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ABSTRACT
We have histologically examined vascular invasion and calcification of the hypertrophic zone dur-
ing endochondral ossification in matrix metalloproteinase (MMP)-9 deficient (MMP-9−/−) mice and 
in their littermates at 3 days, 3 weeks and 6 weeks after birth. Capillaries and osteoclasts at the 
chondro-osseous junction showed an intense MMP-9 immunopositivity, suggesting that they rec-
ognize chemical properties of cartilaginous matrices, and then release MMP-9 for cartilage degra-
dation. CD31-positive capillaries and tartrate-resistant acid phosphatase-reactive osteoclasts could 
be found in the close proximity in the region of chondro-osseous junction in MMP-9−/− mice, 
while in wild-type mice, vascular invasion preceded osteoclastic migration into the epiphyseal car-
tilage. Although MMP-9−/− mice revealed larger hypertrophic zones, the index of calcified area 
was significantly smaller in MMP-9−/− mice. Interestingly, the lower layer of the MMP-9−/− hyper-
trophic zone showed intense MMP-13 staining, which could not be observed in wild-type mice. 
This indicates that MMP-13 may compensate for MMP-9 deficiency at that specific region, but 
not to a point at which the deficiency could be completely rescued. In conclusion, it seems that 
MMP-9 is the optimal enzyme for cartilage degradation during endochondral ossification by con-
trolling vascular invasion and subsequent osteoclastic migration.

Endochondral ossification enables the longitudinal 
growth of long bones, keeping the balance between 
chondrocyte proliferation and differentiation (i.e., 
appositional and interstitial growth) and vascular in-
vasion into cartilage prior to bone deposition (12, 
27). The length of the hypertrophic zone appears to 
be maintained by two mechanisms: 1) the rate at 

which chondrocytes enter the hypertrophic pheno-
type and 2) the pace at which vascular endothelial 
cells invade the hypertrophic zone of the cartilage. 
After the formation of calcified cartilage matrices, 
the process of endochondral ossification involves a 
well-defined series of events in which osteogenic 
and osteoclastic cells replace calcified cartilage for 
bone (2). At an erosion zone, vascular endothelial 
cells invade and collapse incompletely-calcified trans-
verse partitions of cartilage matrix, making a way 
for osteoclastic and osteoblastic migration. On the 
other hand, the longitudinal intercolumnar septae are 
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cells in endochondral ossification could be clarified.

MATERIALS AND METHODS

Tissue preparation. All animal procedures were per-
formed in accordance with the guidelines for animal 
experimentation set by Keio University and Hokkai-
do University. Three day-, 3 week- and 6 week-old 
MMP-9−/− mice and their wild-type littermates (n = 6 
for each, Jackson Laboratory, Bar Harbor, ME), 
were anesthetized with an intraperitoneal injection of 
chloral hydrate and perfused through the cardiac left 
ventricle with 4% paraformaldehyde diluted in 0.1 M 
cacodylate buffer (pH 7.4). Tibiae were dissected 
free of soft tissues and immersed in the same fixa-
tive for additional 24 h at 4°C. After decalcification 
with 5% EDTA-2Na solution for 3 weeks at 4°C, 
the specimens were dehydrated through a graded se-
ries of ethanol prior to being embedded in paraffin. 
The stained sections were observed under a Nikon 
Eclipse E800 microscope (Nikon Instruments Inc. 
Tokyo, Japan), and light microscopic images were 
acquired with a digital camera (Nikon DXM1200C, 
Nikon).

Histochemistry for MMP-9, cathepsin K, CD31 and 
tartrate-resistant acid phosphatase (TRAP). For de-
tection of TRAP activity, as previously reported (3), 
histological sections were incubated with a mixture 
of 2.5 mg of naphthol AS-BI phosphate (Sigma, St. 
Louis, MO), 18 mg of red violet LB salt (Sigma) 
and 100 mM L (+) tartaric acid (0.76 g; Nacalai 
Tesque, Kyoto, Japan) diluted in 30 mL of a 0.1 M 
sodium acetate buffer (pH 5.0) for 15 min at 37°C.
　For immunolocalization of MMP-9, -13 and ca-
thepsin K, deparaffinized sections were treated with 
0.1% hydrogen peroxide for 15 min to inhibit en-
dogenous peroxidase, and pre-incubated with 1% 
bovine serum albumin in phosphate buffered saline 
(BSA-PBS) for 30 min at room temperature. Goat 
antibody against mouse MMP-9 (R&D Systems, 
Inc., Minneapolis, MN; dilution 1 : 100), goat anti-
body to MMP-13 (Chemicon International Inc., 
Temecula, CA; dilution of 1 : 100), or mouse anti-
human cathepsin K (Daiichi Fine Chemical Co., 
Ltd., Takaoka, Japan; dilution 1 : 200) were applied 
to the sections overnight at 4°C. The sections were 
then incubated with horseradish peroxidase (HRP)-
conjugated anti-goat IgG (American Qualex Anti-
bodies, San Clemente, CA; dilution 1 : 100) or 
HRP-conjugated anti-mouse IgG (Chemicon; dilu-
tion 1 : 100) at room temperature, respectively. For 
CD31 detection, histological sections were pretreated 

