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Abstract

Condylar cartilage has been classified as an articular cartilage. It has been further categorized as a secondary cartilage. This
characterization is based upon its delayed development, unique histological features and adaptive capability to external stimuli.
This adaptive and remodelling capacity of condylar cartilage to forward positioning of mandible forms basis of orthodontic
functional treatment.

Molecular and genetic control of epiphyseal cartilage has been well documented. However condylar cartilage has received
attention only in last few decades. Condylar cartilage growth has partial genetic and strong epigenetic control. Epigenetic control
includes systemic factors and local factors, such as growth factors and mechanical stimuli. Various growth factors and
transduction mediators bring about natural development and adaptive remodelling of condylar cartilage. Growth factors are large
group of polypeptide molecule which exerts its effect by paracrine or endocrine mechanism. Growth factors can exert various
effects depending on the type of receptor it interacts. Depending upon the receptor it can bring about mitotic, hypertrophic or anti
proliferative effect. These molecular controls play important role in growth and homeostasis.

This article is an attempt to assimilate available knowledge and current concept regarding molecular and genetic control of

condylar growth.
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Introduction

Development of orofacial complex is hugely
guided by mandibular condyle, which brings it under
special attention of orthodontist.*

Mandibular condylar cartilage is classified as
articular cartilage which can be further sub classified as
secondary cartilage. It distinguishes itself from any
other cartilage on the basis of its embryonic origin,
post-natal growth mode, and histological structures.
Most unique feature of condylar cartilage lies in its
ability to execute adaptive remodelling under the
influence of external stimuli during or after natural
growth.2 During orthodontic  functional therapy
mandibular advancement or bite jumping provides
necessary stimuli to bring about adaptive remodelling
of condylar cartilage. Thus adaptive remodelling forms
fundamental rationale of orthodontic functional therapy.
The adaptive remodelling of condylar cartilage
progresses with the bio molecular pathway initiating
from chondrogenesis and concluding with osteogenesis.

Unique and Distinguishing Features of Condylar
Cartilage

The biological features of articular chondrocytes
differ from epiphyseal chondrocytes. Unlike epiphyseal
cartilage, articular cartilage present chondrocyte
throughout postnatal life and retains its morphological
and biosynthetic features.®> whereas, the epiphyseal
chondrocytes is present only in puberty, during which
they participate in the endochondral ossification by
exhibiting phenotypic changes.# Even though condylar
cartilage is classified as articular cartilage, it stands out
because of its unique capability to undergo adaptive

changes in response to external stimuli unlike other
articular cartilages.®

Condylar  cartilage  distinguishes itself in
histological structures from both epiphyseal and
articular cartilage in the following respects:

Two phases of gene expression patterns of
chondrocytes during condylar growth are maturation
and mineralization.® Pre-chondroblast is formed by
mesenchyme differentiation, which is first step of
chondrocyte maturation. End stage of chondrocyte
phenotypic expression is characterized by matured
hypertrophic chondrocytes.

Zones of Condylar Cartilage

Articular Zone: This zone forms outer most covering
of the articular surface. It is characterized by densely
packed collagenous fibers with fibroblasts. The
periosteum of condylar neck shows continuity with
dense fibrous tissue and exhibits parallel arrangement
of the fibroblasts with respect to surface of condylar
head. Articular zone presents a layer of mesenchymal
cells underneath fibrous tissues.”

Resting Zone: This zone lies beneath articular zone
and forms most superficial part of condylar articular
cartilage. Resting zone is characterized by small
chondrocyte, lesser chondroid matrix and high mitotic
potential reflected by high nuclei-to-cytoplasm ratio.®
Proliferative Zone: Mature cartilage with abundant
chondroid matrix is seen in proliferative zone. This
zone is characterized by large chondrocytes enveloped
in lacunae, with a clear zone crammed in between them.
Absence of orderly formation or column-like
arrangement of chondrocyte in this zone is a distinctive
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aspect of condylar articular cartilage in comparison to
epiphyseal cartilage.®

Hypertrophic Zone: This zone is characterized by
highly mature chondrocyte and first sign of
calcification. Chondroid matrix in this layer contains
high density of collagen fibres and is continuous with
underneath osteoid matrix. There is increase in size of
lacunae which encloses chondrocyte, along with
degeneration of few chondrocyte presenting a pyknotic
appearance.'?

