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1. ABSTRACT

Mechanical strain produced by forward mandibular
positioning was found to enhance mandibular condylar
growth in experimental animals and in patients. This study
was designed to identify the changes in number and rate of
the proliferating mesenchymal cells in mandibular condyles
of adult rats and to correlate these changes to the expression
of SOX9 and type II collagen under mechanical strain.
Seventy-eight 120-day-old female Sprague-Dawley rats were
randomly allotted to six groups, nine animals in each
experimental group according to different time points. Cell
kinetic studies for expression of PCNA were used to identify
number and rate of proliferating mesenchymal cells.
Immunostaining of SOX9 and in situ hybridization of Col2a1
gene were carried out. Results showed a significant increase
in number of replicating mesenchymal cells and proliferation
rate. The expression of SOX9 was enhanced and Col2a1 gene
transcript was then activated. The proliferative layer became
thicker on experimental day 21. The thickness of
chondroblast layer and chondrocyte layer showed significant
increase from experimental day 14 to day 30. In conclusion,
mechanical strain produced by mandibular advancement in
adult rats promotes the proliferation of mesenchymal cells.
Under control of transcription factor SOX9, these
mesenchymal cells are then committed to enter the
chondrogenic route leading to condylar growth.

2. INTRODUCTION

Recently, it was reported that young adult patients
with undergrowth of the lower jaw can be treated with fixed
functional appliances such as the Herbst appliance that position
the mandible forward and lead to jaw growth (1). Such a
treatment resulted in favorable skeletal response and improved
facial profile of the young adult patients (1). In magnetic

resonance imaging (MRI) study, signs of condylar remodeling
was evident in the posterosuperior border of the condyle (2).
The author postulated that “In the adult patients treated with
Herbst appliance this would be the result of a reactivation of
cells of prechondroblast zone, thus representing an area of
active condylar growth” (2). In animal experiments, it was also
reported that continuous bite jumping devices induce
morphological adaptation in the mandible especially the length
of condylar head in adult rats (3). Further histological and
immunohistochemical studies showed that mandibular
advancement reactivates endochondral ossification in the
posterior condyle and ultimately results in new bone formation
in the condyle (4). However, an evidence based quantitative
assessment of the cellular and molecular responses to the
mandibular advancement in adults is yet to be carried out.

During mandibular growth, the condyle undergoes
endochondral ossification and the condylar cartilage acts as a
template for bone growth (5). However, in the adults, the
remnant condylar cartilage serves more ‘articular’ function than
‘growth’ function (6). From growing to adults, the thickness of
cartilage becomes thinner. It has been reported that the adult
rat’s condyle is covered by a thin layer of cartilage, which is
composed of 2-3 layers of chondrocytes and there is no obvious
hypertrophic layer in the cartilage since a weak staining of
Type X collagen, the marker of endochondral ossification, was
obscured (4). This result implies that adult rat condyle stops
growth or becomes inactive of endochondral ossification. Rabie
and co-workers reported that bone growth in the condyle is
closely related to cartilage formation in the growing rats (7).
The clinical hypothesis discussed above revealed through MRI
studies that fixed functional appliances that position the
mandible forward can reactivate the cells in the
prechondroblast layer  prompted us to pose the same question
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with biological answer in mind. The question is whether
forward movement of the mandible in a non-growing rat would
increase cartilage formation that is otherwise minimal? Would
it also increase the expression of transcription factor SOX9, the
regulator of cartilage cells differentiation and type II collagen
formation in the condyle?

Histologically, condylar head is covered by fibrous
layer, which is composed of static cells embedded in the matrix
rich in fibers presumed to be of type I collagen (8, 9).
Underneath that fibrous layer, the condylar cartilage can be
divided into proliferative layer, chondroblast layer and
hypertrophic layer (10). Type II collagen composes the major
collagenous framework of cartilage (7). Once differentiated into
chondroblasts, mesenchymal cells start the expression of type II
collagen. So the expression of type II collagen can be used as a
marker for the identification and evaluation of cartilage
formation in response to mandibular advancement.

