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Abstract
Objectives—To investigate the role of matrix metalloproteinase (MMP)-13/collagenase-3 in
osteoarthritis (OA).

Methods—Surgically-induced OA in knees of MMP-13 knock out (KO) and wild type (WT)
mice was compared. Femoral and tibial cartilage aggrecan loss (0–3), erosion (0–7) and
chondrocyte hypertrophy (0–1), as well as osteophyte size (0–3) and maturity (0–3) were
histologically scored. Serial sections were stained for collagen type X and the MMP-generated
aggrecan neo-epitope DIPEN.

Results—Following surgery, aggrecan loss and cartilage erosion were more severe in the tibia
than femur (p<0.01) and tibial cartilage erosion increased with time (p<0.05) in WT mice.
Cartilaginous osteophytes were present at 4 weeks and underwent ossification, with size and
maturity increasing by 8 weeks (p<0.01). There was no difference between genotypes in aggrecan
loss or cartilage erosion at 4 weeks. Tibial cartilage erosion in KO mice was less than WT at 8
weeks (p<0.02). Cartilaginous osteophytes were larger in KO at 4 weeks (p<0.01), but by 8 weeks
osteophyte maturity and size were no different from WT. Articular chondrocyte hypertrophy with
positive type X collagen and DIPEN staining occurred in both WT and KO joints.

Conclusions—These studies have confirmed that structural cartilage damage in mouse
experimental OA is dependent on MMP-13 activity. Chondrocyte hypertrophy is not regulated by
MMP-13 activity in this model and does not in itself lead to cartilage erosion. MMP-13 deficiency
can inhibit cartilage erosion in the presence of aggrecan depletion, supporting the potential for
therapeutic intervention in established OA with MMP-13 inhibitors.

Progressive erosion of articular cartilage is a significant determinant of prognosis and the
need for joint replacement surgery in osteoarthritis (OA). Proteolysis of the principal
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cartilage extracellular matrix constituents, aggrecan and the type II/IX/XI collagen network,
directly causes erosion as well as predisposing the tissue to mechanical disruption even with
loading at physiological levels. Aggrecan proteolysis and loss precedes and may be
prerequisite for subsequent collagenolysis (1). A distintegrin and metalloproteinase with
thrombospondin repeat (ADAMTS) enzymes are responsible for pathological
aggrecanolysis (2,3). ADAMTS-5 is the predominant arthritis-associated enzyme in mice,
since animals deficient in ADAMTS-5 activity are protected from cartilage erosion in OA
and inflammatory arthritis (4–6). Ablating the ADAMTS cleavage site in the interglobular
domain of aggrecan also blocks cartilage structural damage, confirming that the effect in
ADAMTS-5-deficient mice is due to inhibition of aggrecanolysis (7).

The above studies demonstrate that inhibiting the initiation of aggrecan loss can prevent
subsequent structural cartilage damage/erosion in arthritis. Clinically, it is likely that early
cartilage damage with aggrecan loss will have occurred at least focally prior to presentation.
Articular cartilage aggrecan can be replenished if the insult is removed prior to collagen
damage (7,8). Whether aggrecan-depleted cartilage can withstand mechanical load bearing
adequately, and how important proteolysis of the collagen network is in progression to
cartilage erosion in this situation is less clear. It is well recognised that cartilage
collagenolysis in vitro depends on activity of members of the matrix metalloproteinase
(MMP) family (2). Indeed, inhibitors with broad activity against MMP-1, -2, -3, -8, -9, -13
and -14 abrogate cartilage erosion in animal models of OA (9,10). Since these compounds
also have some activity against ADAMTS enzymes, inhibition of these or other
metalloproteinases may be responsible at least in part for disease modification observed.
Similar compounds have failed in clinical trials because of unwanted joint fibrosis due to
their broad spectrum of activity at OA-modifying doses (11). Thus there is a clear need to
identify the major collagenase in OA cartilage and to determine whether more specific
inhibitors could be therapeutically beneficial.