structures that calcify after matrix vesicle secretion 
by hypertrophic chondrocytes (2, 4), serving as scaf-
folds for the primary trabecular spiculae. Osteo-
clasts, also referred to as chondroclasts when found 
at the chondro-osseous junction, resorb the exces-
sive calcified cartilage matrix from longitudinal in-
tercolumnar septae (2, 15, 20), thereby modeling  
the calcified cartilage parallel to the longitudinal 
axis of long bones. Therefore, hypertrophic chon-
drocytes and vascular endothelial cells are crucial 
for normal endochondral ossification, synthesizing 
matrix vesicles for cartilage calcification and pro-
moting vascular invasion into the chondro-osseous 
junction, respectively (2, 4, 15, 20, 21, 27).
　Endochondral ossification requires proteinase-
driven proteolytic degradation. In that context, ma-
trix metalloproteinases (MMPs) are of paramount 
importance due to their ability to cleave collagens 
and aggrecan, the main components of cartilaginous 
matrices (5, 9). MMP-9, a gelatinase that breaks 
down components of the extracellular matrix and is 
highly specific for degraded collagens, is expressed 
at sites of active tissue remodeling and neovascular-
ization. MMP-9 plays a key role in endochondral 
ossification by enabling capillary invasion into the 
hypertrophic cartilage (26). At the erosion zone of 
the cartilage anlage, MMP-9 was shown to be pres-
ent in preosteoclasts and in chondroclastic cells. 
MMP-9 deficient (MMP-9−/−) mice have a distinct 
phenotype, with a substantially larger hypertrophic 
zone in the epiphysis, impaired endochondral ossifi-
cation and delayed formation of the bone marrow 
cavity (26). MMP-9−/− mice showed decreases in tra-
becular bone formation, chondrocyte apoptosis, vas-
cular invasion and osteoclastic recruitment during 
development (6, 26).
　These findings support the idea that MMP-9 plays 
a key role in normal endochondral ossification. How-
ever, some issues are yet to be addressed: 1) Which 
cells are the most important for triggering the pro-
cess of cartilage degradation during endochondral 
ossification, osteoclasts (chondroclasts) or vascular 
endothelial cells? 2) Is osteoclastic migration and 
vascular invasion into hypertrophic chondrocytes al-
tered in an MMP-9-deficient environment? And 3) 
Does the absence of MMP-9 affect calcification in 
the epiphyseal cartilage, especially at the hypertro-
phic zone?
　In order to address these questions, we conducted 
histological examinations on the endochondral ossi-
fication in MMP-9−/− mice, aiming specifically at the 
cellular events taking place at the erosion zone, so 
that the biological function of vascular endothelial 
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tally (Compare growth plates in Figs. 1B and E). 
Although the extent of the proliferative zone was 
similar between the wild-type and MMP-9−/− mice, 
the hypertrophic zone was enlarged after birth and 
seemed to protrude towards the center of the bone 
after 3 weeks (See an arrow in Fig. 1E). Statistical 
analysis on the areas of the hypertrophic (Fig. 1G) 
and proliferative (Fig. 1H) zones revealed that only 
the MMP-9−/− hypertrophic zone was higher up than 
those of wild-type mice at 3 days and 3 weeks of 
age. Interestingly, MMP-9−/− mice possessed more 
metaphyseal trabeculae, at least during the experi-
mental period (Compare Figs. 1A–C and 1D–F). 
Since 3-week-old MMP-9−/− mice featured the most 
obvious phenotype, we decided to use this time 
point to examine the distribution of TRAP, cathep-
sin K and MMP-9. Both TRAP and cathepsin K ac-
tivities were found in osteoclasts located at the 
chondro-osseous junction, with similar intensity in 
both wild-type and MMP-9−/− specimens (Compare 
Figs. 2 A, B, D, E). Osteoclasts and vascular endo-
thelial cells were positive for MMP-9 in the erosion 
zone of wild-type metaphyses, but MMP-9 staining 
was absent in the hypertrophic zone of wild-type 
mice (Fig. 2C). In contrast, MMP-9−/− specimens 
showed hardly any immunoreactivity for MMP-9 
(Fig. 2F). In wild-type specimens, osteoclasts at the 
chondro-osseous junction showed intense MMP-9 
staining, but those at the termini of the metaphyseal 
trabecules revealed strong TRAP activity and weak 
staining of MMP-9 (Figs. 2G–I).