Another important question that needs to be
answered is how would mandibular advancement in adult rats
increase cartilage formation? Mandibular condylar adaptation
in developing species follows a typical endochondral
ossification, which is a multi-step cell differentiation pathway
and genetically characterized by different specific gene
activation (5). SOX9 has been confirmed to play a critical role
in controlling differentiation of the mesenchymal cells into
chondrogenetic pathway in long bone as well as the
mandibular condyles (5, 11-13). It has been reported that
active mandibular advancement up-regulates SOX9 and
expression of type II collagen in mandibular condyle and
glenoid fossa in growing rats (7, 14). In non-growing
species, enhanced expression of SOX9 and type II collagen
was shown in the repair of damaged articular cartilage (15).
Therefore, it can be speculated that SOX9 may also
contribute to the reactivation of cartilage formation and
subsequent endochondral ossification in adult rats by
regulating mesenchymal cell differentiation and type II
collagen (Col2a1) gene expression.

Furthermore, since SOX9 regulates mesenchymal
cells differentiation into cartilage cells, it would be of great
importance to understand the kinetics of mesenchymal cells
in adult condyles and to understand the change of the
kinetics under mechanical strain produced by functional
positioning. Mesenchymal stem cell is a kind of pluripotent
cells. Its progeny eventually gives rise to skeletal tissues:
cartilage, bone, tendon, ligament, marrow stroma,
connective tissue. When specific bioactive factors are
present, these cells could track into very specific pathways
and develop specific tissues (16, 17). In the
temporomandibular joint, resident mesenchymal stem cells
lie underneath the fibrous layer of condyle and glenoid
fossa (18). Undifferentiated mesenchymal cells are mitotic
active and contribute to the growth of condylar cartilage and
also play a role in the remodeling of the condyle (18).

Therefore, the purposes of this study were:

1. To identify the changes in number and rate of the
proliferation of mesenchymal cells in mandibular condyles of
adult rats during mandibular advancement.

2. To identify SOX9 and Col2a1 expression during mandibular
advancement and correlate that with the proliferation of
mesenchymal cells. 3~ To identify the changes in thickness of
cartilage layers during mandibular advancement and to
correlate that to the numbers of proliferating mesenchymal
cells.

3. MATERIALS AND METHODS

This experiment was approved by the Committee on
the Use of Live Animals in Teaching and Research of The
University of Hong Kong (CULATER 586-01).

3.1. Animal experiment and tissue processing
Seventy-eight Sprague-Dawley rats, 120 days old,

were randomly allocated into six groups. Each group consisted
of nine rats with bite-jumping appliances and four untreated
controls. The experimental animals were fitted with identical
bite-jumping appliances to result in mandibular advancement
(3). The animals in experimental groups and their matched
controls were killed on days 3, 7, 14, 21, 30, 60 by
intraperitoneal injection of 20% dorminal (200mg/ml
pentobarbital sodium, Alfasan). Immediately after death, the
heads were skinned and fixed in 4% paraformaldehyde. The
heads were then carefully dissected along the middle sagittal
plane, and the temporomandibular joints on the left halves were
harvested and decalcified in 20% EDTA. After decalcification,
the specimens were embedded in paraffin. Serial sections of
4µm were cut through the TMJ in the sagittal plane using a
rotary microtome (Leica RM 2155) and mounted on TESPA-
coated glass slides.

3.2. Histological and immunohistochemical staining
In this study, Alcian Blue-PAS staining and

immunostaining of type II collagen were used to identify cell
layers (Figure 1). To identify the proliferating mesenchymal
cells, immunostaining of PCNA was used in the present study.
The proliferating cell nuclear antigen (PCNA), also called
cyclin, is a 36-KDa acidic non-histone protein and is the
auxiliary protein of DNA polymerase-~. Cell proliferation can
be detected by the antibody against PCNA (19).

