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Cyclical compressive stress induces differentiation of rat
primary mandibular condylar chondrocytes through
phosphorylated myosin light chain II
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Abstract. The role of myosin light chain II (MLC-II) in cellular
differentiation of rat mandibular condylar chondrocytes
(MCCs) induced by cyclical uniaxial compressive stress
(CUCS) remains unclear. In the current study, a four-point
bending system was used to apply CUCS to primary cultured
MCCs from rats. It was identified that CUCS stimulated
features of cellular differentiation including morphological
alterations, cytoskeleton rearrangement and overproduction
of proteoglycans. Furthermore, CUCS promoted runt-related
transcription factor-2 (RUNX2) expression at mRNA (P<0.01)
and protein levels (P<0.05) and elevated alkaline phosphatase
(ALP) activity (P<0.01), which are both markers of osteogenic
differentiation. Under conditions of stress, western blotting
indicated that the ratio of phosphorylated MLC-II to total
MLC-II was increased significantly (P<0.05). Silencing
MLC-IT by RNA interference reduced ALP activity (P<0.01),
and eliminated RUNX2 mRNA expression (P<0.01). Addition
of the MLC kinase inhibitor, ML-7, reduced the CUCS-asso-
ciated upregulation of RUNX2 expression (P<0.01) and ALP
activity (P<0.01). The data indicated that CUCS promoted
cellular differentiation of rat primary MCCs, and this was
suggested to be via the phosphorylation of MLC-II.
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Introduction

Cells sense external stimuli through the cytoskeleton, facilitated
by actomyosin (1,2). In conjunction with myosin, the cytoskeleton
can exert traction on the surrounding matrix of cells or on adja-
cent cells, contributing to major alterations in cell morphology.
In addition to sensing mechanical forces, the cytoskeleton can
transform mechanical forces into biochemical signals. Due to the
contractibility of the actin filaments, proteins associated with the
cytoskeleton may be activated. Myosin II is the main non-muscle
class of myosin, consisting of two sets of myosin heavy chains
(200 kDa) and two sets of myosin light chain (MLC; 16-20 kDa).
MLC phosphorylation serves an important role in various
cellular functions, including contraction and motility. MLC
phosphorylation can be activated by MLC kinase (MLCK) (3).

The temporomandibular joint (TMJ) is functionally
structured to withstand and adapt to mechanical loads (4-6).
The loading condition of the TMJ has been reported to be
primarily dynamic and compressive (4,7). Comprising less than
10% of the cartilaginous tissue volume, chondrocytes can sense
and respond to their mechanical environment (5,8). They trans-
duce extracellular stresses into intracellular signals, resulting
in modulation of gene expression and cellular function, for
example, proliferation, apoptosis, migration and remodeling.
It was identified that loading conditions can be optimized to
promote the maintenance of normal structure and function (9).

The mechanism of signal transduction of mandibular
condylar chondrocytes (MCCs) following application of
cyclical uniaxial compressive stress (CUCS) remains unclear.
In the current study, a computer controlled four-point bending
system was used to apply CUCS to the primary cultured chon-
drocytes. With this model, it was aimed to explore whether
CUCS may promote differentiation of chondrocytes. The role
of MLC-II in the mechanical stress-induced cellular differen-
tiation of MCCs was investigated.

Materials and methods

MCC isolation and culture. The animal experiments were
approved by the Committee on the Use of Live Animals in
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Teaching and Research of Sun Yat-sen University (Guang-
zhou, China). Neonatal Sprague-Dawley rats (n=75; mean
weight, 15+2.3g) were purchased from the Department of
Laboratory Animal Science (Sun Yat-sen University). A total
of 5 neonatal rats were used for each experiment. The mother
rats were administered the standard pellet diet ab libitum, with
one mother and baby in each cage. The rats were maintained
in 12 h light/dark cycles at a temperature of 18-24°C and a
relative humidity of 40-70%.