Erosive Zone: Ending of chondrogenesis and
beginning of osteogenesis is the hallmark of erosive
zone. In this zone cartilage and connective tissue of the
marrow cavity are in direct contact. Formation of
Cartilaginous  spicules which undergoes interim
calcification is preceded by chondrocytic apoptosis and
breakdown of cartilage. Angiogenesis begins at this
stage along with infiltration of degenerated cartilage.
Formation of randomly arranged bony trabeculae is
seen in this zone.8!

Condylar Cartilage- A Secondary Cartilage
Condylar cartilage is defined as secondary cartilage
as it appears later in development and is independent of
chondroskeleton. Few salient features that determine
condylar cartilage as secondary cartilage are:
Delayed Origin: According to Suda et al., 1999 and
Meikle, 2002 the temporomandibular joint is formed
after most of the synovial join during pre-natal
development.’®* In another experimental study,
immunolocalization of types Il and X collagen in the
foetal mouse mandible where not positive till 15" day
of pregnancy. This delayed articulation between
temporal bone and the mandible establishes late
development of condylar cartilage which is indicative
of its secondary origin, in comparison to primary
cartilage which forms earlier.*?
Ontogenetic Development: Primary cartilages are
formed within the mesenchymal blastema which later
develops into the future mandible. However, cartilage
formation in the condylar process, the coronoid process,
the symphysis, and the gonial area begins as a
secondary event subsequent to formation of primary
cartilages. Except condylar cartilage others disappear
around birth. Articular function of temporomandibular
joint plays homeostatic role in sustaining condylar
secondary  cartilage  within  the  membranous
components of the condylar process throughout our
life.!3
Adaptive Potential: Thin perichondrium covers
primary cartilages, whereas secondary cartilage is
covered by a fully developed mesenchymal tissue layer.
This mesenchymal covering of the condyle is
responsible for its adaptive potential.14*®
Post-natal Growth Regulation: During growth,
Primary epiphyseal cartilage reacts primarily to
systemic growth stimuli such as hormones whereas;
condylar cartilage only secondarily follows these

overall stimuli after additional modulation by local
growth factors. 1416

Condylar Growth and Remodelling

Stage |- Chondrogenesis: Integral part of
chondrogenesis is phenotypic and morphologic changes
of chondrocyte, which is expressed as chondrocytic
maturation and results in endochondral bone formation.
Various growth factors regulate chondrogenesis and the
consequent endochondral bone formation observed at
the mandibular condyle.” The regulation of cell
proliferation, differentiation, and maturation during
chondrogenesis is carried out by various extracellular
growth factor, which are bone morphogenetic proteins
(BMP), parathyroid-hormone-related peptide (PTHrP),
insulin-like growth factors (IGF), transforming growth
factors (TGF), fibroblast growth factors (FGF), and
members of the hedgehog (Ihh) and Wnt gene families.
Transduction of these regulatory signals from growth
factors are mediated by transcription factors (Sox
family and core-binding factor alpha) within the
developing mesenchymal cells and chondrocytes,
resulting in changed gene expression.8

Factors Regulating Mesenchyme Chondrogenic
Differentiation

L-Sox5, Sox6, and Sox9 which belong to the Sry-
related family of HMG box DNA-binding proteins are
master transcription factors implicated in differentiation
of mesenchymal cells into chondrocytes.*® Inactivation
of Sox9 gene after mesenchymal condensations leads to
arrest of differentiation of condensed mesenchymal
cells into chondrocytes.?’ Sox9 utilizes cCAMP-response
element-binding protein (CREB) to exert its effects.
The co-activators of Sox9 for cartilage tissue-specific
gene expression and chondrocyte differentiation are
CBP and p300.2* Sox9 is up regulated by Parathyroid
hormone-related protein (PTHrP)??> and found in
abundance at sites of mesenchymal condensation.?

