orange, mesenchymal
condensation of the future temporalis bone; gray, mesenchymal condensation of the future
mandibular condyle. At the 10th week of gestation, mesenchymal cells differentiate into
chondrocytes and start to form the core of cartilage which is the future mandibular condyle.
The temporal bone starts intramembranous ossification. During the 11th week of gestation,
intramembranous ossification of the ramus of the mandible reaches the base of the future
condyle. There are no joint cavities during this stage. The mesenchymal condensation that
forms the anlage of the articular disk appears in connective tissue between the anlage of the
temporal bone and the mandibular condyle. During the 12th week of gestation, a small space
or cleft appears between the anlage of the articular disk and the mandibular condyle that
defines the initial formation of the lower articular cavity. During the 13th week of gestation,
the organization of the upper articular cavity starts between the temporal bone and the
articular disk. At approximately 20th week of gestation, the glenoid fossa of the temporal
bone forms, but the articular surface of the temporal bone has a flat surface. At postnatal
14th week, the glenoid fossa and the articular eminence of the temporal bone well form and
fit with the shape of the mandibular condyle. T: the temporal bone, D: the articular disk, C:
the mandibular condyle, LP: the lateral pterygoid muscle
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Figure 2.

Comparison of the structure of the temporomandibular joint between humans and mice.
TMJ, temporomandibular joint. 1: the articular eminence of the temporal bone, 2: the
glenoid fossa of the temporal bone, 3: anterior band of the articular disk, 4: posterior band of
the articular disk, 5: connective tissue, 6: the posterior joint capsule, 7: the upper articular
cavity, 8: the lower articular cavity, 9: mandibular condyle, 10: a part of upper head of the
lateral pterygoid muscle, associated with the articular disk, 11: upper head of the lateral
pterygoid muscle, connected with the mandibular condyle, 12: lower head of the lateral
pterygoid muscle, connected with the mandibular condyle
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