MMP-13 is more active against type II collagen than other collagenases (12). Selective
inhibitor studies suggest that MMP-13 is the predominant activity responsible for collagen
release from OA human cartilage in vitro (13,14). Chondrocyte mRNA expression of
MMP-13 but not MMP-1, -8 or -14 is increased in late stage human OA cartilage in
association with cartilage erosion (15–18). Cartilage-specific over-expression of MMP-13 in
mice induces precocious arthritis with cartilage erosion (19). An inhibitor with high
specificity for MMP-13 (although activity against other metal-dependent enzymes was not
reported) prevents surface fibrillation in a surgical OA model in rabbits (20). Taken together
the above studies strongly implicate MMP-13 as the major collagenolytic activity involved
in OA cartilage degeneration. However, other enzymes such as cathepsin K, may also play a
significant role in cartilage collagen breakdown in OA (21). Mice with constitutive deletion
of MMP-13 have been described by several groups (22–24). These MMP-13 knock out
(KO) mice show transient abnormalities in cartilage resorption in long bone growth (22–24)
and fracture healing (25,26). In the present study we utilized a model of surgically induced
OA to determine the specific role of MMP-13 in the onset and progression of cartilage
erosion and osteophyte development.

Materials and Methods
Surgical model of OA in mice

MMP-13 KO mice on an FVBN background developed by Stickens et al (23) were imported
and maintained as a homozygous colony in a specific pathogen free facility. Wild type
FVBN male mice were purchased from the Animal Resource Centre (Canning Vale,
Western Australia) and maintained in the same facility as KO animals. All mice were caged
in groups (n = 3–6/cage) and received water and complete pelleted food ad libitum. When
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WT and KO mice reached 10 weeks of age, medial meniscal destabilization (MMD) surgery
of the right knee was done by a single surgeon (CBL) as previously described (7). This OA-
model is well characterised and induces progressive cartilage degeneration with little
synovial inflammation (27). Only male mice were used to avoid sex-related differences in
disease severity (28). Mice were maintained in their pre-operative groups, allowed
unrestricted cage exercise, and were weighed weekly until sacrifice at 4 (n = 12 WT and 15
KO) or 8 (n = 12 WT and 10 KO) weeks post-operatively. All procedures were approved by
the Royal North Shore Hospital Animal Care and Ethics Committee.

Histopathology
At sacrifice the operated knees (mid femur to mid tibia) of all mice, and non-operated knees
from 3 animals, were harvested, and the skin and muscle removed. Specimens were fixed in
10% neutral buffered formalin for 24 hrs, decalcified for 3 days in 10% formic acid/5%
formalin, and paraffin embedded. Serial 4μm sagittal sections were cut across the width of
the medial femoro-tibial joint and mounted on superfrost plus glass slides (3 serial sections
per slide) with heating at 85°C for 30 minutes then overnight at 55°C. Sections every 40μm
were stained with 0.04% toluidine blue and counterstained with 0.1% fast green (12–15
slides per mouse).

Two observers (CBL, AB) blinded to genotype and post-operative time, scored cartilage
aggrecan loss (0–3) and structural damage (0–7), with maximal and summed score (sum of
all scores in all slides) recorded as previously described (7). Each slide received a single
score for each parameter representing the maximal score in the three sections on the slide.
The number of slides with scores for structural damage was recorded as a measure of the
“stage” of OA (width of joint affected). The presence or absence of morphological
chondrocyte hypertrophy (enlarged chondrocyte lacunae with lack of toluidine blue stain
around a collapsed cell as typically observed in the growth plate or calcified cartilage) in the
non-calcified articular cartilage was recorded. Osteophyte size (0 = none, 1 = small ~ the
same thickness as the adjacent cartilage, 2 = medium ~ 1–3 × the thickness as the adjacent
cartilage, 3 = large >3 × the thickness as the adjacent cartilage) and osteophyte maturity (0 =
none, 1 = predominantly cartilaginous, 2 = mixed cartilage and bone with active vascular
invasion and endochondral ossification, 3 = predominantly bone) were scored on coded
digital images of the same location of the anterior-medial tibia in each animal.