Factors Regulating Mesenchyme and Chondrocyte
Proliferation

Fibroblast Growth Factor (FGF): An increased
proliferation of the undifferentiated mesenchymal cells
is brought about by FGF-2. Local administration of this
protein in articular cartilage even with full-thickness
defects can bring about renewal of chondrogenesis.?*In
contrast to FGF-2, BFGF (basic fibroblast growth
factor) inhibits proliferation of chondrocytes. Down-
regulation of the transcription factors, namely PTHrP
and Cbfal by BFGF results in inhibition of
mesenchymal proliferation.?

Transforming Growth Factor and Insulin like
Growth Factor (TGF and IGF): Chondrocytic
proliferation and early formation of cartilage is seen at
fracture healing site by local application of IGF-1 and
TGF-beta.?® In another experimental study, local
administration of IGF-1 to the bilateral mandibular
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articular cavities in rats produced increase in the
thickness of the condylar cartilage and enhanced
proliferation of chondrocytes.t” The mitogen-activated
protein (MAP) kinases activated by TGF-betas, have
been shown to promote cartilage-specific gene
expression.?’

Proliferating Cell Nuclear Antigen (PCNA): PCNA
is used as a marker for cell proliferation as it is required
for eukaryotic chromosomal DNA replication where it
works in tandem with DNA polymerase delta.?? PCNA
is found in nuclei of chondroblasts of the reserve cell
layer and the upper hypertrophic layer. Increase in
chondrocyte mitosis in condylar cartilage is indicated
by a concomitant increase in percentage of PCNA-
positive cells.®® PCNA is an integral part of various
cellular processes such as DNA repair, DNA
methylation, chromatin assembly and thus also plays a
role in cell cycle regulation.?®

D-type Cyclins: D-type cyclins, member of the
retinoblastoma family, are expressed in proliferating
and differentiating chondrocytes.*® D-type cyclins
control cell-cycle activation primarily the progression
through the G1 phase of the cell cycle. Binding of D-
type cyclins leads to activation of the cyclin-dependent
kinases Cdk4 and Cdk6. Cell-cycle progression is thus
induced by the subsequent expression of S-phase
genes.’!

Wnt Family: Regulatory role of Wnt in chondrocytic
differentiation has been recently shown. Wnt5a and
Whnt5b coordinate chondrocyte proliferation, whereas
cyclin D1, pl130 and chondrocyte-specific Col2al
expression have role in chondrocyte differentiation.®
Whnt-1 and Wnt-7a has proliferative effects on pre-
chondrogenic mesenchyme, and an inhibitory effect on
differentiation at the late blastema stage.

Bone Morphogenetic Protein (BMP): BMP-2 and
BMP -4 play regulatory roles in the process of
endochondral ossification.%* BMP-2-induced
chondrogenesis is inhibited by Wnt signaling, which
indicates an antagonism between Wnts and BMP-2
during mesenchymal condensation.

Factors Regulating Chondrocyte Maturation and
Differentiation

Parathyroid Hormone-Related Protein and Indian
Hedgehog (PTHrP and Ihh): Proliferation and
maturation of chondrocyte is regulated by two
signalling molecule namely lhh and PTHrP.* Ihh
stimulates chondrocytic proliferation, whereas it
inhibits hypertrophy and ossification via PTHrP.%:3 |hh
and PTHrP forms negative-feedback loop through
which it regulates endochondral ossification.%” this has
been substantiated by an experimental study in which
deletion of PTHrP in mice lead to development of
dyschondroplasis, resultant from premature maturation
of chondrocyte.® Regulation of cartilage hypertrophic
differentiation is brought about by TGFbeta-2 acting as
a signal relay between Ihh and PTHrP.%