The staining protocol for Alcian Blue-PAS was
based on the method described by Bancroft (20).
Immunohistochemical procedures were carried out with a
three-step avidin-biotin complex method as previously
described (21). Three different antibodies were used for
identification of PCNA positive cells (Santa Cruz
Biotechnology, sc-9857), SOX9 positive cells (Santa Cruz
Biotechnology, sc-200951:10) and expression of type II
collagen (type II collagen, Santa Cruz Biotechnology sc7763).

3.3. In situ hybridization
The pCR II- TOPO plasmid containing rat Col2a1

cDNA was a gift from Dr. Ichiro Takahashi (Division of
Orthodontics and Dentofacial Orthopedics, TOHOKU
University Graduate School of Dentistry, Sendai, Japan). In
situ hybridization of Col2a1 was followed the protocol
described in the recent report of our lab (21). Briefly,
sections were deparaffinized and rehydrated. Specimens were
then digested for 30 minutes at 37ºC with proteinase K (Sigma
P-6556) in TE buffer and then fixed in 4% paraformaldehyde
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Figure 1. Cartilage layers are discerned with alcian bluePAS
staining (A) and type II collagen immunostaining (B). Fibrous
layer is composed of layers of fibroblast like flattened cells
and revealed by negative staining of alcian blue (A).
Proliferative layer is composed of densely packed
mesenchymal cells. It shows positive staining of alcian blue
(A) and negative staining of Type II collagen immunostaining
(B). Underneath the proliferative layer (B) is the type II
collagen positive area, which was termed as ‘Type II collagen
secreting layer’ in the study, and is composed of matured and
hypertrophic chondrocytes. Chondroblast layer is shown in
the Alcian Blue-PAS staining picture (A), whose extracellular
matrix is stained with alcian blue (blue color). Most
chondrocytes underneath the chondroblast layer entered the
hypertrophic stage (A). The extracellular matrix of these cells
is calcifying and revealed positive PAS reaction (red).

            
Figure 2. Alcian blue-PAS staining showing the overview of
rat’s TMJ condyle at age of 141-day (experimental day 21).
The thickness of cartilage in the posterior condyle is
remarkably increased by mandibular advancement (B) than
that of control (A). Two measurement frames are illustrated
on (B), one for the measurement of thickness of layers
(1104×811µm, black) and the other frame for the cell
counting (547×402µm, red).

for 10 minutes. After rinsing in PBS buffer, the sections were
immersed in 0.2N HCl. Subsequently, specimens were
acetylated with 0.25% acetic anhydride in 0.1 M
triethanolamine followed by dehydration in ethanol. Air-dried
sections were incubated with the antisense or sense control
probe (400ng/ml) in hybridization solution for 16 hours at
45°C in a sealed humid chamber. After washing for 30
minutes with 50% formamide in 2× SSC, the free probes
were removed by 20µg/ml RNaseA treatment in TNE buffer.
After washing and blocking, the samples were then
incubated 2 hours with 2.5 U/ml ALP-conjugated anti-
digoxigenin Fab fragments (Roche Diagnostics GmbH,
Mannheim, Germany). Sections were then covered with
NBT/BCIP solution (Roche Diagnostics GmbH, Mannheim,
Germany) for color development. Specimens were finally
treated with methyl green as counterstaining.