Mandibular condylar cartilage was isolated from 7-day-old
Sprague-Dawley rats. The rats were sacrificed using 200
mg/kg sodium pentobarbital followed by cervical disloca-
tion. Mandibular condylar cartilage was digested with 0.25%
trypsin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) at 37°C for 30 min. Subsequent to centrifugation for
5 min at 120 x g at room temperature, mandibular condylar
cartilages were digested with 0.02% type II collagenase
(Invitrogen; Thermo Fisher Scientific, Inc.) in Dulbecco's
modified Eagle's medium (DMEM; Sigma-Aldrich; Merck
Millipore, Darmstadt, Germany) for 2 h at 37°C. The super-
natant was collected and centrifuged for 5 min at 120 x g
at room temperature. Primary condylar chondrocytes were
rinsed three times. Subsequent to counting with a hema-
cytometer, cells were seeded in the culture dishes at a high
density of 1.0x10° cells/cm? with DMEM with 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.)
and 1% penicillin-streptomycin-amphotericin B at 37°C in a
humidified 5% CO,-containing atmosphere. Passage 3 chon-
drocytes were seeded on the vinyl bending dishes at a density
of 1.0x10° cells/cm? and used in the experiments.

Immunostaining. The chondrocytes were washed with cold
phosphate-buffered saline (PBS) three times and were fixed
in 4% formaldehyde for 15 min at room temperature. The
primary anti-rabbit collagen type II antibody (ab34712;
1:100; Abcam, Cambridge, MA, USA) was used. A total of
five images were randomly taken in each section under a light
microscope (Olympus Corporation, Tokyo, Japan).

Alcian blue staining. Alcian blue staining was performed as
described previously (10). In brief, the chondrocytes were fixed
with paraformaldehyde (4%, 4°C) for 20 min, and after three
washes with double distilled H,O (ddH,0), alcian blue (1%) in
3% acetic acid (pH 2.5) was used to stain for 30 min at room
temperature. Thereafter, cells were washed with ddH,O three
times and imaged by phase contrast microscopy (Olympus
Corporation).

Application of CUCS with a four-point bending system. When
the third passage of cells reached 70-80% confluence on the
vinyl bending dishes made from cell culture dishes (Mirui;
Chengdu MIRACLE Technology Co. Ltd., Sichuan, China),
the cells were starved for 12 h in serum-free medium and then
subjected to CUCS (2,000 ustrain for 2 h) using a four-point
bending system (Mirui, Sichuan, China), as described previ-
ously (11). Briefly, the device was designed based on beam
deflection theory and the forces it supplied were measured by
cell deformation, i.e., ystrain (12). Four-point bending system
was consisting of a computer-controlled, servomotor-driven,
linear actuator assembly with an interface controller that
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controlled vertical displacement and actuator ram speed
(Fig. 1). Cells cultured at a static station were considered a
control.

Immunofluorescence analysis. Immunofluorescence staining
was used to detect the cytoskeleton. Chondrocytes were prepared
on vinyl bending dishes at a density of 5.0x10* cells/cm?.
Subsequent to stress loading, the chondrocytes were washed
with cold PBS three times and fixed in 4% formaldehyde for
15 min at room temperature, followed by permeabilization with
0.1% Triton X-100 in PBS (Sigma-Aldrich; Merck Millipore) for
10 min. F-actin was stained with a Rhodamine-phalloidin mixed
solution (Life Technologies; Thermo Fisher Scientific, Inc.) for
1 h, and after three washes with PBS, 4',6-diamidino-2-phe-
nylindole (Sigma-Aldrich; Merck Millipore) was used to stain
the nucleolus for 10 min at room temperature. All fluorescent
staining images were taken under a confocal microscopy
(LSM 710; Zeiss, Oberkochen, Germany) using a 40X oil
immersion objective lens.