Core Binding Factor Alpha and Runt-Related
Transcription Factor 2 (Cbfa and Runx 2): Cbfa not
only plays important role in osteoblastic differentiation
but also its expression increases with increasing
chondrocyte maturation.®® Dual action of chondrocytic
maturation and degradation by Cbfal controls the post-
natal growth of the condyle.*!Runx2 is another
important transcription factor required for chondrocyte
maturation. This has be substantiated by an
experimental study in which depletion of Runx2
resulted in impairment of chondrocyte hypertrophy and
differentiated phenotype in chondrocytes in vitro.*243
Wnt: Wnt has regulatory role in chondrocytic
differentiation.** Wnt-1 and Wnt-7a causes a severe
block in differentiation of chondrocyte at the late-
blastema/early-chondroblast stage.**Blocking of the
initiation of chondrogenesis and acceleration of
terminal chondrocyte differentiation is implicated to
Wnt4.%5 Wnt-7a stimulates transcriptional activity of
beta-catenin which induces differentiation of articular
chondrocyte.*6
Stage II- Transition from Chondrogenesis to
Osteogenesis: Transition from chondrogenesis to
osteogenesis takes place in the erosive zone of
hypertrophic  cartilage. Alkaline phosphatase is
synthesized by hypertrophic chondrocytes and at the
same time, calcification of cartilage matrix take place
which progressively stops the diffusion of nutrients %4
During growth maximum level of BALP (bone specific
alkaline phosphatase) is seen during CVMI stage 3. As
alkaline phosphatase is expressed by hypertrophic
chondrocyte, maximum level of its expression must be
concomitant with maximum growth.*® This eventually
leads to death of chondrocyte, breakdown of matrix and
formation of increasing large cavities by confluence of
neighbouring lacunae. Presence of empty lacunae and
discontinuity of the mineralised intercellular partitions
provides space for vascular invasion. This angiogenesis
causes influx of osteoprogenitor and bone marrow stem
cells which eventually differentiate into osteoblasts.>4°
Osteoblasts lay down osteoid on framework provided
by the spicule and remnants of lacunar cartilage.
Subsequent osteoid calcification results in new bone
formation. This new bone formation occur along naked
ends of the mineralised cartilage strands, which
eventually leads to union condylar cartilage to osseous
mass of the ramus.>°

Hypertrophic cartilage progresses to endochondral
ossification by Invasion of capillary endothelium which
plays a critical role in initiating the transistion.5%In an
experimental study adaptive chondrogenesis of
condylar cartilage was initiated by repositioning of the
mandible in rats, which verified the association between
penetration of vasculature and emergence of
osteogenesis.  Immunolocalization  of  capillary
endothelium showed strong immunoreactivity in
erosive zone and in the bony tissue underneath, where
neoangiogenesis took place.? Other studies by
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quantitative imaging analysis have shown similar result
with regard to neovascularisation of the erosive zone,
which substantiate the association of vascularization
and new bone formation.>354

Stage I11- Osteogenesis
Adaptive Remodeling: Condylar cartilage has a
special multi directional capacity for growth and
remodelling. Unlike articular cartilage, condylar
cartilage shows adaptive remodelling to mechanical or
positional change by alteration or regeneration of
chondrogenesis  and  subsequent  endochondral
ossification.®® Hence, changes in  condylar
repositioning, articular functioning and mechanical
loading results in condylar remodelling. This is the
most intriguing biological aspect and differentiates it
from any other synovial or epiphyseal cartilage.:5’

Condylar remodelling is an important factor
influencing the mandibular morphology during or after
natural growth. Role of condylar adaptation in
reshaping the morphology of the mandible is explained
by various studies which have shown mandibular
advancement with orthodontic functional appliances,
even beyond normal growth by enhancing condylar
growth.%®

