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Abstract

The capacity of chondrocytes to synthesize and remodel the extracellular matrix of the articular cartilage is influenced by
mechanical forces applied to joints. Either abnormally high or low loads are detrimental to articular cartilage. Experimental work
on animals suggests that immobilization can alter proteoglycan synthesis and result in thinning and softening of the articular car-
tilage. Little is known of the effects of joint immobility on the pattern of genes expressed by chondrocytes. This study focused on the
induction of Mcl-1 gene expression in a rat model of knee joint immobilization by the method of differential display PCR. Increase
in Mcl-1 gene expression in chondrocytes induced by joint immobilization was confirmed by RT-PCR, Northern blotting, and
immunohistochemistry. Our results indicate that chondrocytes respond to the complete absence of joint motion by expressing
Mecl-1 gene. This expression may be part of a defense strategy by chondrocytes to overcome the impending chondrocyte death

and cartilage degeneration induced by joint immobility.
© 2005 Elsevier Inc. All rights reserved.
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The health of an articular cartilage hinges on a small
number of chondrocytes scattered in the extracellular
matrix (ECM) occupying approximately 5% of the total
cartilage volume [1]. Through a pattern of gene expres-
sion, chondrocytes synthesize the components of the
matrix and maintain a balance between the anabolism
and catabolism of the ECM [2]. The major constituents
of ECM are fibrils of type II collagen and aggregates of
proteoglycans arranged in a dense network. The levels
and arrangement of collagen fibrils and proteoglycans
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determine the mechanical function of the cartilage.
When the balance between turnover and degradation
of collagen and proteoglycans shifts in the direction of
degradation, the result is degeneration of articular carti-
lage and eventually joint failure.

Factors regulating the synthesis of matrix compo-
nents by chondrocytes include mechanical stimulation.
Both in vivo and in vitro studies indicate that loading
and movement are necessary for chondrocytes to syn-
thesize and maintain the ECM of the articular cartilage
[3]. Exercise of the knee joint in vivo increases the den-
sity of aggrecan in cartilage [4], whereas knee joint inac-
tivity results in decreased aggrecan deposition [5,6].
Deprivation of mechanical stimulation to joints occurs
in the lower limb of persons after a complete spinal cord
injury (SCI). Absence of both movement and loading of
the knees of SCI patients causes a reduction in cartilage
thickness [7]. Studies performed with cartilage explants
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and chondrocyte cultures indicate that chondrocytes en-
hance matrix production in response to mechanical
forces. Compressive and shearing forces applied to car-
tilage explants led to increased synthesis of collagen and
proteoglycans [8]. Many cartilage tissue engineering
strategies employ some form of mechanical stimulation
to enhance matrix production by chondrocytes in cul-
ture [9,10].

A number of animal models have been developed to
simulate various aspects of the lack of joint mobility
on articular cartilage, including our model of rigid
immobilization of the rat knee [11]. Morphological
and biochemical changes indicate that the cartilage is
degenerating; there is an increase in surface irregularity,
minor loss of chondrocytes, and a reduction in proteo-
glycan content [12,13]. We extracted RNA from
chondrocytes of the articular cartilage of mobile
and immobile rat knee joints to identify differentially
expressed genes. Using the method of ddPCR [14], we
observed an increase in the levels of the myeloid cell leu-
kemia (Mcl-1) transcript after a period of 2 weeks of
joint immobility compared to sham-operated animals.
This observation prompted us to test the hypothesis that
chondrocytes express the Mcl-1 gene in the early phase
of the degenerative process. Results indicate that chon-
drocytes increased both Mcl-1 mRNA and protein levels
after the knee joint was deprived of its mobility. The
possible role of Mcl-1 in the process of cartilage degen-
eration induced by joint immobility may be a defense
against chondrocyte death.

Materials and methods

Cartilage samples from immobilized rat knees. Knee joint immobi-
lization was performed in adult male Sprague-Dawley rats using an
internal fixation system as described before [11]. Essentially, a rigid
Delrin plate was screwed at one end to the proximal femur and at the
other end to the distal tibia leaving the knee joint, capsule, and car-
tilage untouched. Sham-operated controls underwent the same oper-
ative procedure except that only screws were inserted, and no plate.
Experiments were approved by the University of Ottawa Animal Care
Committee (protocol #ME-149). The number of animals used in each
group was 3 for ddPCR, 4 for RT-PCR, 3 for Northern blot, and 23
for immunohistochemistry. Articular cartilage was harvested after 2
weeks for mRNA. Whole knees were processed after 2 and 4 weeks for
histological analysis. Three non-operated rat knees were also used for
immunohistochemistry.

