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Age-related changes in gene expression patterns of
matrix metalloproteinases and their collagenous
substrates in mandibular condylar cartilage in rats
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Abstract

Matrix metalloproteinases (MMPs) have been implicated in physiological cartilage matrix remodelling as well as in
pathological and invasive extracellular matrix remodelling of tissue. Age-related changes in the gene expression
patterns of MMPs in mandibular condylar cartilages (MCCs) were analysed. We examined the gene expression pat-
terns of Mmp-8 and -13 and their substrates, Col7al, Col2a1 and Col10a1, in MCC of growing and ageing rats. Tem-
poromandibular joints of male Wistar rats aged 4, 8, 16 and 32 weeks were subjected to in situ hybridization
analysis. Histologically, MMCs showed characteristics of growth plate cartilage at ages 4 and 8 weeks, and more
closely resembled articular cartilage thereafter. Mmp-8 was expressed in the cells in all cartilaginous cell layers at
ages 4 and 8 weeks, and then was localized only in the mature cells at ages 16 and 32 weeks. Whereas Mmp-13
expression was limited to the lowermost hypertrophic chondrocytes in the growth stage, mature chondrocytes
instead of hypertrophic chondrocytes expressed Mmp-13 in adult non-hypertrophic MCC. Because Mmp-8 and -13
expression overlapped with Co/l2a1 and Co/70a1, chondrocytes could play a pivotal role in degradation as well as

production of the cartilaginous matrix in MCC.
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Introduction

The mandibular condylar cartilage (MCC) has been
known both as a major growth site of the mandible
and as an articular cartilage. It plays an important role
in determining facial morphology and in orofacial com-
plex functions such as mastication and speech. During
the growth period, MCC manifests characteristics of
both growth plate cartilage and articular cartilage;
however, it functions only as an articular cartilage at
the end of growth (Silbermann et al. 1987). During the
growth period, MCC consists of a five-layered growth
plate cartilage comprised of (starting from the articular
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surface) a fibrous layer, a proliferative cell layer, a tran-
sitional cell layer, a mature cell layer and a hyper-
trophic cell layer (Luder et al. 1988; Mizoguchi et al.
1996). At the end of the growth period, MCC remains
on the articular surface of the mandibular condyle as
an articular cartilage (Takahashi et al. 1996). The lay-
ered composition of MCC becomes similar to that of
the articular cartilage of the long bone at this time,
basically consisting of three layers (fibrous, prolifera-
tive and mature), except that the fibrous layer is absent
on the articular surface of the long bone.