3.4. Quantitative and statistical analysis
The thickness of each layer and amount of PCNA

and SOX9 positive cells in different layers were quantified
by a true-colour RGB computer-assisted image analyzing
system with a digital camera (Leica DC 300 V 2.0, Wetzlar,
Germany) and Leica Qwin V 2.4 software. The thickness of
cartilage layers was measured in a fixed measurement frame
of 1104×811µm at magnification of ×180 in the posterior
condyle (Figure 2), where the newly formed cartilage was
induced (4). In the present study, the thickness of the
chondroblast layer and hypertrophic layer was combined and
was termed as “type II collagen positive layer”. The
identification of different layers was shown in Figure 1. The
PCNA and SOX9 positive cells stained with dark brown
color (at least 80 pixels) were identified and counted by
computer at magnification of ×360. A 547×402µm
measurement frame inside the previous frame was used for
cell counting (Figure 2). The outline of proliferative layer
was traced firstly in the image of neighboring type II
collagen staining sections. And then, the tracings were
superimposed onto the images of PCNA staining sections to
define the ambit of proliferative layer. PCNA positive cells in
the proliferative layer were accepted as proliferating cells. The
same manner was also used in distinguishing the SOX9
positive cells in different layers. The mesenchymal cell
population within proliferative layer was quantified on the
type II collagen sections. The number of proliferating cells per
100 counted cells within each cell population was counted
and then was referred to the proliferation rate. Statistical
analysis was processed with SPSS for Windows (Release
11.0.0, standard version, SPSS Inc.,Chicago, USA.) for one-
way ANOVA with Bonferroni multiple comparisons test
and independent-Sample t test.

4. RESULTS

The fibrous zone of the condylar cartilage of adult
rats is composed of several layers of flattened cells (Figure 1
A). The cells in the proliferative layer, which was densely
packed, located beneath the fibrous layer (Figure 1 B).
Underneath the proliferative layer, the cells became
chondrospecific and flattened gradually. The extracellular
matrix was positively stained with type II collagen and thus
this layer was termed as “type II collagen positive layer” in the
present study (Figure 1 B) which may represent the level of
expression of type II collagen. The current study showed that
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Figure 3. Graphs showing the changes of the thickness of
cartilage layers in the posterior condyle of control (n=4) and
experimental (n=9) animals. (A) thickness of fibrous layer;
(B) thickness of proliferative layer; (C) thickness of type II
collagen positive layer. Values are mean±SEM. Significant
difference between control and experimental animals are
marked with asterisks (* P < 0.05, ** P < 0.01, *** P <0.001).

the thickness of cartilage in posterior condyle was apparently
affected by the bite-jumping device (Figure 2). Analysis
showed the thickness of each layer of cartilage in controls
was unchanged during the observation period. In the

experimental group, there were significant changes observed
in all the layers. The thickness of fibrous layer (Figure 3 A)
showed significant increase from day 14 (P<0.01) of
mandibular advancement and was maintained from day 30 to
day 60 (P<0.001). Mandibular advancement resulted in an
increase in the thickness of the proliferative layer (Figure 3 B)
on day 21 (P<0.001) which was then followed by a decrease
to the level found in the matched controls. The thickness of
type II collagen positive layer (Figure 3 C) showed a
significant increase from experimental day 14 (P<0.001). The
highest level was presented on experimental day 21
(P<0.001) followed by a lower level on day 30 (P<0.001).
The level of expression of type II collagen expressed on day
60 returned to the level expressed in the controls.

In the control groups, the population of
mesenchymal cells (Figure 4 A) revealed no significant
differences, whereas the population in that of mandibular
advancement groups was significantly increased on day 21
(P<0.001). PCNA, a marker of cell division, was detected in
proliferative layer and matured chondrocytes except for the
lower hypertrophic chondrocytes (Figure 5 A, B, C). The
number and proliferation rate of mesenchymal cells in the
control group kept at a low level (Figure 4 B,C). In
mandibular advancement group, the number of PCNA
positive cells (Figure 4 B) increased on experimental day 3
and day 21 (P<0.001). Active mandibular advancement
enhanced the proliferating rate of the mesenchymal cells in
the posterior condyle on experimental days 3 and 21
(P<0.001) (Figure 4 B, C). PCNA positive cells could also
be found at the erosive front (Figure 5 D) and were
considered as newly differentiated osteocytes. Quantitative
analysis showed that the number of these cells kept
unchanged in controls during examination period while the
number was significantly increased from experimental day
21 (P<0.001) (Figure 4 D). The highest level was shown on
experimental day 30 (P<0.001). On experimental day 60,
PCNA positive cells in erosive front was still more than that
of controls (P<0.01).