RNA isolation and differential display polymerase chain reaction
(ddPCR). At the end of the immobilization period, articular cartilage
was peeled off the tibial condyles and femur with a scalpel, and stored
in RNA Later solution at —80 °C. Total RNA was extracted with
Trizol and freed from DNA contamination by incubation with DNase
(1 U/sample). RNA integrity was confirmed by ethidium bromide
staining after fractionation on a 1% formaldehyde agarose gel and the
concentrations were determined by spectrophotometry.

The method of ddPCR [14] was used to compare the profiles of
genes expressed by chondrocytes from the cartilage of mobile and
immobile knees. Purified total RNA (200 ng) was reverse-transcribed
using anchored oligo(dT) 3’ primers and 100 U MMLV. Separate
reactions were performed for each of the 3’ primers: H-T1;G, H-TA,

and H-T;;C. The resulting cDNA was amplified by PCR using arbi-
trary 5 primers (H-AP1 to H-AP9) in conjunction with the three
original oligo(dT) primers in the presence of [**PJATP. The PCR cy-
cling parameters used were: 94 °C for 30 s, 40 °C for 2 min, and 72 °C
for 30 s for 40 cycles followed by a 5 min period at 72 °C. The resulting
27 sets of amplified cDNA fragments were displayed on a 6% poly-
acrylamide sequencing gel. Polyacrylamide gels were transferred onto
Whatman 3MM paper, dried without fixation, and exposed to auto
radiographic films overnight. Films were visually inspected for differ-
entially expressed cDNA bands.

Cloning and sequencing of PCR products. Differentially expressed
cDNAs were cloned and sequenced to determine their identity. Com-
plementary DNA bands were excised from the dried gel, reamplified
using the QIAquick PCR Purification kit (Qiagen) and H-T|;G and
H-AP9 primers, and subcloned in the TA vector using T4 DNA ligase
(Qiagen). Plasmid DNA was introduced into the JM-109 bacterial
strain grown overnight and isolated. Subcloning of the cDNAs was
confirmed by restriction digestion before sequencing analysis.
Sequencing was performed in both strands using SP6 and T7 primers
and the Sequenase v2.0 kit (Amersham). Identity of the cDNAs was
obtained by analyzing the obtained sequence against the GenBank
database through the blast alignment program.

Reverse transcriptase-polymerase chain reaction amplification. To
confirm the differential expression of cDNAs, we proceeded with re-
verse transcriptase-polymerase chain reaction (RT-PCR) using primers
annealing in the open-reading frame of the Mc/-1 gene. Total RNA
samples were first treated with DNase (1 U) to eliminate genomic
contamination. First strand synthesis was carried out using 250 ng
RNA and 100 U MMLYV reverse transcriptase (Qiagen). PCRs were
performed using 2.5 ul of the first strand reaction, 0.3 uM Mcl-1
primers, and 1 U Tag DNA polymerase, 10 mM Tris—Cl, 75 mM KCl,
1.5mM MgCl,, and 200 mM each dNTP. PCR conditions were as
follows: 95 °C for 5 min to denature DNA and then subjected to 28
cycles of PCR 94 °C for 1 min, 40 °C for 2 min, and 72 °C for 2 min
followed by a final extension at 72 °C for 2 min. The rat Mcl-1 primers
(sense  5'-AGATGGCGTAACAAACTGGG-3" and antisense
5'-AAAGCCAGCAGCACATTTCT-3') generated a 240 bp fragment.
The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA
level was used to control for variations in loading the gels. Rat
GAPDH primers (sense 5'-TCCTTGCACCACCAACTGCTTA-3'
and antisense 5'-ACCACCCTGTTGCTGTAGCCA-3') generated a
523 bp fragment. PCR products were analyzed on a 1% agarose gel
and visualized by staining the gel with ethidium bromide. Identity of
the PCR products was confirmed by restriction digestion and analysis
of the fragments on agarose gels. Primers were synthesized by Invit-
rogen (Mississauga, Ontario, Canada) and restriction enzymes were
obtained from New England BioLabs (Mississauga, Ontario, Canada).

