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Repeated Mechanical Loading Enhances the Expression of Indian Hedgehog in Condylar Cartilage
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1. ABSTRACT

Indian hedgehog (Ihh) acts as a
mechanotransduction mediator that converts mechanical
strain into cellular proliferation and cartilage formation in
mandibular condylar cartilage. The aim of this study was to
examine the effect of repeated mechanical strain on the
level of expression of Ihh and type II collagen mRNA in
condylar growth.  Two hundred and eighty 35 days old
Sprague-Dawley rats were divided into 10 experimental
and 10 control groups.  Repeated mechanical loading was
applied by advancing the mandible in a stepwise manner by
fitting a stepwise bite jumping appliance. Animals were
sacrificed together with their matched controls on 10
different time points. Total RNA was extracted from
condylar cartilage immediately after dissection.  Ihh and
type II collagen mRNA was quantified using real-time
PCR.  In the experimental group, Ihh mRNA increased
significantly on experimental day 7.  Upon the second
advancement, another peak was elicited 7 days later. Type
II collagen showed a significant increase on days 21 and 44
of advancement. This indicated that mechanical loading in
a repeated manner, triggers the expression of Ihh which in
turn increases the number of replicating mesenchymal cells
as well as the amount of the cartilage formed. Taken
together these events increase condylar growth.

2. INTRODUCTION

Indian Hedgehog (Ihh) was reported to be a
critical mediator transducing mechanical signals to
stimulate chondrocyte proliferation (1, 2).  Mechanical
loading at moderate levels is considered to be essential
for maintenance and adaptation of the growing as well as
adult skeleton (3, 4).

Rabie and Co-workers examined the effect of
mechanical loading on mandibular condylar growth (5-8)
and reported that Ihh is the mechanotransduction
mediator in the condyle (2).  Mandibular forward
positioning led to changes in the biophysical environment
that caused deformation of the mesenchymal cells and
other cells in the extra-cellular matrix (9).  Thus create
strain alignment that causes deformation of the
cytoskeleton of these cells and trigger the expression of
Ihh (2).  The expression of Ihh elicited by mechanical
loading of the mandibular joint promoted mesenchymal
cell proliferation (10) and initiated a cascade of cellular
and molecular responses that led to condylar growth (7).

Indian Hedgehog, a member of the vertebrate
hedgehog morphogen family, was reported to be key
morphogen during skeletal development and regeneration
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Figure 1. Melting curve analysis in RT-PCR.  A sharp peak showing specific Ihh amplicon (melting temperature of 93.5ºC) was
generated.

(11).  Mechanical stress stimulated Ihh expression in
chondrocytes in vitro by 18-fold (1).  Over expression of
Ihh in transgenic mice led to an increase in the number of
replicating chondrocytes in the growth plate (12).  Earlier
we reported that the number of replicating mesenchymal
cells in the condyle directly impacts the growth potential
of the condyle (10).  Furthermore, the number of
replicating chondrocytes impacts the amount of cartilage
to be formed (13) and subsequently influences condylar
growth because cartilage acts as the template onto which
bone will form (14).  Therefore, over expression of Ihh in
the condylar cartilage in response to mechanical loading
could result in enhanced condylar growth.

It is conceivable, then, that upon repeated
mechanical loading as a result of repeated mandibular
advancements, over expression of Ihh is achieved with its
ultimate effects of enhancing mandibular growth,

The objectives of this study were:

1. To carry out a quantitative assessment of the
expression of Ihh mRNA in mandibular condyles under
repeated mechanical loading.

2. To carry out a quantitative analysis of the expression
of type II collagen mRNA in condylar cartilage under the
same conditions.

3. To correlate the level of expression of Ihh and type II
collagen to bone formation under the same conditions.

3. MATERIAL AND METHODS

Animal experiment was approved by the
committee on the Use of live Animals in Teaching and
Research of the University of Hong Kong.

3.1. Experimental Animals
Two hundred and eighty female Sprague-Dawley

rats, 35 days old, were randomly divided into 10 control
groups and 10 experimental groups (n=14).  Ten groups of

experimental rats wore stepwise bite-jumping appliances,
which produced an initial advancement of 2 mm. After 30
days, acrylic veneers were added to the appliances, for a
total advancement of 4.0 mm (15). The appliances were
worn 24 hours producing a continuous forward and
downward positioning of the mandible.  The animals were
sacrificed on days 3, 7, 14, 21, 30, 33, 37, 44, 51, and 60,
respectively by an intraperitoneal injection of 20%
pentobarbital sodium.