Various studies have shown condylar remodelling
in the post-natal growth period as well as after growth
has ceased. Rabie et al*® have shown accelerated
maturation of chondrocyte and subsequent enhanced
endochondral ossification with forward positioning of
condyle in growing rats. Other studies by
Chayanupatkul et al®® and Rabie et al®® have shown
condylar repositioning in adult rats by reactivation of
chondrogenesis in condylar cartilage and increased
bone formation.
Endochondral Ossification in Relation to Condylar
Repositioning: The reason for adaptive remodeling of
condylar cartilage is still under investigation. Condylar
repositioning relative to glenoid fossa constitutes an
important trigger for condylar cartilage adaptation.®®
Bite jumping produce condylar repositioning which
initiate condylar remodelling and forms the basis of
orthodontic functional therapy. Experimental studies in
rats have been conducted to identify the cellular
response of condylar cartilage during mandibular
advancement.%®5%61 Mandibular advancement leads to
stretching and directional orientation(toward the
direction of the pull) of the mesenchymal cells in the
articular zone of condylar cartilage®%? This directional
orientation and physical stretching of mesenchyme cells
induce its proliferation and differentiation.®> This
observation has been further substantiated by a recent
study on lhh, a transducing mediator implicated for
mesenchymal proliferation which eventually result in
endochondral ossification.5?

The influence of mandibular repositioning or
mechanical loading has been centre of focus of several
studies. Increase in compressive loading of condylar

cartilage retards the growth, whereas decrease in
compressive loading has enhancing growth effect.5263
This indicates that when condyle contacts the fossa, it
would slow the maturation process and consequently
defer endochondral ossification in condylar cartilage.
Deviation of posterior part of the condyle from the
fossa leads to accelerated maturation of the cartilage at
that point.5"%® Hence, It can be safe to state that
condylar unloading stimulates condylar growth, while
articulating function, in contrast, slows condylar
growth. This conclusion is in agreement with the
observation that absence of articulating function in the
mandibular jaw joint would lead to the cartilage
maturation and replacement by bone. 567

The reasoning behind phenotypic shift of
chondrocyte due to mechanical unloading can be
attributed to multipotent pre-chondroblast of condylar
cartilage. In the absence of articulating function,
chondrocyte switch their bio molecular pathway toward
the direction of osteoblasts leading to increase in
growth. 5. 68

Avrticulating function of condyle keeps the cartilage
tissue young and adaptive for the purpose of enabling
chondrogenesis to continue. Lack of articulating
function would lead to rapid hypertrophy of
chondrocyte which would eventually end in bone
formation. This reflects a unique role of articulating
function which is maintenance of condylar articular
cartilage.>®>% In comparison to post-natal cartilage,
pre-natal cartilage shows greater distance between the
maturation front and the pre-chondroblast cell layer.
This delays maturation process to reach the pre-
chondroblast layer. Hence, pre-natal condylar cartilage
is able to continue its growth without articulating
function for a longer period than is the post-natal
condylar cartilage.”"*

The shape of condyle is under the influence of
natural growth. Unlike the posterior part of the condyle,
anterior part does not participate in articulation; hence it
shows faster maturation and resultant osteogenesis.
However, slow maturation and continuation of
proliferation is seen in posteror part of condyle due to
compressive mechanical loading. This reaction leads to
an expansive growth in the anterior part of the
condyle.”

The Expression of Growth Factors during Adaptive
Remodeling of Mandibular Condylar Cartilage:
Change in postural position of mandible leads to
enhance signalling of growth factors, which in turn
causes alteration in the proliferation and growth of the
mandibular condylar cartilage.?7

Insulin Like Growth Factor and Fibroblast Growth
Factor (IGF and FGF): In an experimental study,
lateral functional shift of the mandible by intra-oral
appliance in rats produced increased expression of IGF-
1, FGF-2 and their receptors IGF-1r, FGFr1, 2, 3 on
protruded than non-protruded side.”> In another rat
model study in which the mandible was advanced by
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use of a propulsive appliance lead to increased
expression of IGF1, IGF-2 and PCNA.”