Northern blotting. A third method was used to confirm the differ-
ential expression of the Mcl-1 gene by chondrocytes of the articular
cartilage. Total RNA was extracted from cartilage harvested from
mobile and immobile knees using Trizol reagent (Life Technologies,
NY, USA) and the protocol provided by the supplier. The poly(A)*
RNA was purified from 100 pg of total RNA with a poly(A)" extrac-
tion kit (Oligotex mRNA Kit; Qiagen, Ontario, Canada) in accordance
with the instructions provided by the supplier. Briefly, mRNAs were
resolved on agarose gels (1%/formaldehyde gels) at 120 V for 3 h and
then transferred onto nylon membranes by capillarity. Membranes
were hybridized with a 3?P-radiolabeled cDNA probe corresponding to
the Mcl-1 sequence amplified with primers described in the previous
section. Bands were detected by autoradiography.

Immunohistochemistry. Detection of Mcl-1 protein in articular
cartilage was carried out by indirect immunofluorescence performed
on seven micron-thin sagittal sections from the medial side of the knee
joint. Details of the preparation of knee sections and our protocol for
immunostaining were published previously [15,16]. The primary anti-
body against the rabbit Mcl-1 was obtained from Santa Cruz Bio-
technologies, Inc. (Santa Cruz, California, USA) and used at a dilution
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of 1:200. The secondary antibody used was a biotinylated goat anti-
rabbit IgG antibody obtained from Biogenex (ESBE Scientific,
Markham, Ontario, Canada). DAB chromogen visualized the ampli-
fied immunologic response. Counterstaining of the slides was con-
ducted with Mayer’s hematoxylin for 10 min.

Results

Expression of Mcl-1 gene by articular chondrocytes
in vivo

In the course of screening for differences in gene
expression between cartilages from mobile and immobile
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Fig. 1. Differential display-PCR detection of Mc/-I gene expression.
ddPCR was performed using total RNA prepared from articular
cartilages harvested from immobilized (imm) knees at 1, 2, and 4 weeks.
Cartilages from 1 week, 2 weeks immobilized, and 4 weeks sham-
operated (sham) and the knee contralateral (other) to the immobilized
leg were used for comparison. The 150 bp Mcl-1 cDNA fragment
indicated by the arrow was amplified by PCR using H-T;G and H-AP9
primers, and subcloned in the TA vector for sequence analysis. Three
separate clones were sequenced with T3 and T7 primers, and showed
100% homology to the mouse Mcl-1 c¢cDNA (Accession No.
NM_009743).
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knee joints by mRNA differential display, a PCR frag-
ment originally designated CARG9-1-3 was identified
(Fig. 1, arrow). The intensity of this PCR product in-
creased in cartilage from immobilized joints in compar-
ison to cartilage obtained from sham-operated animals
or from cartilage of the leg opposite to the immobilized
knee. Sequence analysis of both strands of the CARG9Y-
1-3 PCR fragment and a BLAST search of the GenBank
databank demonstrated that the PCR fragment corre-
sponded to the 3’ end of the mouse Mcl-1 gene
(NM_009743). The rat Mcl-1 sequence was not identi-
fied after BLAST search since the rat Mcl-1 sequence
in the databank does not include the 3’ untranslated re-
gion (Accession No. AF115380), the region of Mcl-1
transcript we identified by ddPCR.

Two independent methods were used to confirm the
differential expression of Mc/-1 gene in the articular car-
tilage. In the first approach, PCR primers were designed
to amplify a section of the coding region of the Mcl-1
mRNA. The identity of the PCR products was con-
firmed by the size of a 240 bp PCR product, the presence
of a Mscl restriction site generating fragments of 181
and 59 bp products (Fig. 2A), and 100% sequence
homology with the rat Mcl-1 sequence in the databank.
The specificity of the RT-PCR was demonstrated by the
absence of PCR products in the absence of RT or in the
absence of RNA in the reaction (Fig. 2B).