Immunohistochemistry and TUNEL staining
Serial sections from representative WT and MMP-13 KO mice 4 and 8 weeks after MMD-
surgery (n = 3 for each genotype/time) were dewaxed in xylene and rehydrated through
graded alcohols. Immunohistochemical evaluation was done essentially as previously
described (29). Briefly, sections were pre-treated with protease-free Chondroitinase ABC
(0.1 U/ml; Sigma-Aldrich) prior to blocking (Serum free protein block; Dako, Botany,
Australia) and incubation overnight at 4°C with antibodies/antiserum recognising type X
collagen (1:6000 LSL-LB-0092 whole rabbit serum; LSL, Tokyo, Japan), the MMP-
generated aggrecan-neoepitope DIPEN (30) (1.36μg/ml), or MMP-14 (4μg/ml ab53712;
Abcam, Cambridge UK). Equivalent dilutions/concentrations of normal rabbit serum (Dako
X0902) or rabbit IgG (Dako X0936) were used as negative controls. Immunostaining was
done with a biotinylated anti-rabbit IgG, horse-radish-peroxidase conjugated streptavidin,
Nova Red color reagent (Vector Laboratories, CA, USA) and sections were counterstained
with Mayers haematoxylin. Apoptosis was detected using TUNEL staining (ApopTag,
Chemicon, Australia) according to the manufacturer’s instructions.
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Statistics
All analyses were done using Stat View software for Macintosh (Acura, Berkeley, USA).
Comparison of mean scores for aggrecan loss, cartilage structural damage, osteophyte
maturity and osteophyte size in WT versus MMP-13 KO were analysed using the Mann-
Whitney U test. The incidence of chondrocyte hypertrophy or growth plate closure in WT
versus MMP-13 KO was compared by Chi squared analysis. Results are given as mean ±
standard error and the alpha level was set at 0.05.

Results
Skeletal phenotype of MMP-13 KO mice

WT mice were grossly indistinguishable from KO animals. There was no difference in
starting weight between genotypes (WT = 26.3±1.9g, MMP-13 KO = 25.8±3.4g), and both
gained similar weight over the course of the experiment (weight 8 weeks post-MMD = 105–
110% of starting weight). Three unoperated knees from WT and MMP-13 KO mice were
examined at each post-operative time point. In serial sections towards the axial margin of the
medial femoro-tibial joint, both the tibial and femoral growth plates in MMP-13 KO but not
WT mice had focal regions of bony union (Fig 1A). When all operated joints were examined
(n = 24 WT and 25 KO), focal closure was observed in 12.5% of WT and 96% of MMP-13
KO femoral growth plates, and 0% WT and 72% of MMP-13 KO tibial growth plates. The
difference between genotypes in femoral and tibial growth plate closure frequency was
significant at 4 and 8 weeks after surgery (p < 0.001 for all analyses), with no difference
between time points in either genotype. In MMP-13 KO mice the width of the growth plate
affected by closure increased from 14 to 18 weeks (Fig 1A).

We examined serial sections of tibial growth plates from two additional mice at 4, 6, 8 and
10 weeks of age, and first found evidence of focal bony union at 8 weeks in the MMP-13
KO mice (data not shown). As previously reported (22,23) there was expansion of the
hypertrophic zone of the growth plate in young MMP-13 KO compared with WT mice,
which resolved with time (data not shown). At 14 but not 18 weeks of age there was
minimal expansion of the hypertrophic zone but some retention of calcified trabeculae in the
metaphysis of MMP-13 KO compared with WT (Fig 1B). Surrounding the regions of bony
union in MMP-13 KO growth plates, there were areas with loss of chondrocytes and a
decrease of toluidine blue staining (Fig 1C*), islands of growth cartilage with no staining
and empty lacunae (Fig 1C arrow) and tissue containing rounded chondrocyte-like cells but
only faint toluidine blue staining (Fig 1C outlined by brackets). There was no difference in
immunostaining for type X collagen in WT and MMP-13 KO growth plates (not shown).
However, the MMP-cleaved aggrecan neoepitope DIPEN, was increased in MMP-13 KO
growth plate cartilage compared with WT at both 14 and 18 weeks of age (Fig 1D).

