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The biological mechanisms of PCNA and BMP in TMJ adaptive remodeling

Zoe Potres Barnoutia; Payam Owtadb; Gang Shenc; Peter Petoczd; M. Ali Darendelilere

ABSTRACT
Objectives: To histologically and immunohistochemically assess the pattern of expression of bone
morphogenic proteins 2 and 4 (BMP2/4) and proliferating cell nuclear antigen (PCNA) in response
to bite jumping appliances in the condylar cartilage and the glenoid fossa.
Materials and Methods: Fifty-five 4-week-old female Sprague-Dawley rats were randomly divided
into four experimental and four control groups. Bite-jumping appliances were fitted to the
experimental animals. The rats were sacrificed at 3, 14, 21, and 30 days, and the tempo-
romandibular structures were analyzed histologically and immunohistochemically.
Results: The expression of BMP2/4 in response to bite-jumping appliances was statistically
significant in the condylar cartilage and the glenoid fossa. Cell proliferation was not significant.
Conclusion: BMP2/4 plays an important role in bone formation in response to mandibular
advancement by accelerating and enhancing the differentiation of mesenchymal cells into bone-
forming cells. (Angle Orthod. 2011;81:91–99.)
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INTRODUCTION

The major aim of dentofacial orthopedic treatment in
Class II individuals with mandibular retrognathia
(approximately 70%) is to enhance or optimize the
growth of the condyle by functional anterior displace-
ment of the mandible.1,2 The use of functional
appliances in adolescents and young adults increases
mandibular prognathism, seemingly as a result of
changing the biophysical environment of the temporo-
mandibular joint (TMJ) that leads to condylar adapta-
tion3; enhances growth of the condyle4; and initiates

remodeling of the glenoid fossa,5–7 thereby reducing
the skeletal and soft tissue facial profile convexity.6

Yet to date, despite numerous studies, it has not
been established whether treatment success results
from therapeutic modification of skeletal growth,
genetically determined growth itself, or periodontal
and dental reactions, that is, dentoalveolar adapta-
tion.8 The exact mechanism of such a control and
whether functional mandibular displacement stimu-
lates mesenchymal cell proliferation are still being
debated.1 It is therefore important to understand the
cellular response to mandibular advancement in the
glenoid fossa and the condyles.

Proliferating cell nuclear antigen (PCNA) functions
as a DNA sliding clamp for DNA polymerase delta and
is an essential component for eukaryotic chromosomal
DNA replication.9 PCNA has therefore been used as a
marker for cell proliferation.10 PCNA localizes in the
nuclei of chondroblasts of the reserve cell layer and the
upper hypertrophic layer. In condylar cartilage, the
percentage of PCNA-positive cells is significantly
higher when there is an increase in chondrocyte
mitosis.11

Bone morphogenic proteins (BMPs) are ubiquitous
multifunctional proteins that have widespread effects
on cell growth and differentiation in many organ
systems.12 BMPs induce not only chondrogenic differ-
entiation but also hypertrophy and mineralization.
BMPs also increase Cbfa1/Runx2 expression and
stimulate differentiation (transcription factors required
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for osteogenic commitment and differentiation).13–16

BMPs are molecular cues for osteoprogenitor cells to
differentiate into osteoblasts.17,18

Therefore, it is reasonable to speculate that,
because of their unique properties, BMPs play a
fundamental role in condylar remodeling in response
to bite-jumping appliances. This study attempts to
clarify the role of mesenchymal cell proliferation in the
condylar cartilage and the glenoid fossa and its
response to growth modification as well as the role of
BMP2/4 in the cellular response to bite-jumping
appliance.

MATERIALS AND METHODS

Experimental Model

Fifty-five 3-week-old female Sprague-Dawley rats
were selected for this experiment. After an acclimati-
zation period of 1 week, at 4 weeks old the rats were
randomly allocated into four experimental groups (n 5

35) and four control groups (n 5 20) (Table 1). All rats
were kept in an environment well controlled for
temperature and humidity and given free access to
food (ground pellets) and water. The study was
approved by the Westmead Animal Ethical Committee
(Protocol No. 4113.06-08).