By immunostaining, transcription factor SOX9
positive cell can be detected in the proliferative layer and
chondroblast layer (Figure 6). In the control groups (Figure
6 A), only a few SOX9 positive cells existed in the
proliferative layer. On experimental day 3, SOX9 positive
cells were remarkably increased in the proliferative layer of
experimental animals. On experimental day 21, the SOX9
positive cells were increased in both proliferative layer and
chondroblast layer but no positive staining can be detected
in the hypertrophic chondrocyte (Figure 6 B,C,D) The
quantitative results showed that the expression of SOX9 in
proliferative layer and type II collagen positive layer was
low in control group (Figure 7 A,B). In experimental
groups, the expression of SOX9 in proliferative layer
(Figure 7 A) showed a similar pattern with PCNA
expression in proliferative layer (Figure 4 B). On
experimental day 3, the SOX9 expression level was
significantly increased (P<0.001) followed by a lower level
on experimental day 7 (P<0.05) and day 14 (P<0.05) and
reached another peak on experimental day 21 (P<0.001).
From experimental day 30 to day 60, the expression of
SOX9 returned to the level in the controls. The expression
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Figure 4. Graphs showing the population of mesenchymal cells in the measurement frame (A), PCNA positive cells in
proliferative layer (B) and in erosive zone (D), the proliferation rate (C) in the posterior condyle of control (n=4) and
experimental (n=9) animals. Values are mean±SEM. Significant difference between control and experimental animals are marked
with asterisks (* P < 0.05, ** P < 0.01, *** P <0.001).

Figure 5. Immunostaining of PCNA showing PCNA positive cells (marked with arrow) distributed in the proliferative layer and
newly matured chondrocytes. In control animals, a small quantity of PCNA positive cells can be identified in the cartilage (A).
On experimental day 3 and day 21, PCNA positive cells are remarkably increased (B,C) in the cartilage. PCNA positive cells can
be found in the erosive front (D) and these cells represent the newly differentiated osteoblasts.
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Figure 6. Immunostaining showing SOX9 expression is weak in the condylar cartilage of adult rats (A). On experimental day 3, the
SOX9 positive cells are remarkably increased in the proliferative layer of the cartilage although the total thickness of the cartilage
remained at control level (B). On experimental 21, more SOX9 positive cells are shown in the thicker cartilage (C). Higher
magnification of picture (C) showing the distribution of SOX9 positive cells located in the proliferative layer and chondroblast layer
(D), and there is no positive staining in hypertrophic chondrocyte. (SOX9 positive cells are marked with arrow).

Figure 7. Graphs showing the temporal expression of SOX9 in the posterior condyle of control (n=4) and experimental (n=9) animals.
Values are mean±SEM. Significant difference between control and experimental animals are marked with asterisks (* P < 0.05, ** P < 0.01,
*** P <0.001).
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Figure 8. In situ hybridization showing the localization of type II
collagen (Col2a1) mRNA (marked with arrow) in the condylar
cartilage of control (A) and experimental animal (C.D) on
experimental day 21. (D) is higher magnification of (C). In situ
hybridization with sense probe shows no hybridization signal in
the cartilage (B).

of SOX9 in type II collagen positive layer showed
significant increase from experimental day 7 (P<0.001) and
reached the highest level on experimental day 14 (P<0.001).
From day 14 to day 21 (P<0.001) and day 30 (P<0.05), the
expression level was lowered down gradually and reached
the control level on experimental day 60 (Figure 7 B).

Like the expression pattern of SOX9 in the cartilage,
the hybridization signal of Col2a1 gene can be identified in
the matured chondrocytes but not in the hypertrophic
chondrocytes (Figure 8). On experimental day 3, only a few
chondrocytes showed hybridization signal in the cartilage of
control and experimental groups (Figure 8 A). Along with the
increase of thickness of cartilage of experimental animals, the
hybridization signal became more obvious. The strongest
hybridization signal was shown on experimental day 21
(Figure 8 C, D), the time point that expression of SOX9 began
to decrease in the type II collagen positive layer (Figure 7 B).
Noteworthily, the thickness of cartilage reached peak level
(Figure 3 C), which implies that the expression of type II
collagen protein reaches peak level at this time point.