We investigated whether growth plate closure in MMP-13 KO mice could be due to
increased MMP-14 previously reported (22) or apoptosis of growth plate cells. Hypertrophic
chondrocytes in the regions of the growth plate still with active vascular invasion at 14
weeks of age in both genotypes were immunopositive for MMP-14 (Supplementary Figure
S1A). However no MMP-14 immunostaining was seen in the growth plate surrounding areas
of bony fusion (Figure S1A). At 18 weeks of age active vascular invasion had ceased and
there was no MMP-14 staining in the residual growth plate cartilage in either genotype
(Figure S1A). TUNEL staining was variable but was generally less in MMP-13 KO
compared with WT mice at 14 weeks of age (Figure S1B). TUNEL staining decreased by 18
weeks of age with no difference observed between genotypes (Figure S1B).
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Effect of MMP-13 KO on cartilage degradation in OA
Articular cartilage, subchondral bone and joint morphology in unoperated joints was not
different in adult MMP-13 KO compared with WT mice (Fig 2A), indicating that these
animals would be suitable for OA studies. MMD-induced proteoglycan loss and cartilage
structural damage in WT mice were more severe in the tibia compared with the femur (Fig
2B) as previously reported (7). Tibial cartilage lesions occurred in similar locations in
MMP-13 KO mice but the extent of structural damage/erosion was less (Fig 2B). Despite the
reduced structural damage in the tibia, there was pronounced focal aggrecan loss in
MMP-13 KO mice that was particularly prominent 8 weeks post-operatively (Fig 2C
arrows).

When femoral and tibial aggrecan loss (Fig 3A–D) and structural damage (Fig 3E–G) were
scored, significant differences with post-operative time and between genotypes were
identified. Aggrecan loss did not increase from 4–8 weeks in either femoral or tibial
cartilage of WT mice. In contrast, maximal (Fig 3A) and summed (Fig 3C) femoral (but not
tibial) aggrecan loss increased from 4 to 8 weeks in MMP-13 KO mice (p < 0.003 for both
analyses), such that there was significantly greater aggrecan loss in KO compared with WT
mice at 8 weeks (p < 0.001 for both analyses).

There was no significant increase in femoral cartilage structural damage with postoperative
time in either genotype, and no difference between genotypes at either time (Fig 3E & G).
However, structural damage in tibial cartilage increased significantly between 4 and 8 weeks
post-operatively in WT but not MMP-13 KO mice (Fig 3F & H; p<0.02 for both analyses).
As a result, tibial cartilage structural damage was significantly worse at 8 weeks after
surgery in WT compared with MMP-13 KO mice (Fig 3F & H; p < 0.02 for both analyses).
The increase in stage of disease (i.e. width of the joint surface affected) was reflected in the
significant increase with post-operative time in the number of slides with a positive
histopathological score in WT (2.9 to 7.2; p = 0.002) but not MMP-13 KO (4.5 to 4.7)
animals.

Effect of MMP-13 KO on osteophyte development in OA
Osteophytes developed on the anterior-medial aspect of the tibial plateau following MMD
surgery, initially being predominantly cartilaginous and undergoing endochondral
ossification to become mainly bone by 8 weeks (Fig 4A). In both WT and MMP-13 KO
mice osteophyte maturity increased with post-operative time (Fig 4B; p= 0.003 and 0.01
respectively) with no difference between genotypes at either 4 or 8 weeks. In MMP-13 KO
mice however, the cartilaginous osteophytes were significantly larger than WT at 4 weeks
(Fig 4C; p = 0.008), but by 8 weeks after surgery there was no difference between genotypes
in osteophyte size.