3.2. Total RNA Extraction
Mandibular condylar cartilage was collected and

frozen in liquid nitrogen immediately after dissection under
light microscope.  The tissue was homogenized with
Mikro-dismembrator U (B. Braun Biotech International).
Total RNA was extracted by RNeasy® Fibrous Tissue Midi
Kit (Qiagen) according to manufacturer’s specification.

3.3. Reverse Transcription and Real-time PCR

Reverse transcription of extracted RNA into
cDNA was carried out with the SuperScript First Strand
synthesis System (Invitrogen).

Real-time PCR and data analysis were performed
in the iCycler iQ™ real-time detection system (Bio-Rad
Laboratories).  PCR-asssays were carried out in 25µl
reaction mixture with 2.5µl 10X PCR buffer, 1.6µl 50mM
MgCl2, 1.0µl dNTP, 0.4 µl forward primer, 0.4µl backward
primer (Table 1), 0.1µl Taq Polymerase (Invitrogen), 1.25
µl 10X SYBR® Green I (Molecular Probes) and 1µg
cDNA of the sample.  Cycling conditions were optimised to
45 cycles of denaturation at 94°C for 30s, annealing at
60°C for 30s and extension at 72°C for 45s.  Specificity of
the reaction product was checked by the melting curve
analysis (Figure 1) and electrophoresis on 1.0% (w/v)
agarose gel (Figure 2).

3.4. Primer sequence
Primers for amplification using SYBR Green I

were based on the published sequences (16) for Indian
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Table 1. Primer sequence, length of amplicaon (bp) used in the RT-PCR
Primer Primer/Probe Sequence Length (bp)
Ihh Forward

Reverse
GCTTCGACTGGGTGTATTACG
GCTCACGGTCCAGGAAAAT

231

Type II collagen Forward
Reverse

GATTGTCCGCAATGAAGAGC
TTGGGGTTGAGGGTTTTACA

448

GAPDH Forward
Reverse

CATGTTCCAGTATGACTCTACCC
AGCATCACCCCATTTGATGT

136

hedgehog, type II collagen and Glyceraldehyde-
triphosphate dehydrogenase (Gapdh).

3.5. Standard PCR
PCR products of each gene were prepared under

the same conditions as mentioned above with Thermal
Cycler (Takara) except SYBR Green I was not added.  Ihh
and collagen II amplicons were extracted from the agarose
gels and purified using the QIAquick Gel Extraction Kit
(Qiagen) according to the manufacturer's instructions.
Purified amplicons were sequenced with the 3730 DNA
Analyzer (Applied Biosystem) to determine the identity.

3.6. Quantification of mRNA
Quantification was performed by comparing the

target threshold cycle directly with the absolute standard
curve for each individual amplicon. The copy numbers of
the experimental mRNA was calculated from the linear
regression of that standard curve using iCycler iQTM Real-
Time PCR Detection System Software (Bio-Rad). The
target copy numbers were normalized with the copy
numbers of Gapdh.

3.7. Statistical Analysis
The data was input and processed using the SPSS

version 11.0 for windows.  Paired t-test was performed to
compare the mean differences of mRNA expression
between the control group and the experimental group at
each time point.

4. RESULTS

4.1. Ihh expression in mandibular condylar cartilage
Ihh mRNA expression showed a decrease with

age during natural growth (Figure 3).  Forward mandibular
positioning led to a significant increase of Ihh mRNA, with
the peak identified on day 7 and dropped to control level
after 14 days of appliance wearing.  The peak increment
corresponded to a fold change of 5 in the stepwise
advancement group.

Upon the second advancement on experimental day 30, Ihh
mRNA showed a significant increase on experimental day
33 and reached another peak on experimental day 37,
which has a corresponding fold change of 12.5.  After the
peak, the level of expression started to decrease again to the
normal level.

4.2. Type II collagen Expression in mandibular
condylar cartilage

The amount of type II collagen mRNA in the
control group was gradually reduced to a very low level till
the end of the experiment (Figure 4).

In the experimental group, collagen II mRNA
started to increase on days 14.  Although the critical values
were statistically insignificant when compared with the
control, a greater amount of mRNA was detected on
experimental days 14 and 21.  The fold change identified
was 2.5 and 2.8 respectively.