Bite-jumping appliances were bonded to the lower
incisors of the experimental animals in an identical
inclination plane causing a fixed magnitude of down-
ward and forward positioning of the mandible. The
appliances were worn 24 hours a day; hence, a
continuous mandibular protrusion was exhibited (Fig-
ure 1). The appliances were fitted under anesthesia.

The control animals were monitored under natural
growth.

Histologic Tissue Preparation

The rats in each experimental group and matched
control group were sacrificed on days 3, 14, 21, and 30
after placement of the appliance (Table 1). The rats
were euthanized by carbon dioxide gas (Aligal 2, Air
Liquid, Sydney, Australia). Immediately after death, the
heads were fixed in 4% paraformaldehyde for 24 hours
and decalcified in 20% ethylenediamine tetra-acetic
acid (pH 7.38) at 4uC for 4–5 weeks. Next, the right
TMJ was dissected, excess tissues were removed,
and the specimens were dehydrated by passing
through a series of ethanol and then embedded in
paraffin in identical positions. The entire TMJ was then
cut at the sagittal plane into serial sections of 5 mm
using a rotary microtome (Leitz 1516, Leica Micro-
systems, Wetzlar, Germany) and floated onto poly-L-
lysine coated glass slides and examined by histopath-
ologic (hematoxylin and eosin) and immunohistochem-
ical techniques.

Immunohistochemistry

Immunohistochemical examination was carried out
on the condylar cartilage and the glenoid fossa using
two primary antibodies: proliferating cell nuclear
antigen (PCNA) primary antibody (Mouse PCNA
Unconjugated Purified 200 mg, 13-3900, supplied by
Invitrogen (Invitrogen Australia pty Ltd, Mulgrave,
Victoria, Australia); PCNA: 1/100). Bone morphoge-
netic protein primary antibody (BMP 2/4 affinity purified
goat antibody, GT 15053, supplied by Neuromics;
Edina, MN); BMP2/4: 1/100). Immunoglobulin horse-
radish peroxidase in 10% fetal calf serum was used as
a secondary antibody. 39-diaminobenzidine (DAB) in
chromogen solution (Dako Liquid DAB+ Substrate
Chromogen System, Code K3467, Dako, Glostrup,
Denmark) was applied for the observation of immuno-
histochemical activity. Finally, a light Meyer’s hema-
toxylin counterstain was applied. Then clearing proto-

Table 1. Allocation of Rats into the Four Groups

Study Criteria

Days into

Experiment

Before Sacrifice

Number of

Experimental

Rats

Number of

Control Rats

Bite jumping Day 3 10 5

Day 14 10 5

Day 21 10 5

Day 30 5 5

Figure 1. Incisal relations. (a) Normal incisal relation of the rats. (b) Normal incisal relation of the rats. (c) Incisal relation after placement of the

bite-jumping appliance.
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col were followed: sections were dehydrated down to
histoclear, and the slides were covered by mounting
medium (Fisher Scientific Permount, Fisher Scientific,
Pittsburgh, PA) for mounting and long-term storage of
slides, SO-P-15, 500 mL-1.1 pt., USA) and a cover
slip. We included immunohistochemical staining using
IgG2a in place of the primary antibody as a negative
control for PCNA and rabbit biotin as a negative control
for BMP2/4.

Quantitative Analysis

The expressions of PCNA and BMP2/4 were
quantified by manually counting positively stained
cells. This was conducted via a computer-assisted
image analyzing system, using a Leica Digital Imaging
Microscope (Leica application Suit Software). This
system can acquire high-definition digital images from
the specimens in 103, 203, and 603 magnification of
the condylar cartilage and glenoid fossa. Measure-
ments were conducted in the posterior region of the
condyle and the glenoid fossa, The sections were
evaluated at a total magnification of 203, using the
fixed measurement frame of middle quarter of the
posterior condylar cartilage and the glenoid fossa.

Statistical Analysis

Statistical analysis was processed with SPSS for
Windows (Version 16.0, SPSS Inc. Chicago, Ill) for
analysis of variance. One month later, the data were
collected again by the same observer to test the
method of error. There was no significant difference
among the registrations.

RESULTS

Mandibular condylar cartilage is histologically com-
posed of four cell layers: (1) articular layer, (2)
proliferative layer, (3) chondrogenic layer, and (4)
hypertrophic layer.