A second independent approach was used to confirm
differential expression of Mcl/-1 gene in cartilage. Mcl-1
mRNA was detected by Northern blotting as two bands,
3.7 and 2.3 kb, as described before in rat tissues (Fig. 3).
The two transcripts probably resulted from the use of
alternative polyadenylation sites in the 3’-untranslated
region of the gene [17].
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Fig. 2. Reverse transcriptase-PCR detection of Mcl-1 mRNA. RT-PCR was performed on 200 ng of total RNA and primers annealing in the open-
reading frame of the Mcl-1 mRNA. GAPDH was used as a control. Resulting PCR products migrated at expected sizes; for Mcl-1 240 bp (A, lane 2
and B, lane 2) and for GAPDH 523 bp (A, lane 4 and B, lane 3). No products were detected in the absence of RT (B, lanes 4 and 5) or in the absence
of RNA (B, lanes 6 and 7). Identity of the bands was confirmed by restriction digestion of PCR products generating fragments migrating at expected
sizes; Mcl-1 product digestion with Mscl: 181 and 59 bp (A, lane 3), GAPDH digestion with Apal: 355 and 168 bp (A, lane 5). Gels are representative

of three independent experiments run with samples from three different rats.
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Fig. 3. Northern blot detection of Mcl-1 mRNA. Chondrocytes
express the Mcl-1 mRNA. Total RNA was isolated from the articular
cartilage of three knees for each of two groups: 2 weeks sham-operated
(sham) and 2 weeks immobilized (imm). Five micrograms was
subjected to Northern blot analysis and probed with the 241 bp rat
Mcl-1 probe generated by PCR. GAPDH was detected with 523 bp rat
probe and used as a control. Autoradiographs are representative of
three independent experiments run with samples from three different
animals.

Effect of joint immobilization on Mcl-1 gene expression

Levels of the two Mcl-1 mRNAs, detected by North-
ern blot hybridization, are higher in the cartilage ob-
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tained from knee joints subjected to a period of 2
weeks of immobilization compared to samples obtained
from sham-operated animals (Fig. 3).

Levels of Mcl-1 protein were also assessed with
immunohistological staining of whole knee joint prepa-
ration from immobilized and sham-operated rats.
Staining was observed intracellularly and mainly in
the cytoplasm (Fig. 4). Increased intensity of staining
and of the number of stained chondrocytes was ob-
served in immobilized specimens compared with
sham-operated specimens 2 and 4 weeks after the sur-
gery (Fig. 4). No staining was present in the control
experiment when the primary anti-sera step was
omitted.

Discussion

Through the use of ddPCR, our study discovered
genes of the articular cartilage to be regulated by rigid
immobilization of the knee joint. One of these genes
was found to be up-regulated when compared to
sham-operated animals and sequence analysis revealed
a 100% homology with Mcl-1 ¢cDNA. Mcl-1 gene
expression in articular cartilage was confirmed by
RT-PCR, Northern blot, and immunohistochemistry.
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Fig. 4. Immunohistochemistry of Mcl-1. Micrographs of immunohistological staining with Mcl-1 antisera. Batch-stained standardized sagittal
section of rat knee joints. (A) Immobilized for 2 weeks: intense cytoplasmic staining in nearly all chondrocytes. (B) Sham-operation 2 weeks: mild
cytoplasmic staining in a few chondrocytes. (C) Immobilized for 4 weeks: moderate staining in most chondrocytes. (D) Sham-operation 4 weeks:
mild-moderate staining in some chondrocytes. (E) Negative control: omission of the primary antisera step. Counterstain: Mayer’s hematoxylin,

original magnification 100x.
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Mcl-1 protein was detected in the cytosol of chondro-
cytes of immobilized rat knee joints. This observation
indicates that chondrocytes residing in the articular car-
tilage respond to the complete absence of movement of
the rat knee joint by changing their mRNA expression
profile.

Mcl-1 is related to the anti-apoptotic protein Bcl-2,
which can act as a regulator of cell survival [18]. Mcl-1
and Bcl-2 promote survival of cultured cells under con-
ditions that lead to apoptotic cell death. The presence of
Bcl-2 has been documented in skeletal tissue while this is
the first evidence for the presence of Mcl-1 in chondro-
cyte. Evidence indicates that Bcl-2 is part of a signaling
pathway involved in the remodeling of skeletal tissue
during development [19]. It has been established that
Bcl-2, through its anti-apoptotic activity, is involved in
a feedback loop that controls maturation of chondro-
cytes in the growth plate [19]. In addition, in vitro data
indicate that Bcl-2 plays a novel role in maintaining the
expression of the cartilage matrix protein aggrecan by
chondrocytes [20].