Maximum increase in IGF-1 is seen in serum and
urine during transition and decleration stage of CVMI.
As IGF is responsible for mesenchymal proliferation, so
it can be safely stated that maximum adaptation and
growth of condyle would be seen in CVMI 3 and 4
stage.”>"

Vascular Endothelial Growth Factor (VEGF): Bite
jumping evokes increased VEGF expression, which
solicits a sequence of cellular events leading to
increased vascularization. The highest acceleration of
vascularization precedes new bone formation.>® Second
advancement in stepwise mandibular advancement
leads to greater VEGF production compared to single
step group, which indicate amplitude of mechanical
loading of condylar cartilage also exerts a significant
effect on the production of VEGF by chondrocytes.>

Parathyroid Related-Protein (PTHrP): Mandibular
advancement leads to PTHrP expression which overlaps
with the retardation of chondrocyte hypertrophy.
Hence, it was inferred that PTHrP expression retards

Table 1

chondrocytic maturation, which in turn allocate the
provision for future growth by promoting mesenchymal
cell differentiation®!
Sox9: Increase in Sox9 expression and the amount of
newly formed bone were observed during mandibular
advancement by Quantitative assessment. Hence, the
conclusion was drawn that functional appliance therapy
accelerates and enhances condylar growth by
accelerating the differentiation of mesenchymal cells
into chondrocytes, which leads to formation of early
and increased amount of chondroid matrix.5®
Type X Collagen: Hypertrophic cartilage expresses
type X collagen, which indicates its role in the terminal
stage of chondrocyte maturation.”” There is increased
production of type X collagen with mandibular
advancement which provides an easily resorb able
fabric in comparison to type Il collagen for the
deposition of bone matrix and regulation of
calcification.’

Overview of various growth factors and other
transduction mediators is given in Table 1

Growth factors/other transduction
mediators

Role in condylar growth and remodelling

Indian hedgehog

Promotes chondrocytic proliferation
Regulates chondrocytic hypertrophy and maturation via PTHrP

Parathyroid related-protein

Inhibits chondrocyte hypertrophy and maturation

Transforming growth factor

Inhibits chondrocyte hypertrophy and maturation

Fibroblast growth factor

Promotes chondrocytic proliferation
Inhibits chondrocyte terminal differentiation

Insulin like growth factor

Promotes chondrocyte proliferation and matrix formation

Vascular endothelial growth factor

Promotes neoangiogenesis
Proliferation and migration vascular endothelial cells

Platelate derived growth factors

Mitogenic for connective tissue cells
Stimulate chondrocyte differentiation

Connective tissue growth factor

Stimulates proliferation, hypertrophy and maturation of
chondrocyte

core binding factor alpha and runt-related
transcription factor2

Regulates chondrocyte hypertrophy, cartilage matrix calcification,
osteoblast differentiation and osteoclast function

Bone morphogenetic protein

Regulatory role in endochondral ossification

WNT Regulates chondrocyte differentiation
D-type cyclin Rate limiting and progression through G1 phase of cell cycle
SOX9 Promotes type Il collagen synthesis

Up regulated by PTHrP

Type X collagen

Facilitates easy matrix resorption and calcification

IL-1 and TNFa

Activate catabolic pathway in cartilage

IL-4, 1L-10 and 1L-13

Anabolic pathway in cartilage

Conclusion

of condylar cartilage leads to retardation of growth;

Condylar growth is orchestrated by cascade of
various growth factors and other regulatory factors.
Adaptation potential of mandibular condyle under
mechanical loading forms the basis of orthodontic
functional therapy. Mandibular loading by compression

whereas stretching of condylar cartilage produce
growth stimulation. Holistic approach towards
understanding of various bio-chemical mediators of
growth forms basis of future growth modulation
therapy.
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