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Abstract
Purpose of Review Investigate the developmental physiology of the temporomandibular joint (TMJ), a unique articulation
between the cranium and the mandible.
Recent Findings Principal regulatory factors for TMJ and disc development are Indian hedgehog (IHH) and bone morphogenetic
protein (BMP-2). The mechanism is closely associated with ear morphogenesis. Secondary condylar cartilage emerges as a
subperiosteal blastema on the medial surface of the posterior mandible. The condylar articular surface is immunoreactive for
tenascin-C, so it is a modified fibrous periosteum with an underlying proliferative zone (cambrium layer) that differentiates into
fibrocartilage. The latter cushions high loads and subsequently produces endochondral bone. The TMJ is a heavily loaded joint
with three cushioning layers of fibrocartilage in the disc, as well as in subarticular zones in the fossa and mandibular condyle.
Summary The periosteal articular surface produces fibrocartilage to resist heavy loads, and has unique healing and adaptive
properties for maintaining life support functions under adverse environmental conditions.
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Introduction

The temporomandibular joint (TMJ) is a synovial joint com-
prised of the mandibular condyle and glenoid fossa of the
temporal bone. An intermediate articular disc of fibrocartilage
divides the joint cavity into upper and lower compartments.
The surrounding connective tissue capsule is attached to mus-
cles and tendons (Fig. 1).

The capsule is lined by a synovium that secretes lubricating
synovial fluid. The articular disc is attached to the capsule and
positioned between the mandibular condyle and the glenoid
fossa. The TMJs are very mobile bilateral articulations of the
mandible, a bone that is highly evolved for accommodating a
variety of respiratory, speech, and omnivore masticatory func-
tions. It can be argued that the mandible has a stronger influ-
ence on the human gene pool than any other bone in the body
because it is essential for three important elements of survival
and propagation: mastication, communication, and routine
mating success. Anomalies and trauma to the mandible and
TMJ may interfere with life support functions. They often
manifest as a facial esthetic deficit with craniomandibular dis-
order (CMD) symptoms including ear pain and tinnitus [2].

The evolutionary origin of the mammalian TMJ is inti-
mately connected with that of the middle ear bones [3].
Mammals have three middle ear bones, the malleus, incus,
and stapes. Reptiles and birds have only one middle ear bone
that is homologous to the mammalian stapes. Based on ana-
tomical comparisons, Reichert (1837) [4] proposed that the
additional two mammalian middle ear bones were homolo-
gous to the quadrate of the non-mammalian jaw joint and
Gaupp (1912) [5] extended this idea by describing the devel-
opment of a primary jaw joint between the malleus and the
incus, and a secondary jaw joint, unique tomammals, between
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the squamosal and dentary bones [3]. Evidence from the fossil
record, and from cellular and molecular developmental biolo-
gy studies, have further supported this interpretation of the
evolution of the TMJ [3].

The first part of this comprehensive review focuses on the
basic cell and molecular biology relative to the structure and
development of the TMJ. This is a highly adaptable joint
resulting from a complex interaction of genetic and environ-
mental factors that are unique to this articulation. In the
follow-up review (Part II), cone-beam computed tomography
(CBCT) imaging [6] is used to assess TMJ clinical problems
such as fracture repair, condylar regeneration, joint degenera-
tion, post-traumatic healing, and the long-term adaptability to
a changing environment.

Cellular and Biochemical Composition
of the Mature Condylar Cartilage, Disc,
and Fossa

The cellular and biochemical composition of the components
for the mature TMJ is a subject that has been reviewed by
Willard et al. [1] with a focus on engineering biomimetic
components for failed joints.

Condyle and FossaMature condylar cartilage of the mandible
consists of four zones: (1) articular surface of fibrous tissue
facing the disc expressing collagen I, (2) proliferative cells in
the prechondroblastic zone expressing collagen I, (3) a
chondroblastic zone expressing collagen II, the proteoglycans
aggrecan, decorin, chondroitin sulfate PG, and keratin sulfate
PG, and (4) a hypertrophic zone adjacent to bone expressing
collagen X. The fibrous cell layers are described in the litera-
ture as a fibrocartilage articular surface [1, 7]. However, there