Alkaline phosphatase (ALP) activity assay. Cellular ALP
activity was determined using the p-nitrophenyl phosphate
method (LabAssay™ ALP; Wako Pure Chemical Industries,
Ltd., Osaka, Japan) according to the manufacturer's instruc-
tions. The enzyme activity (units/mg protein) is equal to the
concentration of p-nitrophenol (nmol/ml) that is released by the
sample within 15 min, subsequent to excluding the background.
The ALP activity of each sample was normalized to the protein
concentration that was detected using a Bicinchoninic Acid
(BCA) protein assay kit (Pierce Biotechnology, Inc., Rockford,
IL, USA).

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was isolated
from cultured chondrocytes using 1 ml of TRIzol (Life
Technologies; Thermo Fisher Scientific, Inc.), after the cells
were compressed or submitted to agonist (blebbistatin) treat-
ment. The total RNA was reverse transcribed according to the
manufacturer's protocol, with 1 g of RNA. The RT protocol
was as follows: 65°C for 5 min, maintained on ice for 1 min
at 42°C for 60 min, 70°C for 10 min and finally maintained
at 4°C. Reverse transcription was completed using a Tiangen
RNA PCR kit (Tiangen Biotech Co., Ltd., Beijing, China). Tran-
scriptional levels of the tested genes runt-related transcription
factor 2 (RUNX?2) (NC_000083.6) and MLC (NC_000073.6)
were quantified by RT-qPCR with ABI Prism 7000 (Applied
Biosystems; Thermo Fisher Scientific, Inc.). PCR primers are
presented in Table I, and Platinum SYBR Green qPCR Super
Mix-UDG (Life Technologies; Thermo Fisher Scientific, Inc.)
was used. RT-qPCR was conducted in 10 pl reaction mixture
containing 2 ul cDNA samples. The thermal cycling conditions
were as follows: 90°C for 15 sec, 62.5°C for 15 sec, and 72°C
for 15 sec. The RT-qPCR consisted of 40 cycles, after an initial
denaturation step (94°C for 2 min). The relative quantity of the
mRNA level was obtained using the comparative quantification
cycle (Cq) method (**Cq) (13), with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as the internal reference.

Western blot analysis. After the cells were compressed
or/and treated with the agonist, protein was collected by



MOLECULAR MEDICINE REPORTS 14: 4293-4300, 2016

4295

Table I. Primer sequences used in reverse transcription-quantitative polymerase chain reaction.

Gene Forward primer Reverse primer Size (bp)  Accession number
RUNX2  5-GCCGGGAATGATGAGAACTA-3  5-TGGGGAGGATTTGTGAAGAC-3 200 NM 053470.2
MLC 5-TCAAGAAACAGACCCCCAAG-3  5-CCACGATCCTCTCAAAGAGC-3 171 NM 020104.2
ALP 5-GACAAGAAGCCCTTCACAGC-3  5-ACTGGGCCTGGTAGTTGTTG-3 118 NM_013059.1
GAPDH 5-ATGACTCTACCCACGGCAAG-3  5-TACTCAGCACCAGCATCACC-3 76 NC 005111.3

RUNX2, runt-related transcription factor 2; bp, base pairs; MLC, myosin light chain; ALP, alkaline phosphatase; GAPDH, glyceraldehyde

3-phosphate dehydrogenase.
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Figure 1. Photograph and ideograph of cyclical uniaxial stress apparatus. (A) Photograph of stress apparatus. (B) Vinyl bending dishes. (C and D) Schematic
illustration of applying cyclical uniaxial compressive stress on cultured chondrocytes.