Many studies have been performed to verify the
composition of the extracellular matrix (ECM) of MCC
relating to growth and ageing (Takahashi et al. 1996;
Ohashi et al. 1997). It has long been known that collagens,
proteoglycans and other non-collagenous proteins
comprise the ECM of MCC (Buckwalter & Rosenberg, 1988;
Luder et al. 1988; Silbermann & von der Mark, 1990;
Ishibashi et al. 1996), and the majority of the cartilage
of ECM has been considered to consist of collagens. Both
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type Il and type X collagens are localized in the carti-
laginous cell layers beyond the mature and hypertrophic
cell layers as markers for chondrocytes and within
hypertrophic chondrocyte, respectively (Silbermann &
von der Mark, 1990; Salo et al. 1996). Chondroitin
sulphates are distributed throughout all the layers of
MCC, and keratan sulphate is localized in the cartilag-
inous layers (Takahashi et al. 1996; Mizoguchi et al. 1997).
Type | collagen and fibronectin have been localized in the
non-cartilaginous cell layers of MCC in growing animals
(Ben Ami et al. 1991; Ishibashi et al. 1996; Mizoguchi
et al. 1997). Thus, many studies of MCC have attempted
to clarify the distribution of collagens, proteoglycans
and glucosamine glycans (GAGs) during the growth
and ageing process, but the age-related changes in the
gene expression patterns of collagens are unknown.
Cellular migration and tissue remodelling have been
known to require the degradation of ECM through the
action of a family of zinc-dependent endopeptidases,
the matrix metalloproteinases (MMPs). These enzymes
are concerned with many physiological processes and
pathogeneses such as fetal development (Chin & Werb,
1997; Werb & Chin, 1998), the wound healing process
(Planus et al. 1999), angiogenesis (Vu et al. 1998),
cancer cell invasion (Kleiner & Stetler-Stevenson, 1999)
and cartilaginous diseases such as osteoarthritis
(Cawston, 1998; Walter et al. 1998). Although chondro-
clasts expressing proteolytic lysozomal enzymes such as
cathepsin K degrade cartilaginous matrix at the osteo-
chondral junction (Yamaza et al. 1998; Uusitalo et al.
2000), it has been also known that MMPs are key
enzymes of ECM metabolism (Vu etal. 1998; Arm-
strong et al. 2002; Wu et al. 2002). MMPs have been
classified into five subgroups: collagenases (MMP-1, -8
and -13), gelatinases (MMP-2 and -9), stromelysins (MMP-
3, -10 and -11), membrane type (MT) MMPs (MT-1 to -6
MMPs) and others (reviewed by Cawston, 1998; Nagase
& Woessner, 1999). Major MMPs that degrade colla-
gens, which are the major macromolecules in the carti-
lage ECM, are collagenases and gelatinases (Shingleton
et al. 1996; Yocum et al. 1999). Although the functions
of MMPs in the pathogenetic processes described
above have been known, their expression patterns in
normal tissues including cartilage are largely unknown.
In the present study, we examined the age-related
changes in the gene expression patterns of colla-
genases in relation to the expression of their substrates
in MCC of rats. We hypothesized that, during the
growth and ageing process of MCC, the gene expres-

sions of the major collagenases, MMP-8 and -13, are
correlated to the gene expression of their major sub-
strates, type |, Il and X collagens.

Materials and methods
Animals and tissue preparation

Three male Wistar rats at 4, 8, 16 and 32 weeks of age
were used in the present study. Animals were anaes-
thetized with 10 mg kg™ of pentobarbital, and perfused
by 4% paraformaldehyde and 0.5% glutaraldehyde in
0.1 m phosphate-buffered saline (PBS; pH 7.4) from the
ascending aorta for 30 min at the rate of 3 mL min™.
After the perfusion, the temporomandibular joints
(TMUJs) were dissected and further fixed in the same fix-
atives overnight at 4 °C. All the specimens were thor-
oughly rinsed and decalcified in 10% ethylene diamine
tetra acetic acid (EDTA) in 0.01 m PBS (pH 7.4) for 1-
8 weeks at 4 °C. Specimens were handled in RNase-free
conditions. Specimens were embedded in paraffin
after being dehydrated through a graded series of
ethanol baths. Eight-micrometre-thick sections were
cut for in situ hybridization (ISH) analysis and haemato-
xylin and eosin (H&E) staining.

In addition, limb buds of embryonic day 16 Wistar
rats were used to prepare a cDNA source. After the rat
embryos were dissected out, fore- and hind-limb buds
were isolated, and then total RNA was extracted using
a total RNA isolation kit (Qiagen, Hilden, Germany),
following the manufacturer’s instructions. Obtained
total RNA was reverse transcribed into cDNA using a
SuperScript 1l reverse transcription kit (Invitrogen,
Carlsbad, CA, USA) by following the manufacturer’s
instructions for preparation of riboprobes.

Histological examination

Eight-micrometre-thick sagittal serial sections of the
TMJ from 4-, 8-, 16- and 32-week-old rats were depar-
affinized, rehydrated in a graded series of ethanol
baths, then stained with H&E for light microscopic
examination.