Effect of MMP-13 KO on chondrocyte hypertrophy in OA
Hypertrophy of articular cartilage chondrocytes in OA has been well-described and
implicated in the pathogenesis of cartilage degradation (31). We observed focal areas of
non-calcified articular cartilage containing hypertrophic chondrocytes in of 70–90% of
joints after surgery (Fig 5A), with no difference in frequency between genotypes or with
post-operative time. In both operated and non-operated joints, hypertrophic chondrocytes in
the calcified articular cartilage below but never above the tidemark, showed positive
pericellular staining for type X collagen and the MMP-cleaved aggrecan neoepitope DIPEN
(Fig 5B & 5C, respectively). At both 4 and 8 weeks after surgery, the hypertrophic
chondrocytes and matrix in the non-calcified articular cartilage was positive for type X
collagen in both WT and MMP-13 KO mice (Fig 5B). Similarly, cellular and pericellular
DIPEN staining became evident in non-calcified cartilage above the tidemark in both
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genotypes at 4 and 8 weeks after surgery (Fig 5C). We examined whether hypertrophic
articular chondrocytres in OA showed positive staining for MMP-14 and TUNEL as seen in
terminal hypertrophic chondrocytes in the growth plate (Fig S1). While chondrocytes in the
joint periphery and developing osteophytes were positive for MMP-14 in both WT and KO
mice, no MMP-14 staining was observed in non-calcified articular cartilage chondrocytes at
any time in either genotype (Fig. 6A). TUNEL-positive chondrocytes were observed in the
articular cartilage following surgery, particularly at 4 weeks, but there was no difference
between WT and MMP-13 KO mice (Fig. 6B).

Discussion
Our results have demonstrated for the first time that cartilage structural damage in MMD-
induced OA in mice is highly dependent on MMP-13 activity. There was no difference in
cartilage damage between genotypes at 4 weeks, suggesting that early phases of OA are
dominated by non-MMP-13-dependent events such as ADAMTS-driven aggrecanolysis. We
hypothesise that the more severe localised aggrecan loss in the femur of KO mice 8 weeks
postoperatively may result from focal compression of the displaced meniscal tip between the
tibial and femoral cartilage, which does not occur in the WT mice due to erosion of the
opposing tibial cartilage. The focal trauma and supra-physiological compression likely
initiates a localised increase in ADAMTS activity. However even this focal area of severe
aggrecan loss in KO mice did not progress to structural cartilage damage/erosion in the
absence of MMP-13. Preservation of cartilage structure in MMP-13 KO mice despite
aggrecan loss, demonstrates the importance of enzymatic cleavage of collagen to the actual
loss of cartilage in OA, even in tissue with extensive aggrecan depletion. This suggests that
normal joint use and loading of aggrecan-depleted cartilage, does not by itself lead to
mechanical disruption of this tissue.

Whether our results in mice are transferable to humans depends in part on the relative
contribution of MMP-13 to cartilage collagenolysis in the different species. Cells in adult
mice (other than invading trophoblasts in the pregnant uterus), do not express an MMP-1
ortholog (32), and this enzyme may play some role in cartilage collagenolysis in humans
(33). However, the predominant role for MMP-13 in OA cartilage collagenolysis in humans
as for mice, is supported by MMP-13 being the most active type II collagenase, chondrocyte
mRNA expression of MMP-13 but not MMP-1 being increased in late-stage human OA
cartilage (15–18), and MMP-13 not MMP-1 being responsible for collagen release in
cultured human OA human cartilage (13,14). The mechanical loading forces experienced in
mouse knee cartilage may be considerably different to those in larger species where physical
disruption of aggrecan-depleted cartilage could be more important. Future studies could
evaluate if chondroprotection is still evident in MMP-13 KO mice with increased exercise
and/or time post injury. Nevertheless, the fact that cartilage erosion is inhibited despite
ADAMTS-driven aggrecan depletion in MMP-13 KO mice, supports the potential for
therapeutic intervention with collagenase inhibitors in established OA.