lysis with phosphatase inhibitor and protease inhibitor
(Roche Diagnostics Corporation, Indianapolis, IN, USA).
They were quantified with the BCA protein assay kit.
Proteins (30 ug) were separated with 10% sodium dodecyl
sulfate-polyacrylamide gels, then, electrophoretically
transferred to polyvinylidene difluoride membranes (Roche
Diagnostics Corporation) for 2 h. The membranes were
incubated in blocking buffer [Tris-buffered saline (TBS),
0.1% Tween-20, 2% bovine serum albumin (Sigma-Aldrich)]
at room temperature for 1 h. Subsequent to washing of the
membranes 3 times in TBS (5 min/wash), they were treated
with phosphorylated MLC (cat. no. 3671; 1:1,000; polyclonal
rabbit anti-rat; Cell Signaling Technology, Inc., Danvers,
MA, USA), total MLC (cat. no. 3672; 1:1,000; polyclonal
rabbit anti-rat; Cell Signaling Technology, Inc.) and RUNX?2
(cat. no. ab23981; 1:1,000; polyclonal rabbit anti-rat; Abcam)
antibodies overnight at 4°C. They were incubated with
anti-rabbit IgG (cat. no. 7074; 1:2,000 dilution in TBS-T; Cell
Signaling Technology, Inc. and cat. no. BA1058; 1:1,000 dilu-
tion in TBS-T; Wuhan Boster Biological Technology, Ltd.,
Wuhan, China) coupled with horseradish peroxidase for 1 h
at room temperature. Protein detection was performed and
visualized using Enhanced Chemiluminescence Advance

Western Blotting Detection Reagent kit (EMD Millipore,
Billerica, MA, USA). Protein loading was estimated using
GAPDH (cat. no. 3683; 1:2,500; polyclonal rabbit anti-rat;
Cell Signaling Technology, Inc.). The intensity of the protein
fragments was quantified using the ImageJ version 1.48 soft-
ware (National Institutes of Health, Bethesda, MD, USA).

Selective inhibitors of signal transduction pathways. ML-7
(MLCK inhibitor, 10 xM; Cayman Chemical, Michigan,
MI, USA) and blebbistatin (non-muscle myosin II inhibitor,
20 uM; Cayman Chemical) were selected to inhibit the
MLC pathways. Briefly, chondrocytes were pretreated with
the inhibitors individually for 1 h prior to the application of
compression (14,15). The inhibitor was also present during
the 2-h CUCS treatment. Subsequently, osteogenic RUNX?2
was assayed at 0 h (mRNA) and 24 h (protein). When the
third passage chondrocytes seeded on vinyl bending reached
50% confluence, the transfection procedure followed using
Lipofectamine™ RNAiMAX (Invitrogen; Thermo Fisher
Scientific, Inc.) with forward transfection. Briefly, 7.5 ul MLC
RNA interference (RNA1) duplex (Guangzhou RiboBio Co.,
Ltd., Guangzhou, China) added to 250 1 Opti-MEM reduced
serum medium without serum. A total of 2.5 ul RNAi
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Figure 2. Identification of MCCs. (A and B) Primary MCCs showed polygonal-shaped, morphology in culture on days 6-14. (C) Photograph of glycosami-
noglycan staining by alcian blue in MCCs at day 14. (D) Photograph of collagen type II immunostaining in MCCs (Scale bar = 100 ym). MCC, mandibular
condylar chondrocyte.
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Figure 3. CUCS promoted the differentiation of MCCs. (A) The cytoskeleton stained with rhodamine-phalloidin indicated that CUCS caused cytoskeleton
rearrangement. The relative means and standard deviations of the fluorescence intensities in the images are presented (scale bar, 1- gm). (B) ALP activity quan-
tification at 48 h subsequent to treatment. (C) Relative quantification of ALP mRNA determined by RT-qPCR following treatment. (D) Glycosaminoglycan
staining by alcian blue in MCCs following treatment with stress or control (scale bar, 1- #m). Relative integrated optical density of immunostaining was
calculated. (E) Transcriptional levels of RUNX2 in chondrocytes were determined by RT-qPCR at 0 h subsequent to CUCS treatment. (F) RUNX2 protein
expression was analyzed by western blot analysis at 24 h subsequent to treatment. Data in B-E are presented as the mean + standard error; n=3; "P<0.05.
CUCS, cyclical uniaxial compressive stress; MCC, mandibular condylar chondrocyte; ALP, alkaline phosphatase; RT-qPCR, reverse transcription-quantitative
polymerase chain reaction; RUNX2, runt-related transcription factor 2; GAPDH, glyceraldehyde 3-phosphate dehyrdrogenase.
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Figure 4. Involvement of MLC in cyclical uniaxial stress. (A) Transcriptional levels of MLC in chondrocytes determined by RT-qPCR at O h after treatment.
(B) Western blot analysis of MLC phosphorylation following exposure of chondrocytes to CUCS or the control. (C) Alterations in p-MLC subsequent to expo-
sure of the chondrocytes to the control, CUCS, BLE, CUCS + BLE, ML-7 and CUCS + ML-7. (D and E) MCCs subsequent to RNA interference transfection
at 24 h (magnification, x40). Cells stained red on the right panel indicate the positively transfected cells (~85%). (F) MLC silencing efficiency was assessed.
The silencing efficiency of myosin light chain was ~85% 24 h post-transfection. NC group refers to cells transfected with a sequence that has no homology
to the target sequence. Control group refers to untransfected cells. Mock group refers to untransfected cells treated with the transfection reagent. Data are
presented as the mean + standard error; n=3; "P<0.05, “P<0.01 compared with the NC. MLC, myocin light chain; CUCS, cyclical uniaxial compressive stress;
p-, phosphorylated; BLE, blebbistatin; MCC, mandibular condylar chondrocyte; ALP, alkaline phosphatase; RT-qPCR, reverse transcription-quantitative
polymerase chain reaction; RUNX2, runt-related transcription factor 2; GAPDH, glyceraldehyde 3-phosphate dehyrdrogenase; NC, culture cell with an added