5. DISCUSSION

This study showed that mandibular advancement in
adult rats resulted in increase in condylar growth as measured
by a significant increase in: the number and rate of replicating
mesenchymal cells (Figure 4 B, C); the expression of
transcription factor SOX9 (Figure 7), the factor that regulates
mesenchymal cell differentiation into chondroblasts; the
thickness of cartilage layers (Figure 3) and finally increase in
the amount of osteocytes that led to increase in the production
of new bone in the adult condyles (Figure 4 D).

In the present study, a proliferation marker, PCNA
was used to identify the number and rate of replicating
mesenchymal cells. The proliferating cell nuclear antigen
(PCNA), also called cyclin, is the auxiliary protein of DNA
polymerase-~. The rate of synthesis of PCNA is very low in
mid G1, increases during late G1, and reaches a maximum at

mid-S phase. Thereafter the rate of synthesis decreases to
basal levels during late S phase (19). Thus, PCNA positive
cells may exist during G1 phase or S-phase of cell cycle. It
was reported that PCNA positive cells could be detected in
“hypertrophying cells” in the condylar cartilage (22).
Results of the present study showed that PCNA positive
cells can be found in proliferative layer and some early
matured chondrocytes except for the hypertrophic
chondrocytes (Figure 5 A,B,C). Since PCNA could be
expressed by non-proliferating chondrocytes, in the present
study, we measured PCNA positive cells in the proliferative
layer alone. To be able to do so, images of serial stained
sections were superimposed on PCNA positive sections.
The measurements were limited to proliferative layer.

The function of mesenchymal cells is not limited to
embryonic bone, but also serves as the supply of osteogenic
cells for bone remodeling and fracture repair throughout
adulthood (16). In the untreated controls, the number of
replicating mesenchymal cells and the rate of proliferation
were kept at a low level in the adult rats at all time points
examined (Figure 4 B, C). However, in response to
mechanical strain produced as a result of forward
mandibular positioning, the replicating mesenchymal cells
significantly increased (Figure 4 B). Such an increase could
be due to increase in the rate of proliferation (Figure 4 C) of the
resident mesenchymal cells and/or increase in the
population size of mesenchymal cells present in the
perivascular sites of invading new blood vessels (23). In the
experimental group, the population size of mesenchymal
cells remained unchanged on day 3 and then increased
gradually and reached a peak on day 21 followed by a
decline to normal level on day 60 of advancement (Figure 4
A). Interestingly, significantly more cells tested positive on
day 3 of advancement when stained for PCNA (Figure 5 B).
Thus pointing out to the fact that mechanical strain
produced by mandibular advancement led to increase in the
rate of cellular proliferation probably as a result of the
expression of Indian Hedgehog (Ihh), the
mechanotransduction mediator in the condyle (24). We
reported that the level of expression of Ihh in the
proliferative layer of growing rats was the highest between
days 3 and 7 of advancement (24). This indicates that
mechanical strain caused by mandibular advancement in
adult rats solicited a similar response to that found in
growing animals, which points out that such mechanical
strain can reactivate cellular proliferation in an otherwise
inactively growing condyle. However, at a later stage of
advancement between days 7 to 21, we found that the
number of replicating mesenchymal cells increased while
the rate of proliferation decreased (Figure 4 B, C), thus
pointing out to possibly another source of mesenchymal
cells to contribute to the increase in the population of
mesenchymal cells in the adult condyles in response to
mandibular advancement. Earlier, reports showed that a
significant increase in VEGF expression in the mandibular
condyles that was closely correlated to the amount of newly
formed bone in the posterior of the condyle (5, 23).