The second advancement on days 30 led to a
significant increase in type II collagen mRNA, which
reached the peak on days 51 with a fold change of 21.8.
The amounts of mRNA detected on experimental days 44
and 51 were significant when compared with natural
growth.

5. DISCUSSION

Results of the current study demonstrated that
repeated mechanical loading of the temporomandibular
joint in vivo led to a significant increase in the level of
expression of Ihh (Figure 3).  The first load application,
created by advancing the jaw forward by 2mm, resulted in
a 5 fold increase in the level of Ihh mRNA on day 7 of
advancement when compared to untreated matched
controls.  Indian hedgehog is known to induce cellular
replication and to enhance cartilage development (11, 17,
18).  Recently, we reported that increase in Ihh expression
in the mandibular condyle was closely related to enhanced
cellular turnover and cell renewal capacity in the condyles
(2).  Cellular turnover and cell renewal capacity control
tissue expansion and subsequently affect growth.
Therefore, an increase in cellular replication in response to
significant increase in the level of expression of Ihh could
explain enhanced condylar growth that was observed under
mechanical loading.  Chayanupatkul et al. reported a
significant increase in new bone formation in the
mandibular condyle in response to mechanical strain
produced as a result of mandibular advancement (7).

Rabie et al. demonstrated a close correlation
between replicating cells and osteogenesis in the condyle
(10).  Therefore, the current data point to a direct role of
Ihh in transducing the “mechanical strain” into cellular
responses that impact growth of the condyle.  Most
interestingly the second load application, that resulted from
a second advancement of 2mm adding up to a total of 4 mm
mandibular advancement, has resulted in a significant
increase in the expression of Ihh mRNA 3 days after the
second advancement followed by a peak 7 days after the
advancement (day 37).  The corresponding fold change was
12.5 when compared to untreated matched controls (Figure
3).  Such a significant increase in the level of expression of
Ihh to the second load application explains our earlier
results where the second advancement produced further
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Figure 2. Analysis of final PCR products using  electrophoresis with 100bp DNA ladder.  Ihh and type II collagen with amplicon
product size of 231bp and 448bp respectively showing high specificity.

Figure 3. Indian Hedgehog mRNA expression in condylar cartilage during natural growth (control) and repeated mechanical
loading of the mandible (experimental group).  *p<0.05, **p<0.001.

Figure 4. Type II collagen mRNA expression in condylar cartilage during natural growth (control) and repeated mechanical
loading of the mandible (experimental group).  *p<0.05, **p<0.001.
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bone formation in the condyle (6, 19) thus leading to
further condylar growth.

Another known function of Ihh is to regulate
cartilage development (11), therefore, we decided to
identify the level of expression of type II collagen, the
major component of the cartilage extracellular matrix and
correlate that to the pattern of expression of Ihh. The first
load application resulted in a significant increase in
collagen II mRNA expression on days 14 and 21 of load
application (Figure 4).  The maximum level of expression
occurred on day 21 and amounted to 2.8 fold change when
compared to untreated controls.  The second load
application resulted in a significant increase in type II
collagen mRNA which reached a peak 21 days after the
second advancement with a fold change of 21.8 (Figure 4).
The significant increase in collagen II is due to the
significant increase in Ihh which was shown to regulate
cartilage development.  Cartilage is the template onto
which bone forms in the condyle (20).  Therefore, the
amount of cartilage formed ultimately affects the amount of
bone formed.

It is important to elucidate the mechanism by
which Ihh ultimately affects cartilage development and
subsequently condylar development and in turn condylar
growth.  Karp et al., 2000 reported that activation of Ihh
signaling upregulates PTHrP expression in the articular
surface in long bones (21).  Recently, we reported that,
PTHrP level of expression significantly increased (5 fold)
in response to mechanical loading in mandibular condyle
(22) on day 7 of advancement.  Cellular kinetics
demonstrated in the same study that PTHrP expression was
associated with increase in new chondrocyte population (21).

6. CONCLUSION

In conclusion, mechanical loading in a repeated
manner, triggers the expression of Ihh, in the mandibular
condylar cartilage.  In response to increase in the levels of
expression of Ihh, the number of replicating mesenchymal
cells as well as the amount of the cartilage formed increases
thus leading to condylar growth.  It is important to note that
repeated mechanical load applications triggered a repeated
series of events that enhanced growth.  Therefore, we point
out to a direct coupling between mechanical loading and
specific gene expression affecting growth without
participation of circulating systemic regulatory factors.
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