is an alternative view that is a principal element of this review.
Developmental and histologic evidence suggests the TMJ ar-
ticular surface is actually a modified periosteum with an un-
derlying layer of fibrocartilage (Fig. 2), a load-related connec-
tive tissue that is also associated with muscle attachments. The
articular surface of the mandibular condyle is the fibrous layer
of the periosteum, and the underlying proliferative zone is the
cambium layer (Fig. 3). Although two proliferative popula-
tions were originally proposed [8], the cell kinetic data is
consistent with the proliferative zone of the periosteal cambi-
um layer, supplying cells for both the fibrous layer of the
periosteum and the underlying fibrocartilage. Similar to the
TMJ disc, the condylar fibrocartilage is a load-bearing cush-
ion that helps protect the underlying bone of the supporting
condylar metaphysis. Fibrocartilage has no inherent growth
potential, and is derived from the proliferating cambium layer
of the overlying periosteum (Fig. 3). In effect, there are three
cushioning masses of fibrocartilage in the TMJ, one is the disc
and the others are the subarticular regions of the fossa and the
mandibular condyle (Fig. 1). The fibrocartilage cushioning of
the mandibular condyle is associated with a six-fold decrease
in the remodeling rate of trabecular bone in the mandibular
condyle compared to the vertebrae [9].

Articular Disc The articular disc is a biconcave fibrocartilage
attached to the capsule and condyle that distributes loads,
similar to the menisci of the knee joint. The fibrocartilage is
a mixture of 30% chondrocytes, lacking a hyaline pericellular
matrix, and 70% fibroblasts [10]. The main extracellular ma-
trix (ECM) component of the disc is collagen I, with small
amounts of collagen II and trace amounts of type III as well as
non-fibrillar collagens (VI, IX, XII) [11]. Collagen fibers are
arranged in a ring on the periphery of the disc and run
mediolaterally in the center of the disc. The fibers in the

Fig. 1 The TMJ is shown in the
sagittal and coronal (frontal) view.
As described in the text, synovial
surfaces of both the fossa and the
condyle are fibrous periosteum.
There are three layers of
cushioning fibrocartilage, in the
disc and the subarticular areas of
the fossa mandibular condyle.
Adapted from Willard, Zhang,
and Athanasiou (2011) [1]
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intermediate zone run in an anteroposterior direction [10].
These alignments are important for the tensile strength of the
various regions of the tissue. The primary glycosaminogly-
cans of the disc are chondroitin sulfate and dermatan sulfate
as part of the corresponding proteoglycans [12].

Fibrocartilage Fibrocartilage is a specialized, load-bearing tis-
sue that is found in few locations in the body: the TMJ disc,
mandibular condyle, pubic symphysis, intervertebral discs,

joint menisci, and the tendon-bone interface. Fibrocartilage
has a distinct appearance from hyaline cartilage (Fig. 2). The
latter is a remnant of the original cartilage anlage, but
fibrocartilage is secondary tissue derived from perivascular
osteogenic cells near a heavily loaded muscle attachment.
Despite morphology that is similar to hyaline cartilage, con-
dylar secondary cartilage (CSC) is actually a type of
fibrocartilage [7]. Mature fibrocartilage has a denser ECM of
fibrous connective tissue (Figs. 2 and 3). CSC is distinct from

Fig. 3 The articular surface of the rat mandibular condyle is periosteum
overlying a zone of fibrocartilage. This configuration is a secondary
growth site capable of bilateral growth (double-ended yellow arrow)
and post-traumatic healing over a lifetime. In contrast, the hyaline

cartilage on the articular surface of long bones has poor healing
potential and interstitial growth of cartilage (large yellow arrow) as a
primary growth center ceases when the growth plate fuses. See text for
details. Histology adapted from Takahashi (2014)

Fig. 2 Adjacent areas of hyaline
and fibrocartilage are shown near
a muscle attachment of a young
growing rat. Section courtesy of
Carol Bain, Research Tissue
Processing Specialist, Indiana
University, Simon Cancer Center,
Indianapolis, IN
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primary cartilage, where Type II collagen predominates, be-
cause of the presence of Type I collagen throughout the carti-
laginous cell layers [13]. Type I collagen is a defining charac-
ter for fibrocartilage, and its relative prevalence suggests a
history of loading [14]. Utreja et al. [15••] experimentally
loaded the TMJ and demonstrated that the induction of Type
I collagen distinguishes the articular surface of the mandibular
condyle from the underlying fibrocartilage. A series of induc-
tive reactions is associated with mechanical loading of man-
dibular condyles. Dkk3 expression in the superficial prolifer-
ative zone interacts with the Wnt signaling pathway to induce
differentiation [16, 17]. Type I collagen is expressed as
fibrocartilage is formed [15••]. Conversely, Outani et al. [18]
view fibrocartilage as a type of scar tissue, with respect to the
wound healing of long bone articulations, so suppression of
Type I collagen is introduced to produce a more hyaline-type
cartilage from dermal tissue. These data indicate that
fibrocartilage is a variable tissue containing Type I collagen
that is directly proportionate to the history of loading.