sequence with no homology to target sequence.

MAX (Invitrogen; Thermo Fisher Scientific, Inc.) added to
250 ul Opti-MEM reduced serum medium without serum.
They were mixed at room temperature for 10 min, and then
transferred into the cell medium without the antibody. At 12 h
subsequent to transfection, the culture medium was replaced
with fresh DMEM with 10% FBS. Transfection efficiency
was estimated by immunofluorescence and RT-qPCR. The
RNAi-treated cells were continually cultured after 24 or 48 h
and used for the experiments that followed.

Statistical analysis. All data are presented as the mean + stan-
dard error unless otherwise stated. Statistical analysis was
conducted using one-way analysis of variance or Student's t-test.
P<0.05 was considered to indicate a statistically significant
difference. All of the experiments were performed in triplicate.

Results

MCCs morphology observed and identified. Polyg-
onal-shaped, primary MCCs were observed in cultures at
passage 3 (Fig. 2A and B). Induction of glycosaminoglycan
(GAG) synthesis stained positively with alcian blue (Fig. 2C)
and collagen type II stained positive on vinyl bending dishes
(Fig. 2D). These observations indicated that the isolated cells
were MCCs.

CUCS promoted chondrocyte differentiation. To investigate the
potential role of myosin under CUCS, the effects of CUCS on
the differentiation of chondrocytes were first evaluated. CUCS
treatment was able to induce early morphological alterations
in TMJ chondrocytes. Actin filaments became thicker and
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Figure 5. MLC governs CUCS-induced differentiation in MCCs. (A) ALP activity quantification at 48 h subsequent to involvement of ML-7 in the CUCS
stress assay. (B) Western blot analysis of RUNX2 protein expression at 24 h subsequent to involvement of ML-7. (C) Transcriptional levels of RUNX2 in
chondrocytes, determined by RT-qPCR at 0 h after addition of ML-7. (D) ALP activity quantification at 48 h subsequent to addition of BLE in the CUCS stress
assay. (E) Western blot analysis of RUNX2 protein expression at 24 h after addition of BLE. (F) Transcriptional levels of RUNX2 in chondrocytes, determined
by RT-qPCR at O h after addition of of BLE. (G) ALP activity quantification at 48 h after CUCS, a significant reduction was observed subsequent to CUCS
with RNAI treatment. (H) Alterations in RUNX2 protein expression at 24 h subsequent to chondrocyte exposure to RNAi treatment. (I) Transcriptional
levels of RUNX2 in chondrocytes, determined by RT-qPCR at 0 h with RNAI treatment. Data are presented as the mean =+ standard error; n=3; ‘P<0.05,
“P<0.01 compared with the NC. MLC, myocin light chain; CUCS, cyclical uniaxial compressive stress; MCC, mandibular condylar chondrocyte; ALP,
alkaline phosphatase; RUNX2, runt-related transcription factor 2; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; BLE, blebbistatin;
RNAIi, RNA interference; C, control; S, stress; GAPDH, glyceraldehyde 3-phosphate dehyrdrogenase; NC, culture cell with an added sequence with no