The role of Mcl-1 in the physiology of skeletal tissue
and cartilage homeostasis remains unclear. A potential
role for the increased expression of Mcl-1 in chondro-
cytes is the prevention of cell death by apoptosis
[21,22]. Consistent with this role, chondrocyte numbers
remain unchanged after up to 16 weeks of immobiliza-
tion compared with age-matched sham-operated ani-
mals [12]. A modest reduction of chondrocyte numbers
is measured only after 32 weeks of immobilization.
Although chondrocytes are still present, their capacity
to maintain the structure of the matrix is lost; cartilage
surface irregularity appears and vascularization can be
observed after long periods of immobilization [12]. In
agreement with a small decrease in chondrocyte num-
bers that we observed, cell death by apoptosis or by
necrosis does not appear to play a significant role in
aging and osteoarthritic (OA) human articular knee car-
tilage [23]. To explain the reduction in synthetic activi-
ties of chondrocytes in OA, a state of cell senescence
has been proposed [24]. Whether chondrocytes enter a
state of senescence when deprived of stimulation by
movement, and as a consequence reduce their capacity
to synthesize the cartilage matrix, remains to be
determined.

In conclusion, we report that the expression of Mcl-
1 gene is up-regulated in vivo in articular chondrocytes
from immobilized rat knee joints. After immobiliza-
tion, the chondrocytes lose their capacity to maintain
cartilage structure and function. In this context, in-
creased expression of Mcl-1 could represent a mecha-
nism to prevent cell death. Thus, chondrocytes from
immobilized joints provide a good model to explore
the early events of chondroprotection in cartilage that
is under threat of degenerating in response to joint
immobility.

Acknowledgments

We thank C. Gaudet, J. Courchesne, and S. Kim for
their technical support.

References

[1] C.W. Archer, P. Francis-West, The chondrocytes, Int. J. Biochem.
Cell Biol. 35 (2003) 401-404.

[2] T. Aigner, A. Zien, A. Gehrsitz, P.M. Gebhart, L. McKenna,
Anabolic and catabolic gene expression pattern analysis in normal
versus osteoarthritic cartilage using complementary DNA-array
technology, Arthritis Rheum. 44 (2001) 2777-2789.

[3] M.J. Lammi, Current perspectives on cartilage and chondrocyte
mechanobiology, Biorheology 41 (2004) 593-596.

[4] AM. Saamamen, I. Kiviranta, J. Jurvelin, H.J. Helminen, M.
Tamni, Proteoglycan and collagen alterations in canine knee
articular cartilage following 20 km daily running exercise for 15
weeks, Connect. Tissue Res. 30 (1994) 191-201.

[5] F. Behrens, E.L. Kraft, T.R. Oegema, Biochemical changes in
articular cartilage after joint immobilization by casting or external
fixation, Orthop. Res. 7 (1989) 335-343.

[6] S.D. Slowman, K.D. Brandt, Composition and glycosaminogly-
can metabolism of articular cartilage from habitually loaded and
habitually unloaded sites, Arthritis Rheum. 29 (1986) 88-94.

[7] B. Vanwanseele, F. Eckstein, H. Knecht, A. Spaepen, E. Stussi,
Longitudinal analysis of cartilage atrophy in the knees of
patients with spinal cord injury, Arthritis Rheum. 48 (2003)
3377-3381.

[8] T. Davisson, S. Kunig, A. Chen, R. Sah, A. Ratcliffe, Static and
dynamic compression modulate matrix metabolism in tissue
engineered cartilage, J. Orthop. Res. 20 (2002) 842-848.

[9] C.J. Hunter, S.M. Imler, P. Malaviya, R.M. Nerem, M.E.
Levenston, Mechanical compression alters gene expression and
extracellular matrix synthesis by chondrocytes cultured in collagen
I gels, Biomaterials 23 (2002) 1249-1259.