The results of the statistical analysis are summa-
rized in (Table 2). Statistical analysis indicated that
BMP2/4 expression was significant (P , .05) in the
condylar cartilage (P 5 .000) and the glenoid fossa (P
5 .090), but PCNA expression was not significant for
condylar cartilage (P 5 .096) and glenoid fossa (P 5

.090) in experimental groups compared with the
control groups.

Immunostaining in the Condyle

Immunostaining for PCNA was mainly expressed in
the proliferative and chondrogenic layers (Figure 2).
PCNA expression in the condyle of experimental
animals was not statistically significant at P 5 .096.

Although immunohistostaining for BMP2/4 was
mainly expressed in the chondrogenic and hypertro-
phic layers (Figure 3) Overall the level of BMP2/4
expression was higher in experimental than in controls,
this level was statistically significant with the P-value of
(P 5 .000).

The level of PCNA expression gradually increased
from day 3 to a maximum on day 21, after which it
declined on day 30 (Figure 4). BMP 2/4 reached
maximum levels on day 3 and then gradually declined
to a minimum on day 30 (Figure 5).

Immunostaining in the Glenoid Fossa

PCNA expression (Figure 6) gradually declined from
day 3 to day 30, and experimental rats maintained a
higher level of expression than control rats except on
day 30 (Figure 7). The expression of PCNA was not
significant overall for glenoid fossa (P 5 .090). The
expression of BMP2/4 (Figure 8) was statistically
significant for glenoid fossa (P 5 .039).

Day-appliance interaction (Figure 9) showed the
maximum expression on day 3 and declined to a
minimum on day 30. The experimental rats maintained
a significantly higher level of expression than control
rats on all days.

Weight Gain

Duration and appliance significantly decreased the
body weight of experimental rats (P , .001; Table 2;
Figure 10).

DISCUSSION

It is difficult to elucidate the real effects of orthopedic
therapy on condylar growth by deducting the attribu-
tion of condylar natural growth from the overall

Table 2. Results of Statistical Analysisa

Experimental Groups

Condylar Cartilage Glenoid Fossa Weights

PCNA Antibody BMP2/4 Antibody PCNA Antibody BMP2/4 Antibody Control vs Experimental Rats

Days P 5 .002 P 5 .002 P 5 .021 P 5 .035 P 5 .000

Appliance P 5 .096 P 5 .000 P 5 .090 P 5 .039 P 5 .000

Days*Appliance P 5 .327 P 5 .028 P 5 .327 P 5 .488 P 5 .017

* P 5 .05; **P 5 .01; ***P 5 .001; ****P 5 .0001.
a PCNA indicates proliferating cell nuclear antigen; BMP2/4, bone morphogenic proteins 2 and 4.
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treatment changes, because these elements always
overlap. This might be one of the reasons why the
skeletal effects of bite-jumping therapy remain in
dispute.19

Experiments conducted by Charlier and cowork-
ers20 and Petrovic and coworkers21 at the University
of Strasbourg showed an increase in the mitotic
activity of mesenchymal cells in the condyle in

response to mandibular advancement. Attempts to
reproduce these results using biochemical, histomor-
phometric, and autoradiographic methods have been
unsuccessful.22–24 A study of the mandibular condyle
of Macaca mulatta25 reported significant broadening
of cartilage zones in all experimental animals;
however, there was no increase in cell proliferation
compared with controls.

Figure 3. Immunohistochemical stain of bone morphogenic proteins 2 and 4 in the condyle at 103, 203, and 603 (arrow) showing staining in the

chondrogenic and hypertrophic layers.

Figure 2. Proliferating cell nuclear antigen staining of the proliferative and chondrogenic layers of the mandibular condylar cartilage (arrow) in

experimental and control Sprague-Dawley rats, showing the levels of staining at 103, 203, and 603.
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Other studies on rats found a broadened condylar
cartilage zone, increased metabolic activity and
proliferation in the condylar cartilage in response to
lateral functional shift,26,27 and a significant increase in
mesenchymal cell proliferation in both condylar carti-
lage and glenoid fossa in response to mandibular
advancement.28

Several researchers have reported that functional
appliance therapy accelerates growth, which is then
followed by subnormal growth in the posterior regions
of both the condyle and the glenoid fossa.29,30

Somatic growth puberty for Sprague–Dawley rats
occurs between 35 and 56 days of age.31 The rats in
the present study received bite-jumping appliances

Figure 4. Proliferating cell nuclear antigen expression in condylar cartilage showing that expression gradually increased from day 3 to 21 and

then declined sharply on day 30 in the control group; (0 5 control rats), (1 5 experimental rats).