Takahashi [19] reviewed the literature and provided histo-
logic evidence that the articular surface of the mandibular con-
dyle is the periosteum (Fig. 3). The articular surface of the
temporal fossa is traditionally thought to be fibrocartilage,
but there is a dearth of studies on its exact cellular and bio-
chemical composition. Histologic demonstration of the perios-
teal articular layer of the mandibular condyle requires careful
fixation, embedding, and sectioning technique. The periosteal
articular surface is labile and subject to autolysis. Careful stud-
ies are needed to determine if the articular surface of the fossa
is similar to the head of the condyle. Perfusion fixation and
sectioning of the intact joint may be necessary. Koyama et al.
[20] produced frontal sections of the intact mouse TMJ to
study lubricin deficiency. The wild-type controls show similar
layers of periosteum-like tissue with underlying fibrocartilage
on the condylar and fossa surfaces. However, the fibrous and
proliferating layers of the periosteum on the articular surfaces
were not clearly defined as shown by Takahashi [19] (Fig. 3),
which may reflect some articular surface autolysis during tis-
sue processing. Overall, available evidence is consistent with
similar articular surfaces in the fossa and on the condyle: peri-
osteal, fibrocartilage, and bone layers.

Development of the Mammalian TMJ

The embryonic origin of the TMJ involves neural crest mes-
enchyme migrating ventrally to form the first (mandibular)
pharyngeal arch. The initial life support function of the man-
dible is to control the tongue position to maintain a patent
pharyngeal airway, which will be discussed in a clinical con-
text in Part II. Evolution of the vertebrate jaw can be
interpreted as a change in the program that specifies the de-
velopment of neural crest cells. Development of the TMJ is

similar among mammalian species, but contrasts with the de-
velopment of other synovial joints, such as the knee, which
appears first as an interzone within a single cartilage conden-
sation. The edges of the interzone mesenchyme form the ar-
ticular surfaces of the adjoining bones that make up the joint,
while the rest of the interzone cells undergo apoptosis [21]. By
contrast, the TMJ develops from three separate mesenchymal
condensations representing the glenoid fossa of the temporal
bone, the condylar process of the mandibular ramus, and the
articular disc. This more complex process is consistent with
the TMJ being a secondary joint with a periosteal articular
surface that has regenerative potential, as will be discussed
in Part II of this review.

The standard features of mammalian development are illus-
trated in the developmental anatomy of the human TMJ [22].
Neural crest mesenchyme migrates during the fourth week of
embryonic development to form the first branchial
(mandibular) arches surrounding the prospective stomodeal re-
gion. The dorsal half of the arch gives rise to the maxillary
process and the ventral half to the mandibular process. Within
the mandibular process, Meckel’s cartilage develops from the
8th to 16th weeks. Meckel’s cartilage extends dorsally out of
the mandibular process as the tympanic process. The end of the
tympanic process thickens into the primordium of the malleus,
which articulates with the primordial incus developing from a
separate mesenchymal condensation. The malleus later sepa-
rates from Meckel’s cartilage, and ossifies when in contact on
the lateral surface with the tympanic membrane of the ear,
thereby forming a synovial joint medially with the incus.
Within the mandibular process, intramembranous bone forma-
tion replaces Meckel’s cartilage. During this time, a blastema
forming the condylar secondary cartilage (CSC) develops be-
neath the periosteum from the ramal surface of the developing
mandibular body. Figure 4a, b illustrates the development of the
mandibular condyle. The secondary cartilage blastema that
forms the ramus and condyle arises at around 6 weeks in utero,
from the medial surface of the intramembranous bone of the
primordial mandibular body (Fig. 4a). Note that the blastema
originates in the subperiosteal space from osteogenic
perivascular cells, so the secondary cartilage is covered with
periosteum (blue outline) throughout its development. At about
20 weeks, the carrot-shaped condyle is formed (arrow in
Fig. 4b) via secondary cartilage that is mineralized to form the
endochondral bone that composes a substantial portion of the
subcondylar ramus (Fig. 4c). The periosteal articular surface of
the mandibular condyle is composed of the fibrous and cambi-
um layers of the periosteum with an underlying cushion of
fibrocartilage (Fig. 3) [19]. Note that the buds for the deciduous
molars are formed at the same time as the condyle (Fig. 4b).