VEGF led to a significant increase in the invading
blood vessels to the posterior condyle. These newly formed
blood vessels are rich in undifferentiated mesenchymal cells
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in their perivascular sites (25). Therefore, the contribution of
neovascularization to the increase in the replicating
mesenchymal cells is significant in an adult condyle under
mechanical strain. Such an increase in replicating
mesenchymal cells was closely correlated with the amount of
bone formed in response to mechanical strain produced by
forward mandibular positioning (26). The reason is that the
bigger the population size of mesenchymal cells, the more the
possibility of osteoprogenitor cells.

Not surprising then, that a significant increase in
the amount of bone formed in adult condyles in response to
mandibular advancement when compared to untreated
controls was demonstrated (4). A key question is how
would mandibular advancement induce such an increase in
the amount of newly formed bone in an adult mandibular
condyle? It was reported that mandibular advancement
changes the biophysical environment in the TMJ and creates
a strain alignment in the cells in the condylar tissues that
enhances the expression of Ihh , a mechanotransduction
mediator in the condyles (24). It was found that, Ihh
mediates the mechanical strain produced by mandibular
advancement and causes chondrocytes differentiation and
cartilage formation (24). Therefore, it is conceivable that the
reactivation of chondrocyte differentiation and cartilage
formation in adult rats in response to mechanical strain is
mediated by a similar Ihh pathway. Furthermore, it was
reported that there is a negative feedback loop between
Parathyroid hormonerelated protein (PTHrP) and Ihh in
controlling the mesenchymal cell differentiation and the
feed back loop is initiated by Ihh that induces PTHrP (27).
Rabie and coworkers reported that Ihh, in the condyle,
activates the PTHrP pathway in response to mechanical
strain (10). It is known that transcription factor SOX9 is the
target of PTHrP signaling (28). Therefore, in the present
study, it was important to examine the pattern of expression
of SOX9, as it is the factor that regulates the differentiation
of these replicating mesenchymal cells to chondroblasts
(Figure 6, 7). Furthermore, SOX9, expressed by
chondrocytes, regulates the synthesis of type II collagen, the
major component of condylar cartilage matrix (7). Results
of the present study showed a significant increase in the
level of SOX9 expression in response to mandibular
advancement (Figure 7 A). This significant increase in
SOX9 expression level coincided with the rate of
proliferation of mesenchymal cells (Figure 4 B, 7 A). This
indicates that the SOX9 expressed will commit the
replicating mesenchymal cells to the endochondral
ossification route.

Furthermore, SOX9 acts on the promoter region of
Col2a and regulates cartilage formation (29). It is of critical
importance to point out that cartilage is the template onto
which bone will form (30). In the adult condyle, as shown
in Figure 2 A, the amount of cartilage is minimal and
limited to 2 or 3 layers of cells. However, upon mandibular
advancement, there is a significant increase in the cartilage
layer as shown in Figure 2 B, as well as a significant
increase in the amount of type II collagen expression
(Figure 3 C). Strong hybridization signal of Col2a1 can be
found on experimental day 21 (Figure 8 C, D). These results
clearly indicate that, mechanical strain produced by forward
mandibular positioning in adult rats reactivates

mesenchymal cells proliferation, chondrocytes
differentiation and cartilage formation leading to bone
formation in the posterior of the condyle.

In summary, mandibular advancement in adult rats
leads to changes in the biophysical environment that solicits
cellular and molecular changes that lead to condylar growth.
The mechanical strain produced as a result of mandibular
advancement leads to expression of Ihh, the mechano-
transduction mediator which promotes cellular proliferation
then increases the population size of potential
osteoprogenitor cells. Mandibular advancement also solicits
cellular changes that lead to the expression of SOX9, a
transcription factor that commits the replicating
mesenchymal cells to the osteogenic route. Furthermore,
SOX9 regulates cartilage formation, which is otherwise
minimal in adult, to allow for endochondral ossification of
the condyle at a later stage, in response to forward
mandibular positioning.

6. CONCLUSION

Continuous mandibular advancement promotes
the proliferation and induces recruitment of mesenchymal
cells in adult rats. Under control of transcription factor SOX9,
these mesenchymal cells undergo endochondral ossification
and ultimately result in the new bone formation of condyle.
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