homology to target sequence.

the cells were paralleled with the orientation of the compres-
sion, compared with the random distribution of the unloaded
control cells (Fig. 3A). ALP mRNA levels were observed to
be upregulated immediately, which was consistent with the
ALP activity observed at 48 h post CUCS (Fig. 3B and C).
Subsequently, the GAG levels increased following CUCS
(Fig. 3D). The mRNA levels of the osteogenic differentiation
marker RUNX2 were increased following the CUCS treatment
(P<0.01; Fig. 3E). The protein levels of RUNX2 increased at
24 h subsequent to the CUCS treatment, in accordance with
the gene expression (P<0.05; Fig. 3F).

CUCS elevated the expression of TMJ chondrocyte contractile
markers. It was identified that subsequent to CUCS treatment,
the levels of MLC increased rapidly (P<0.05; Fig. 4A), while
proportions of phosphorylated MLC and the total MLC
increased immediately subsequent to CUCS treatment, in

agreement with the gene expression results (P<0.05; Fig. 4B).
To test the role of the MLCK in response to CUCS, chondro-
cytes were treated with one of the dominant negative MLCK
inhibitors (ML-7). The phosphorylation of MLC was reduced
(P<0.05) by CUCS, compared with the non-treated control cells
(Fig. 4C). To investigate the role of MLC in the response to
CUCS, chondrocytes were treated with non-muscle myosin 11
inhibitors (blebbistatin). The inhibitor blebbistatin marginally
inhibited the expression of phosphorylated MLC-II (P>0.05),
while the applied stress significantly increased the expression
of phosphorylated MLC-II (P<0.05; Fig. 4C). To further test
the role of myosin, RNAi was used. The transfection effi-
ciency was approximately 85% following 24 h transfection
(Fig. 4D and E).

Inhibition of MLCK significantly reduced the differentiation
of cultured chondrocytes. ALP activity reduced (P<0.05;
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Fig. 5A). Similar results were observed for RUNX2 protein
expression after CUCS and addition of the inhibitor (Fig. 5B).
The results indicated that the inhibitor-treated cells exhibited a
significant reduction in RUNX2 mRNA expression after CUCS
and inhibitor treatment, as presented in Fig. 5C (P<0.05).

Inhibition of MLC partially reduced the differentiation
of cultured chondrocytes. ALP activity was upregulated
48 h post-CUCS (P<0.05), while ALP activity was altered
following addition of the inhibitor and the stress treatment
(P<0.05; Fig. 5D). At the same time, RUNX2 protein expres-
sion and mRNA remained unchanged following addition of
the inhibitor and stress treatment (P>0.05) (Fig. 5E and F).
The clear increase in ALP RNAi-transfected chondrocytes
was statistically significant following CUCS compared with
RNAi-transfected cells (Fig. 5G). The RUNX2 protein and
mRNA expression increased following addition of the RNAi
and the stress treatment (P<0.05; Fig. 5H and I).

Discussion

Mechanical stress of the TMJ is commonly caused by talking,
mastication or orthodontic treatment (4-6). The ability chon-
drocytes to respond to mechanical load is important for the
maintenance of normal function of articular cartilage (16-18).
Previous studies have indicated that exogenous mechanical
stress may induce a series of cellular alterations including
gene expression, protein phosphorylation and cellular func-
tion (19-24). In the current study, in order to simulate natural
joint status, primary MCCs from rats were exposed to cyclic
forces of 2,000 ustrain (12).