Preparation of riboprobes

Mmp-8, Mmp-13, Col1al and Col2a1 riboprobes were
used as previously described by Sasano et al. (2002). A
570-bp fragment of rat Co/70a7 cDNA (572-1141 bp of
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Fig. 1 Sagittal sections of MCC and tibial
articular cartilage stained by H&E. A, B, C
and D are MCC at 4, 8, 16 and 32 weeks
of age, respectively. Fi: fibrous layer, Pr:
proliferative cell layer, Tr: transitional
cell layer, Ma: mature cell layer, Hy:
hypertrophic cell layer, Er: erosion zone,
Re: resting cell layer. Scale bar = 100 pm;
original magnification: x40.

GenBank accession No. AJ131848, 5-ACAACAGGCAG-
CAGCACTA-3’ for sense and 5-AGGATGGGACGACAG-
GAG-3’ for antisense primers), which was obtained by
reverse transcription-polymerase chain reaction, was
subcloned into pCRIITOPO vector plasmids (Invitrogen).
Forty cycles of PCR amplification were carried out using
a RoboCycler (Stratagene, La Jolla, CA, USA) under the
following conditions: denaturation at 95 °C for 70s,
annealing at 55 °C for 70 s, and extension at 72 °C for
2 min. The nucleic acid sequence of Co/70a7 cDNA was
analysed by TaKaRa (Osaka, Japan). To create digoxy-
genin (DIG)-labelled riboprobes, the plasmids were
linearized by restriction enzymes (EcoRV for antisense
and Spel for sense), and were transcribed by Sp6 RNA
polymerases (Stratagene) for antisense, and T7 RNA
polymerases (Stratagene) for sense riboprobes.

The protocol for ISH was as described in our previous
report (Sasano etal. 2002). Briefly, sections were
deparaffinized, rehydrated in a graded series of etha-
nol baths, and then immersed in 0.2 n HCI for 20 min.
After incubation in proteinase K (20 g mL™"; Roche
Diagnostics, Indianapolis, IN, USA) at 37 °C for 30 min,
sections were dehydrated in ethanol. Air-dried sections
were hybridized using approximately 400 ng mL™" of
antisense or sense riboprobes in the hybridization
buffer at 45 °C for 16 h. After washing twice with con-
centrated SSC and treating RNase A (Sigma, St Louis,
MO, USA) 20 ug mL™ for 20 min at 37 °C, the sections
were incubated overnight at 4 °C with anti-DIG alka-
line phosphate antibody (Roche Diagnostics) diluted
1 : 500 with PBS and 0.5% bovine serum albumin. After
washing with Tris-buffered saline, the sections were
treated by 4-nitro blue tetrazolium chloride (500 pg
mL™") and 5-bromo-4-chloro-3-indolyl-phosphate
(187.5 ug mL™") (Roche Diagnostics) for visualization.
The sections were counterstained by methyl green,
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and mounted in mounting media (Vector Laboratories,
Burlingame, CA, USA).

Results
Histological observation

MCC showed characteristics of growth plate cartilage
at 4 and 8 weeks of age, but then more closely resem-
bled articular cartilage at 16 weeks of age and thereaf-
ter (Fig. 1). When MCC was similar to growth plate
cartilage, it consisted of five layers: (1) a fibrous layer
with fibroblasts embedded in the fibrous connective
tissue; (2) a proliferative cell layer with undifferenti-
ated and proliferous polygonal-shaped cells; (3) a tran-
sitional cell layer with flattened cells, without lipid drops
in cytozol; (4) a mature cell layer with ovoid-shaped
chondrocytes, which were differentiated and had cell
polarity; and (5) a hypertrophic cell layer with enlarged
cells with disorganized cytozolic structures (Fig. 1A,B).
An erosion zone was observed beyond the hypertrophic
cell layers in MCC at age 4 and 8 weeks (Fig. 1A,B).

By contrast, MCC at 16 and 32 weeks of age appeared
to be articular cartilage lacking a hypertrophic cell layer
(Fig. 1C,D). The uppermost layer of aged MCC was fibrous
with elongated fibroblasts embedded in the fibrous
connective tissue; the second layer was proliferative,
with small undifferentiated cells; and the lower layer
was mature, with well-differentiated chondrocytes.