“Perichondrium” of the mandibular condyle is immunoreac-
tive for tenascin-C and not versican [23••] indicating it is actu-
ally periosteum (Fig. 4a, b) rather than perichondium. The prox-
imal end of the CSC (covered by periosteum) grows dorsally
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toward the glenoid fossa of the temporal bone thereby forming
the mandibular ramus, from which will arise the coronoid and
condylar processes. The active growth component of the con-
dylar process is a secondary cartilage derived from the medial
periosteal cells expressing tenascin-C of the mandibular ramus
that will undergo endochondral ossification [24, 25].

The human TMJ develops in three stages between the 7th
and 20th week [22]. The first phase is the approximation of the
condylar process to the developing concavity of the glenoid
fossa at the base of the temporal bone (7th–8th week). The
second phase (9th–11th week) encompasses the coordinated
development of the condyle and fossa, the articular disc, joint
capsule, and joint cavities. Endochondral ossification of the
condylar process begins in the 17th week, and after the 20th
week the secondary cartilage is almost entirely ossified. The
articular disc and joint capsule develop between the articular
fossa and the condylar process. The disc forms in a biconcave
shape and separates the joint cavity into two spaces, an upper
space between the disc and the glenoid fossa, and a lower
space between the disc and the condyle. By the 20th week,
the articular disc has differentiated into periosteal articular
surface with underlying fibrocartilage (Fig. 3).

The histological development of the TMJ has been studied in
mice between embryonic day 13.5 and postnatal day 180 with
stains that show general cellular and ECM features (H&E) and

cartilage and bone (Safranin O-Fast Green, Azon red/Analin
blue) (Liang et al. 2016) [25]. These stains, along with BrdU
incorporation studies, showed that the cells of the condyle and
fossa undergo rapid proliferation. The condylar cartilage begins
endochondral ossification prior to the fossa, at E13.5. The tra-
ditional interpretation is the end of the condyle forms a cartilag-
inous growth region (carrot) consisting of four zones: the distal
fibrous cell layer, a proliferative chondroprogenitor cell layer, a
zone of flattened, mature chondrocytes, and a zone of hypertro-
phic chondrocytes [1, 25, 26]. The elongation of the condyle
toward the fossa is due to appositional growth at its apex in
which cells of the progenitor cell layer undergo chondrogenesis
to become part of the condylar cartilaginous tissue. The disc
appears at E16.5 contiguous to the condyle, and separates from
the condyle to form the lower joint cavity, while mesenchymal
cells between the disc and glenoid fossa undergo apoptosis to
form the upper joint cavity. The glenoid fossa undergoes
intramembranous ossification.

Hinton [7] reviewed the genes regulating the morphogen-
esis and growth of the TMJ. Collagens I, II, III, and the pro-
teoglycan aggrecan are expressed during development of the
fossa, condyle and disc [1, 27–29]. Collagen I, along with
collagen III, is expressed in the fibrous and proliferative zones
of the condyle. Collagen II, with some collagen X, is the
primary collagen of the mature cartilage and hypertrophic

Fig. 4 Biomechanics of mandibular development is illustrated for the
right side: a At 6–8 weeks in utero, bone formation begins at the
ossification center and grows into a plate of bone (gray) surrounded by
a periosteum (blue line). The condylar secondary cartilage emerges as a
subperiosteal blastema from the lingual surface. b From 8–20 weeks, the
condyle grows in a superior and inferior direction. The condyle has a
periosteal articular surface (blue line) with an underlying fibrocartilage