RUNX2 is one of the most important transcription factors of
hypertrophic differentiation (25-27). It is expressed in pre-hyper-
trophic and hypertrophic chondrocytes, and RUNX2 has been
reported to promote chondrocyte hypertrophy prior to endo-
chondral ossification (28). In RUNX?2 knockout mice, a previous
study observed that bone maturation was delayed (29,30). Over-
expression of RUNX2 induces hypertrophic differentiation (31),
and it was reported that stress may increase the expression of
RUNX2 in human chondrocytes (32). In the current study, the
mRNA and protein levels of RUNX2 were identified to be
significantly upregulated following CUCS treatment.

ALP is predominantly expressed in hypertrophic
chondrocytes (33) and it is commonly used as a marker for
osteogenic differentiation. In ALP knockout mice, a previous
study observed that cartilage mineralization was reduced (34)
and additional studies reported that stress increased ALP
activity in MC3T3 cells (35) and human periodontal ligament
cells (36). The results of the current study demonstrated that
CUCS promoted the differentiation of primary MCCs in vitro,
indicated by significantly increased expression levels of
RUNX?2 and increased ALP activity.

It has been previously demonstrated that the cytoskeleton is
associated with mechanical stress (37-39). In the present study,
it was observed that cytoskeletal rearrangement occurred
immediately subsequent to CUCS treatment, with part of
the actin filaments accumulating together around the cell
membrane. Li et al (11) reported that cytoskeletal rearrange-
ment was induced with higher levels of stress (4,000 pstrain)
compared with that used in the current study (2,000 gstrain).
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It is suggested that the age of rat may affect the ability of the
chondrocytes to sense and respond to different level of exog-
enous mechanical stress (40). The viscoelastic properties of
older cells are commonly lower than that of younger cells (41)
and it has been reported that the cytoskeleton is closely linked
with with cellular differentiation-associated proteoglycan and
collagen synthesis in chondrocytes (42). In the present study,
when the cytoskeleton was disrupted with cytochalasin D,
the differentiation associated with alterations of the MCCs
was observed to be significantly reduced, indicating that the
cytoskeleton was involved in signal transduction of MCCs in
the experimental system (data not shown).

MLC-II has been demonstrated to control actomyosin
contractility in various types of cells (43), and phosphory-
lated MLC-II adjusts the activity of bone cells and acts as an
important effector of cell function (44,45). In drosophila, the
differentiation of cells has been inhibited by replacing phos-
phorylated MLC-II with MLC-II (46). In the current study,
silencing MLC-II using RNAI resulted in downregulation of
chondrocyte differentiation, as presented by the reduction in
ALP activity and RUNX2 mRNA levels. This indicated that
MLC-II serves an important role in MCC differentiation. The
MLCK inhibitor, ML-7, aimed to inhibit the phosphorylation
of MLC-II, and induced a reduction of ALP activity and down-
regulation of RUNX2 expression. Taken together, the results
suggest that CUCS promotes rat primary MCC differentiation
through phosphorylated MLC-II.

The four-point bending system used in the current study
provides an in vitro model for the study of cellular responses
to mechanical stress. The signaling transferred from outside
mechanical stress to inside of cells was also reported to be
responsible by monolayer chondrocyte. Sanz-Ramos ef al (47)
described that the expression levels of integin al, f1 and B3
in monolayer chondrocytes were sensitive to matrix stiffness,
similar to the response of 3D-cultured chondrocytes, however
this mechanism remains unclear. In the current study, the
chondrocytes cultured on the slides were monolayer, however
it remains unclear whether the culture strategy may influence
how these cells perceive mechanical signals. Further study
with chondrocytes subjected to compressive strain cultured in
3D matrices may address this issue.
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