Our studies confirm the previously observed expansion of the growth plate hypertrophic
zone that resolves with age in MMP-13 KO mice (22–24). By looking at older mice, we
have identified focal closure of tibial and femoral growth plates in MMP-13 KO mice.
Although this abnormality occurs in mice as young as 8 weeks, the focal nature of the
lesions would make identification of growth plate closure difficult without serial sections
across the width of the joint. As opposed to most other mammals, closure of long bone
growth plates is not normally observed in rodents even into old age. Although the residual
growth plates in mice >36 weeks old are no longer undergoing active hypertrophy as shown
by the lack of type X collagen synthesis, the embedded chondrocytes remain viable and
synthesise aggrecan and collagen-II (34). In vertebral growth plates in mice, vertical
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acellular calcified cartilage trabeculae bridge the residual growth plate and contribute to
growth cessation (35). Whether a similar situation exists in residual appendicular growth
plates has not been reported, but focal bridging by calcified elements has been seen by the
authors in micro-CT analyses of 14–18 week old WT mice in unrelated studies (unpublished
observation).

There is little published on the mechanisms of normal growth plate closure in non-rodent
species. In human tibial growth plates, as in the MMP-13 KO mice in this report, the axial
region closes before the periphery (36). Increased chondrocyte apoptosis occurs with growth
plate closure in rabbits (37). We observed decreased TUNEL staining with age and growth
plate quiescence, consistent with the reported increase in expression of anti-apoptotic factors
in residual growth plates of 6-month-old mice (38). We did not find evidence for increased
chondrocyte apoptosis or re-activation of hypertrophy, to explain the growth plate closure in
MMP-13 KO mice. The increased DIPEN staining in residual growth plates of KO mice
suggested increased MMP activity compared with WT, and confirmed that MMP-13 alone is
not responsible for aggrecan cleavage in the growth plate (23). Inada et al (22) reported
increased MMP-8, MMP-9 and MMP-14 expression in the hypertrophic zone and/or
chondro-osseous junction in MMP-13 KO mice, all of which can generate DIPEN. We were
unable to demonstrate increased MMP-14 in KO mice, suggesting that other MMPs are
likely responsible for proteolysis and growth plate closure. In this regard, elevated MMP-3
has been associated with growth plate dissolution and closure in rats with collagen-induced
arthritis, very similar to that observed in MMP-13 KO mice (39).

Increased chondrocyte MMP-13 expression in OA in humans (15–18) and mice (40–42), is
associated with elevated expression of hypertrophy-associated genes such as type X collagen
and runt-related transcription factor-2 (runx2) (41–43). It has been postulated that
recapitulation of growth-plate-like hypertrophic differentiation of chondrocytes may play an
important role in the pathogenesis of cartilage degradation in OA (31). We observed focal
chondrocyte hypertrophy in cartilage following surgical-induction of OA as previously
described (41–43), however this occurred equally in KO and WT mice with equivalent
collagen X expression. While MMP-cleavage of aggrecan is not a hypertrophy-specific
event, it is typically observed around hypertrophic chondrocytes in the growth plate and
calcified articular cartilage. However, there was no difference between WT and MMP-13
KO mice in DIPEN staining in articular cartilage after surgery. These data suggest that it is
not the hypertrophic differentiation of chondrocytes per se that leads to cartilage degradation
(at least under the conditions examined in this study) but rather it is the hypertrophy-
associated MMP-13 expression and activity that is critical for structural cartilage damage.

Over-expression of MMP-13 in adult cartilage leads to increased collagen X expression
(19), and inhibition of MMP-13 reduces chondrocyte hypertrophy, collagen X and runx2
expression in vitro (44), suggesting that MMP-13 activity may drive the hypertrophic
process. However, our results suggest that MMP-13 activity is down-stream of other
hypertrophic changes in chondrocytes (e.g. type X collagen expression), consistent with the
recognised runx2 transcriptional regulation of MMP-13 expression (45). Our data also
indicate that MMP-13 activity is not critical for chondrocyte apoptosis associated with
terminal hypertrophic-differentiation, and that chondroprotection in MMP-13 KO mice is
likely not due to changes in chondrocyte death. The difference in our results to those
reported with MMP-inhibition (44) could be explained by a more broad-spectrum activity of
the MMP-inhibitor, and in vitro as opposed in vivo studies. It has been postulated that
proteolytic generation of bioactive collagen peptides may drive chondrocyte hypertrophy
(46), and our present studies cannot rule this out, as other collagenolytic enzymes (e.g.
MMP-2, -8, -14, cathepsin K) may compensate in the MMP-13 KO mice. It is noteworthy,
that mice in which the type II collagen triple helix is resistant to MMP cleavage, lack normal
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programmed cell death in hypertrophic chondrocytes in the growth plate (47), suggesting
that MMP-derived collagen-II fragments might regulate terminal hypertrophic chondrocyte
differentiation.