Figure 5. Bone morphogenic proteins 2 and 4 in condylar cartilage showing gradual decline in experimental groups.
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from 28 days of age to the final group at 58 days old,
which is when these rats are expected to be
experiencing their maximum growth spurt. The use of
growing rats in which the mandibular is displaced
forward permits the investigation of the adaptive
remodeling process of the condylar cartilage.

Our study shows that throughout the experimental
period, from the age of 28 days (day 0) to 58 days (day
30), mandibular advancement maintained a nonsignif-
icant level of replicating mesenchymal cells in both the
condyle (P 5 .096) and the glenoid fossa (P 5 .090)
(Table 2).

Our results agree with those of others who also
showed an insignificant increase in cellular proliferation
in the condylar cartilage and the glenoid fossa.8,22–25,32

A most interesting finding in the present study is that
although the number of replicating mesenchymal cells
did not significantly increase in experimental rats, it did
not decrease in response to bite-jumping appliances.
Cellular proliferation is expected to increase in both
groups as the animal grows, and that correspond with
the somatic puberty growth period.

We also found that forward mandibular positioning
caused a significant increase in cartilage and bone

Figure 6. Proliferating cell nuclear antigen expression in the glenoid fossa in experimental and control rats at 103 (left), 203 (center), and

603 (right).

Figure 7. Proliferating cell nuclear antigen expression in the glenoid fossa; it generally declined from day 3 to day 30.
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forming cells, in both the condyle and glenoid fossa.
This was represented by a significant expression of
BMP2/4 in the condylar cartilage (P 5 .002) and the
glenoid fossa (P 5 .039).

Although many cytokines and growth factors are
capable of regulating specific aspects of bone devel-

opment and metabolism, to date BMPs are the only
factors known to induce bone formation in vivo, among
them BMP2 and BMP4.33–35

It has been shown that the BMPs are highly
osteoinductive and are effective in promoting bone
healing in animals. It has been suggested that BMP2

Figure 8. Immunohistochemical stain of bone morphogenic proteins 2 and 4 in the glenoid fossa, at 103, 203, and 603.

Figure 9. Expression of bone morphogenic proteins 2 and 4 in the glenoid fossa showing that expression sharply declined from day 3 to day 30.
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mediates the differentiation of mesenchymal cells into
osteoblasts and chondroblasts.36,37

Studies on fracture healing found that the more
primitive uncommitted cells have the highest concen-
tration of staining and thus may be initially responsible
for turning on BMP production.38 The more mature
differentiated cells have significantly less BMP asso-
ciated with them, and therefore BMP may play a less
significant role in their functioning.38 This may explain
why BMP 2/4 expression gradually declines in both the
condyle and glenoid fossa.

It has been suggested that cellular growth curves
show an initial period of rapid progenitor cell prolifer-
ation with numbers increasing at an exponential rate.39

Cowan and Morris40 have proposed that exponential
growth lasts as long as the curve of log cell number
plot against time becomes linear. However, as soon as
the cells differentiate, according to Urist,41 differentia-
tion curtails the population size of mesenchymal cells;
as a consequence, proliferative activity slows as
development continues.42 Our study found that man-
dibular advancement elicited an increase in bone
formation in the condyle and the glenoid fossa. As
more cells differentiate, this can affect the population
size of mesenchymal cells. This may explain the
insignificant increase in mesenchymal cell proliferation
in experimental vs control rats.

CONCLUSIONS

N In response to bite-jumping appliances, BMP2/4 may
initiate the cascade of cellular events that eventually
lead to bone formation by accelerating and enhanc-
ing the differentiation of mesenchymal cells into
bone-forming cells.

N The statement that the number of replicating
mesenchymal cells influences the growth potential
of the condyle and the glenoid fossa is still
debatable.
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