Gene expression patterns (Figs 2 and 3)
Collagens

Positive hybridization signals for Co/7a1 were observed
in mature chondrocytes throughout the experimental
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period (Fig. 2A,D). At 4 and 8 weeks of age, cells in all of
the layers except for the hypertrophic cell layer showed
positive signals (Fig. 2A,B), whereas the signals were
quite weak in the fibrous layer, and were restricted to
proliferative and mature cells at 16 and 32 weeks of
age (Fig. 2C,D). Osteoblasts lying on the trabecular bone
surface beyond the erosion zone presented strong
positive signals for ColTal throughout the experiments.

Throughout the experimental period, strong hybrid-
ization signals for Col2a7 were observed in the cells of
the mature cell layer of MCC (Fig. 2E-H). Relatively
weak signals, compared with the upper layers, were
observed in the hypertrophic cell layer at 4 and 8 weeks

-
5

: H 5y, Fig. 2 The results of in situ hybridization

(ISH) in sagittal sections of MCC. The
expression patterns of Co/Tal mRNA are
shown in A-D. E-H show the signals of
Col2a1 mRNA, and I-L show the
expression patterns of Co/70al mRNA. A,
E and | are 4 weeks of age; B, F and J are
8 weeks of age MCC; C, G and K are

16 weeks of age; D, H and L are 32 weeks
of age. The arrows indicate the positive
ISH signals. Fi: fibrous layer, Pr:
proliferative cell layer, Tr: transitional cell
layer, Ma: mature cell layer, Hy:
hypertrophic cell layer, Er: erosion zone.

-

L Scale bar = 100 um; original

magnification: x20.

of age (Fig. 2E,F), and the signals disappeared at 16 and
32 weeks of age (Fig. 2G,H). Osteoblasts, lying on the
trabecular bone beyond the erosion zone, presented
weak positive signals at 4 and 8 weeks of age; however,
they disappeared at older ages.

Positive hybridization signals for Col10al were
restricted to cells in the hypertrophic cell layers at 4 and
8 weeks of age (Fig. 21,J). They were then found in cells
in the mature cell layer at 16 and 32 weeks of age
(Fig. 2K,L). In the older age samples, strength of the
positive signals fluctuated among the cells (Fig. 2K,L).
No positive hybridization signals for Col10a1 were
observed in any other types of cells.
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Fig. 3 The expression patterns of Mmp-8
mMRNA (A-D) and Mmp-13 mRNA (E-H) in
MCC. A and E are 4 weeks of age; B and
F are 8 weeks of age; C and G are

16 weeks of age; D and H are 32 weeks
of age. The arrows indicate the positive
signals of in situ hybridization. Fi: fibrous
layer, Pr: proliferative cell layer, Tr:
transitional cell layer, Ma: mature cell
layer, Hy: hypertrophic cell layer, Er:
erosion zone. Scale bar = 100 um;
original magnification: x40.

Fig. 4 Theresults of in situ hybridization
using sense DIG-labelled riboprobes for
negative control experiments from 16-
week-old MCC. No positive signal of
Col1a1 sense riboprobe was observed in
A; Col2a1 sense riboprobe in B; Col10a1
sense riboprobe in C; Mmp-8 sense
riboprobe in D; Mmp-13 sense riboprobe
in E. Scale bar = 200 um; original
magnification: x20.

MMPs

Positive hybridization signals for Mmp-8 were observed
in cells throughout the cartilaginous cell layers, in oste-
oblasts lying on the trabecular bone surface and in
bone marrow cells at 4 and 8 weeks of age (Fig. 3A,B).
At 16 weeks of age, cells in the top of the mature cell
layer showed relatively stronger signals than those
seen in the other parts of this layer (Fig. 3C). Osteocytes
in the mandibular condyle also presented hybridiza-
tion signals for Mmp-8 (Fig. 3C). Only cells in the top of
the mature cell layer showed positive signals at
32 weeks of age; however, the signal strength fluctu-
ated among the cells (Fig. 3D). The localization of pos-
itive signals was observed in all cell layers at 4 weeks of
age, and was progressively restricted to the cells of the
mature cell layer as the animals aged.