The simplest explanation for inhibition of cartilage degradation in MMP-13 KO mice is
reduced type II collagenolysis, however several alternative explanations deserve
consideration. It is possible that reduced proteolysis of other MMP-13 substrates in cartilage
(e.g. biglycan, fibromodulin, fibronectin, tenascin C and collagen IX (48,49)) could
contribute to inhibition of cartilage erosion. MMP-13 can activate other MMPs (50) and
inhibition of such cascades may modulate inflammation, cytokine, chemokine and growth
factor activity (51). MMP-13 may process secreted cytokines and chemokines, their
receptors, and other cell surface molecules (52), and MMP-13 can modulate ERK signalling
(53), thus its deficiency could directly alter chondrocyte metabolism. Osteoblast MMP-13
contributes to collagenolysis in bone necessary for osteoclastic activity (45). Increased
subchondral bone thickness but higher turnover are features of OA and may contribute to
cartilage degradation (54). MMP-13 KO mice have reduced bone turnover (23,25) that could
play a role in chondroprotection in OA. It is possible that MMP-13 is important for soft
tissue remodelling following surgery, and increased fibrosis in KO mice could reduce joint
motion and contribute to chondroprotection. We did not see histologic evidence of increased
joint capsule fibrosis (although this was not quantified) and the equivalent osteophytosis in
the genotypes suggest similar joint instability. Why the predominantly cartilaginous
osteophytes 4 weeks after surgery are larger in MMP-13 KO mice is not clear. Previous
reports have shown a delay in endochondral ossification in MMP-13 KO mice (25,26). This
would be consistent with retention of cartilage in the osteophytes, however the maturation
was not different with both genotypes having mostly cartilage at 4 weeks. MMP-13 activity
may normally acts to inhibit chondrogenesis, possibly by cleaving growth factors or
releasing bioactive peptides, and in its absence cartilage accumulation may occur. As in the
growth plate, other mechanisms ultimately compensate for the lack of MMP-13, and
endochondral ossification proceeds such that the osteophytes in the two genotypes become
similar by 8 weeks. The importance of osteophytes in OA pathogenesis is unclear, but the
ultimate equality of osteophyte size and maturity in WT and MP-13 KO mice, demonstrates
that this process is not linked with articular cartilage damage but rather other factors such as
joint instability in this model.