layer that forms endochondral bone. The first deciduous molar (d) is
forming at the same time. c Neonatal human mandible shows the
following skeletal landmarks: osseous portion of the condylar process
(Cdr), gonial angle (GA), antegonial notch (AN), and corinoid process
(CP). d At ~16 months of age, the first deciduous molars (Ds) occlude
bilaterally, resulting in heavy loads (red double-headed arrow) being
equally distributed to the mandible and the cranium
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zone. Immunocytochemistry revealed that collagens I, II, and
aggrecan are expressed weakly in the condylar cartilage at
E14.5, and strongly by E17.5. Zymographic studies show
the ECM of this cartilage is remodeled during its development
by the action ofMMP 9 andMMP 13, which degrade collagen
II and aggrecan. Versican is expressed prominently in the an-
terior and posterior peripheral attachments of the disc in 8-
week postnatal rats [30]. In situ hybridization for transcripts
of Sox-9, Runx2, and Osterix showed that these transcripts are
expressed in the developing TMJ as condylar cartilage is
formed and replaced by bone [25, 31]. Sox9 is expressed pri-
marily in the proliferative zone of the secondary condylar
cartilage, which is distinct from the proliferative zone of the
articular periosteum as shown in Fig. 3.

Runx2-negative mice do not form bone but do form pri-
mary mandibular cartilage. Secondary cartilages of the
mandible, however, are lacking, though a small condylar
condensation forms (Shibata et al. 2004) [32]. Inactivation
of Sox9 in cranial neural crest cells results in a lack of con-
dylar cartilage, though intramembranous mandibular bone
develops due to the continued expression of Runx2 [7].
Explants of Runx2-negative condylar condensations can
be induced to undergo chondrogenic differentiation by
BMP2, suggesting that secretory products of osteoblasts
are required for secondary cartilage formation [33].
Displacement of the developing condyle arrests develop-
ment of the fossa, indicating that the latter is dependent on
the normal positioning of the developing condyle, whether
the reverse is true is unknown. Mice lacking the Sprouty 1
and 2 genes fail to form the fossa. These genes encode in-
tracellular inhibitors of RTK signaling pathways, which in-
clude those initiated by Fgfs. The temporal and pterygoid
muscles are much larger than normal in these mice, suggest-
ing a mechanical impediment to the formation of the fossa.

IHH and BMP-2 are important signaling pathways regulat-
ing the development of the TMJ condyle. In the growth plates
of long bones, IHH and PTHrP constitute a feedback loop that
controls the rate at which chondroprogenitor cells undergo
hypertrophy (Vortkamp et al. 1996; Vortkamp et al. 1998)
[34, 35]. IHH is expressed by pre-hypertrophic chondrocytes
and maintains proliferation of chondroprogenitor cells.
Furthermore, it diffuses centripetally and distally to
perichondrial cells, inducing them through Gli2 to express
PTHrP that diffuses proximally into the chondroprogenitor
zone, thereby slowing the differentiation of Sox9+ cells into
chondrocytes to become hypertrophied chondrocytes.
Maintaining a normal proliferation rate also requires BMP-2
in parallel with IHH signaling, and BMP-2 also modulates the
expression of Ihh [36].

Ihh plays a similar role in condylar growth and also in
disc formation. Ihh and its downstream transcriptional ef-
fector Gli2 are expressed strongly in condylar cartilage by
E15.5, while the expression of Gli2 and PTHrP indicates

that the range of action for IHH reaches the polymorphic
chondroprogenitor layer as well as the zone of disc conden-
sation [37••, 38]. Cavitation was accompanied by secretion
of the anti-adhesive lubricant molecule lubricin. In IHH-
negative mutant mice, condyle growth is subnormal due
to low Sox9+ cell proliferation in the chondroprogenitor
zone, restricting the supply of cells for appositional growth.
In addition, the articular disc and joint cavities do not de-
velop, indicating that these features are dependent on IHH
expression in the condyle [37••, 38].

Purcell et al. [37••] performed laser capture dissection at
E.16.5 on mouse glenoid fossa tissue and condylar tissue,
which included the developing disc, and subjected the ex-
tracted RNA to microarray analysis. In addition to IHH,
they reported signaling that involved a number of other
highly upregulated genes. The Fgf receptors 1 and 2 were
expressed in the periosteum and perichondrium, respective-
ly, of both fossa and condyle. Fgfr3 was expressed in the
immature chondrocytes of the condyle. Wnt6 was enriched
in the condylar perichondrium, and Zfp445 prevailed in the
chondroprogenitor cells, disc, and glenoid fossa. Zfp445
encodes a zinc finger protein of unknown function, and its
role in TMJ formation is thus unclear. The IHH pathway
downstream effector genes, Smo, Ptc1, and Gli 1–3, were
co-expressed in the condylar cartilage. Gli2 showed the
strongest expression in both the condyle and disc. Gdf5, 6,
and 7, characteristic of limb joints, were not expressed in the
TMJ. Comparison of gene expression in the development of
other joints with the developing TMJ revealed that there
were some similarities between the hip joint and TMJ, but
in general the TMJ has a molecular expression pattern dis-
tinct from other synovial joints.