Cells in the last row of the hypertrophic cell layers
presented positive hybridization signals for Mmp-13 at
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4 and 8 weeks of age, and relatively weak signals were
also observed in the hypertrophic cells (Fig. 3E,F). Weak
positive signals were observed in cells in the mature cell
layer at 16 and 32 weeks of age (Fig. 3G,H).

Negative control experiments (Fig. 4)

The results of the negative control experiments are
indicated in Fig.4. No hybridization signals were
observed in any sections hybridized with any sense
riboprobes. All of the samples were subjected to ISH
using sense DIG-labelled riboprobes; however, only the
measurements for MCC at 16 weeks of age are indi-
cated in the figure.

Discussion

Previous studies have reported that type | collagen is
localized in the upper non-cartilaginous cell layers of

239
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MCC (Mizoguchi et al. 1990, 1996; Silbermann & von
der Mark, 1990), and type Il collagen is localized in the
cartilaginous cell layers of MCC in growing rats or mice
(Luder et al. 1988; Mizoguchi et al. 1990, 1996). Immu-
noreactivity for type X collagen antibody is mainly
detected in the hypertrophic cell layers (Salo et al.
1996). The gene expression patterns of collagens dur-
ing the growth period demonstrated in the present
study coincided with the patterns of those demon-
strated by immunohistochemistry.

MMP-8 is generally expressed in neutrophils (Lazarus
et al. 1968a,b), and our previous report (Sasano et al.
2002) demonstrated that Mmp-8 is expressed in the
mature chondrocytes in embryonic long bone carti-
lages. The present results support the previous data
and add that Mmp-8 is expressed not only in growth
plate cartilages, but also in mature chondrocytes in
MCC during the growth period and ageing process. By
contrast, MMP-13 is localized in the lowermost hyper-
trophic chondrocytes of growth plate cartilage, as
described in previous reports (Gack et al. 1995; Tucker-
mann et al. 2000). The expression pattern of Mmp-13
mRNA observed during the growth period in the
present study supports those previous reports. Thus,
MMP-8 and MMP-13 expressed during the growing
period could share the functions of remodelling ECM
during the differentiation of chondrocytes and degrad-
ing cartilaginous ECM accompanying the endochondral
bone formation, respectively.

After the end of growth, MCC functions as an articu-
lar cartilage in the temporomandibular joint and the
chondrocytes contribute to the metabolism of cartilage
tissue. Ohashi et al. (1997) reported changes in locali-
zation of type |, Il and X collagen in rat MCC during the
ageing process, and mentioned that the distribution of
type X collagen expanded over the mature cell layer in
the 4-month-old rat; however, gene expression was
limited to small numbers of cells in the mature cell layer
as shown in the present study. As the gene expression
patterns in the growing period covered the protein dis-
tribution, this discrepancy in the ageing period could
indicate that small numbers of mature chondrocytes
contribute to the expression of ECM molecules rather
than indicating the difference in the sensitivity of two
distinct methods. By contrast, whereas Mmp-8 is
expressed in mature chondrocytes in the adult MCC,
the expression of Mmp-13 disappeared during the age-
ing period in which the endochondral bone formation
was completed, based on the results of the present

study. Similar to the expression of collagen genes, the
cells in the mature cell layer expressed the Mmp-8
gene. Therefore, the limited numbers of cells in the
mature cell layer of MCC contribute to maintaining the
metabolism of the cartilaginous matrix in MCC.

In conclusion, chondrocytes in MCC express both
ECM genes and MMP genes during the growing period
and the ageing process in rats. MMP-8 may contribute
to ECM remodelling throughout the life span of carti-
laginous tissues, whereas MMP-13 plays a role in carti-
lage degradation only during the growth period. In
the present study, we demonstrated only the mRNA
expression patterns of MMPs and collagens, and addi-
tional immunohistochemical or zymographical investi-
gations will be needed to expand further our
understanding of the functions of MMPs in cartilage
metabolism.
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