In conclusion, we have demonstrated a significant inhibition of cartilage structural damage
in surgically-induced OA in MMP-13 KO mice. This chondroprotection was not associated
with any reduction in aggrecanolysis, nor a change in chondrocyte hypertrophy and
apoptosis, or osteophyte development. These studies confirm that structural cartilage
damage in OA in mice is dependent on MMP-13 activity. Furthermore, they suggest that
cartilage erosion can be inhibited in the presence of ADAMTS-driven aggrecan depletion,
supporting the potential of MMP-13 specific inhibitors for therapeutic intervention in
established OA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Toluidine blue/fast green stained sections from wild type (WT) and MMP-13 knock out
(KO) mice at 14 and 18 weeks of age. The frontal section (top) shows the axial levels from
which sagittal sections were collected. Higher magnification images of the growth plate
from level 1 (B) shows increased hypertrophic chondrocytes and retention of calcified
cartilage trabeculae in the metaphysis of MMP-13 KO mice. In the axial area of MMP-13
KO mice (C) focal areas of growth plate closure had acellular regions with diminished
toluidine blue staining (*), faintly stained areas with residual round chondroid-like cells
(brackets), and cartilage with no toluidine blue and empty lacunae (arrow). (D) MMP-
cleaved aggrecan (DIPEN), was localised to the lower hypertrophic chondrocytes in 14
week-old WT growth plates, but was throughout the growth plate of MMP-13 KO mice at
the same age. There was increased DIPEN staining in both genotypes at 18 weeks of age,
but it was still more intense in MMP-13 KO compared with WT animals. Minor non-
specific staining was observed in sections localized with the same concentration of rabbit
IgG as a negative control.
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Figure 2.
Representative toluidine blue and fast green stained sections from wild type (WT) and
MMP-13 knock out (KO) mice at 14 and 18 weeks of age. (A) Central weight-bearing
region of the medial femoro-tibial compartment of unoperated joints. (B) Least (left image)
and most (right image) severe cartilage erosion in the two genotypes at 8 weeks after surgery
are shown. (C) Higher magnification images demonstrating the focal area of aggrecan
depletion in the femoral cartilage opposite the tip of the destabilized meniscus in MMP-13
KO (arrows) but not in WT mice, where tibial cartilage erosion is evident.
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Figure 3.
Maximal (A, B, E, F) and summed (C, D, G, H) scores for aggrecan loss (A–D) and
structural cartilage damage (E–H) in femoral and tibial cartilage of wild type (WT) and
MMP-13 knock out (KO) mice 4 and 8 weeks after medial meniscal destabilization surgery
(“weeks post op”). Graphs represent mean ± SEM; WT n = 12 at 4 and 8 weeks, MMP-13
KO n = 15 at 4 weeks and n = 10 at 8 weeks post op. *p<0.05 **p<0.01 for difference
between WT and MMP-13 KO mice at the same time point; #p<0.05 ##p<0.01 for
difference between 4 and 8 weeks within a genotype.
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Figure 4.
(A) Representative toluidine blue & fast green stained sections of wild type (WT) and
MMP-13 knock out (KO) mice 4 & 8 weeks after medial meniscal destabilization surgery,
demonstrating osteophyte development on the anterior tibial plateau (arrows). The mean
scores of osteophyte maturity (B) and osteophyte size (C) in WT and MMP-13 KO mice 4
and 8 weeks after medial meniscal destabilization surgery (“weeks post-op”) are depicted
graphically. *p<0.05 for difference between WT and MMP-13 KO mice at the same time
point; #p<0.05 for difference between 4 and 8 weeks within a genotype.
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Figure 5.
Representative sections of proximal tibial cartilage from non-operated (“normal”) joints and
after medial meniscal destabilization induced osteoarthritis (“OA”) in wild type (WT) and
MMP-13 knock out (KO) mice. (A) Toluidine blue & fast green stain; (B)
immunolocalization of type X collagen and (C) immunolocalization of the MMP-generated
aggrecan neoepitope DIPEN. Representative negative control sections using equivalent
concentration of pre-immune rabbit serum or rabbit IgG in place of the primary antibody in
WT and MMP-13 KO mice following surgical induction of OA (D). The dashed line
demarcates the tidemark between calcified and non-calcified articular cartilage, while the
solid line indicates the osteochondral junction.
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Figure 6.
(A) Immunolocalization of MMP-14 (brown stain) in the articular cartilage of wild type
(WT) and MMP-13 knock out (KO) mice. In both genotypes there was positive
immunostaining of chondrocytes in the developing osteophyte (i & iii), and in calcified
articular cartilage below the tidemark but not in the non-calcified articular cartilage even in
areas with chondrocyte hypertrophy (ii & iv). The dashed line demarcates the tidemark
between calcified and non-calcified articular cartilage, while the solid line indicates the
osteochondral junction. (B) TUNEL staining (brown) of chondrocytes in the articular
cartilage 4 and 8 weeks after surgery in WT and MMP-13 KO mice.
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