The role of BMPs (2 and 7) in appendicular joint develop-
ment is well known. The receptor for BMP family ligands,
BMPR1A, is expressed in the interzone, perichondrium,
periarticular cartilage, and hypertrophic chondrocytes of the
growth plate in developing joint regions of the appendicular
skeleton. BMP2 and 7 are expressed in the TMJ condyle
[37••]. Gu et al. [39••] carried out a detailed study of
BMPR1A expression in mouse TMJ development. BMPR1A
is expressed in the developing condyle, glenoid fossa, and in-
terzone mesenchymal cells between the two. Transgenic inacti-
vation of the BMPR1A gene in cranial neural crest cells resulted
in a phenotype much like that of Ihh-negative mice: hypoplastic
condyle, failure to form a functional fibrocartilage layer on the
articular surface of the condyle and glenoid fossa, and failure of
cavitation. Ihh expression is downregulated, indicating that
BMPR1A is a positive regulator of IHH. Transgenic overex-
pression of BMPR1A led to the degeneration of the developing
TMJ. These results led Gu et al. [39••] to propose a model in
which BMPR1A-mediated signaling interacts with Ihh signal-
ing to control disc separation, synovial membrane formation,
and cavitation (Fig. 5).
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Origin of the Disc

A major unanswered question about TMJ development is the
origin of the articular disc. There is some inconsistency in
published descriptions of disc formation. According to
Frommer [40], the disc develops from a separate mesenchy-
mal condensation between the condyle and fossa and differ-
entiates into fibrocartilage as also described by Shibukawa et
al. [38] However, the histological studies of Liang et al. [25]
suggest that the disc develops in contiguity with the fibrous
layer of the condyle, and thus might actually be derived by the
separation of cells from the fibrous surface of the condyle.
Their studies indicate that the upper cavity of the TMJ is
formed by apoptosis of loose mesenchymal cells between
the disc and the fossa by E15.5, whereas the lower joint cavity
is formed by E17.5, when the layers of disc cells appear fully
separated from the condyle. There is no signature marker for
early disc cells, so it is currently impossible to say whether the
disc is formed from mesenchyme, continuous with the tip of
the condyle, or if the disc arises as a separate mesenchymal
condensation very close to the tip of the condyle blastema.

Ihh is expressed in condensing mesenchymal cells of the
condyle prior to disc formation [37••, 41]. In the absence of
either Ihh [42] or Gli2 [37••] expression in the condyle, the
disc fails to form, suggesting that condylar Ihh signaling acts
early and directly to induce formation of the disc condensa-
tion. Alternatively, other as yet unidentified signals from the
condyle condensation might be involved in this induction,

with the disc condensation expressing Ihh independently from
the condyle. Gli2 continues to be expressed within the disc
after it has initiated differentiation, suggesting that Ihh might
be required to maintain the disc. To investigate this possibility,
Purcell et al. [37••] conditionally removed Smo, which is acti-
vated by Ihh signaling, from mice after disc cells initiated
chondrogenesis. The mutant TMJ formed a complete disc that
did not separate from the condyle, so the lower joint space did
not form. This suggests that Ihh signaling is required not only
to initiate disc formation, but also for normal differentiation to
produce a lower joint cavitation.

Conclusions

The TMJ is the most highly conserved joint in the body be-
cause it is essential for three important elements of survival
and propagation: mastication, communication, and mating
success. The TMJ may be the most heavily loaded joint in
the body, so there are three cushioning layers of fibrocartilage:
subarticular fossa, disc, and subarticular condyle. The articular
surface of the condyle is composed of modified periosteum,
which is divided into a fibrous layer (synovial surface) and an
underlying proliferative layer (cambium periosteum).
Mechanically induced differentiation of cells in the cambium
layer produces an underlying layer of fibrocartilage that is
subsequently mineralized to form bone. The gene expression
pattern during TMJ development is distinct from other syno-
vial joints, and is closely associated with ear development,
which may relate to manifestation of TMJ dysfunction in the
ears. The principal regulatory factors in TMJ development are
IHH and BMP. Developmental origin of the disc is unknown,
but disc formation and differentiation requires IHH signaling.
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