[10] R.L. Mauck, M.A. Soltz, C.C. Wang, D.D. Wong, P.H. Chao,
W.B. Valhmu, C.T. Hung, G.A. Ateshian, Functional tissue
engineering of articular cartilage through dynamic loading of
chondrocyte-seeded agarose gels, J. Biomech. Eng. 122 (2000)
252-260.

[11] G. Trudel, H.K. Uhthoff, M. Brown, Extent and direction of joint
motion limitation after prolonged immobility: an experimental
study in the rat, Arch. Phys. Med. Rehabil. 80 (1999) 1542-1547.

[12] G. Trudel, K. Himori, H.K. Uhthoff, Articular cartilage degen-
eration at opposed and unopposed sites during contracture
formation, Arch. Phys. Med. Rehabil. 86 (2005) 90-97.

[13] G. Trudel, K. Himori, L. Goudreau, H.K. Uhthoff, Measurement
of articular cartilage surface irregularity in rat knee contracture, J.
Rheumatol. 30 (2003) 2218-2225.

[14] P. Liang, A.B. Pardee, Differential display of eukaryotic messen-
ger RNA by means of the polymerase chain reaction, Science 257
(1992) 967-971.

[15] G. Trudel, N. Deslauriers, H. Uhthoff, O. Laneuville, Different
levels of COX-1 and COX-2 enzymes in synoviocytes and
chondrocytes during joint contracture formation, J. Rheumatol.
28 (2001) 2066-2074.

[16] F. Matsumoto, G. Trudel, H. Uhthoff, High collagen type I and
low collagen type III levels in knee joint contracture: an
immunohistochemical study with histological correlate, Acta
Orthop. Scand. 73 (3) (2002) 335-343.

[177M.C. Leo, S.Y. Hsu, S.Y. Chun, HW. Bae, A.J. Hsueh,
Characterization of the anti-apoptotic Bcl-2 family member
myeloid cell leukemia-1 (Mcl-1) and the stimulation of its message



252 G. Trudel et al. | Biochemical and Biophysical Research Communications 333 (2005) 247-252

by gonadotropins in the rat ovary, Endocrinology 140 (12) (1999)
5469-5477.

[18] .M. Adams, S. Cory, The bcl-2 protein family: arbiters of cell
survival, Science 281 (1998) 1322-1326.

[19] M. Amling, L. Neff, S. Tanaka, D. Inoue, K. Kuida, E. Weir,
V.M. Philbrick, A.E. Broadus, R. Baron, Bcl-2 lies downstream
of parathyroid hormone-related peptide in a signaling pathway
that regulates chondrocyte maturation during skeletal develop-
ment, J. Cell Biol. 136 (1997) 205-213.

[20] L. Feng, R. Balakir, P. Precht, W.E. Horton, Bcl-2 regulates
chondrocyte morphology and aggrecan gene expression indepen-
dent of caspase activation and full apoptosis, J. Cell. Biochem. 74
(1999) 576-586.

[21] J.J. Cohen, Apoptosis, Immunol. Today 14 (1993) 26-130.

[22] L. Erlacher, R. Maier, R. Ullrich, H. Kiener, M. Aringer, M.
Menschik, W. Graninger, Differential expression of the protoon-
cogene bcl-2 in normal and osteoarthritic human articular
cartilage, J. Rheumatol. 22 (1995) 926-931.

[23] T. Aigner, M. Hemmel, D. Neureiter, P.M. Gebhard, G. Zeiler,
T. Kirchner, L. McKenna, Apoptotic cell death is not a
widespread phenomenon in normal aging and osteoarthritic
human articular knee cartilage. A study of proliferation, pro-
grammed cell death (apoptosis), and viability of chondrocytes in
normal and osteoarthritic human knee cartilage, Arthritis Rheum.
44 (2001) 1304-1312.

[24] J.A. Martin, J.A. Buckwalter, The role of chondrocyte senescence
in the pathogenesis of osteoarthritis and in limiting cartilage
repair, J. Bone Joint Surg. A 85 (2003) 106-110.



	Knee joint immobility induces Mcl-1 gene expression in articular chondrocytes
	Materials and methods
	Results
	Expression of Mcl-1 gene by articular chondrocytes �in vivo
	Effect of joint immobilization on Mcl-1 gene expression

	Discussion
	Acknowledgments
	References