Intense MMP-13 immunoreactivity in the lower re-
gion of the MMP-9−/− hypertrophic zone
Unlike cathepsin K and TRAP, which were similarly 
present in wild-type and in MMP-9−/− specimens at 
the third postnatal week, an intense MMP-13 immu-
noreactivity was seen in the bottom layer of the 
MMP-9−/− hypertrophic zone (Compare Figs. 3A and 
B). At higher magnification, it was the cartilage 
matrix, rather than osteoclasts at the erosion zone, 
that appeared to have a strong MMP-13 immunore-
activity in the MMP-9−/− hypertrophic zone (Figs. 3C, 
D). Many granular cartilaginous matrices were also 
immunopositive for MMP-13. Both wild-type and 
MMP-9−/− mice showed a slight MMP-13 positivity 
on the bone surface facing osteoclasts in the termi-
nal regions of metaphyseal trabeculae (Figs. 3E, F). 
Thus, MMP-13 may be over-produced at the chon-
dro-osseous junction in a state of MMP-9 deficiency.

with proteinase K at room temperature for 15 min, 
and incubated with rat anti-CD31 antibody (BD Bio-
science, Qume Drive, CA). After rinsing with PBS, 
sections were immersed in HRP-conjugated anti-rat 
IgG (Kirkegaard & Perry Laboratories, Gaithers-
burg, MD) for 1 h. For negative control, sections 
were incubated with HRP-conjugated secondary an-
tibodies only. Immune complexes were visualized 
using 3,3’-diaminobenzidine tetrahydrochloride 
(Dojindo Laboratories, Kumamoto, Japan). For dou-
ble staining of CD31/TRAP, MMP-9/TRAP and 
MMP-13/TRAP, we performed immunohistochemis-
try for CD31, or MMP-9 and -13, and then, detect-
ed TRAP activity as described.

Von Kossa staining. Longitudinal sections of tibial 
epiphyseal cartilage embedded in epoxy resin were 
incubated with an aqueous solution of nitric silver 
until calcified matrix is visible in dark brown color, 
as reported elsewhere (22).

Statistical analyses for calcified areas in the hyper-
trophic zone, and the distance between vascular en-
dothelial cells and osteoclasts at the chondro-osseous 
junction. The hypertrophic zone was identified ac-
cording to chondrocyte morphology, as hypertrophic 
chondrocytes feature enlarged, translucent cell bod-
ies. Proliferative and hypertrophic zones of wild-
type and MMP-9−/− mice (3 day, 3 and 6 weeks after 
birth, n = 6 each) were measured with ImagePro 
Plus 6.2 (Media Cybernetics, Silver Spring, MD), as 
previously reported (10, 11). The areas of calcified 
cartilage matrix were also measured after von Kossa 
staining with the aid of ImagePro Plus (3 weeks af-
ter birth, n = 6). The longitudinal distance between 
invading CD31-positive endothelial cells and neigh-
boring TRAP-positive osteoclasts at the erosion zone 
(3 weeks after birth, n = 6) was calculated with im-
ages taken at 40x magnification. Statistical analysis 
was performed using Microsoft Excel 2003 (Micro-
soft Corporation, Redmond, WA). All values are 
presented as means ± standard deviation. Differences 
among groups were assessed by unpaired Student’s 
t-test, and considered statistically significant when 
P < 0.05.

RESULTS

Larger hypertrophic zone in MMP-9−/− mice and 
distribution of TRAP, cathepsin K and MMP-9 in 
wild-type and MMP-9−/− metaphyses
MMP-9−/− mice showed larger growth plate carti-
lage, which became more evident 3 weeks postna-
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Fig. 1　Histological analysis of the epiphyseal cartilage in wild-type and MMP-9−/− mice. The epiphyseal cartilage (EC) of 
MMP-9−/− tibiae at 3 days (D) and 3 weeks (E) after birth show a relatively enlarged hypertrophic zone compared with that 
seen in their wild-type counterparts (A, B). The hypertrophic zone in the MMP-9−/− growth plate (GP) at 3 weeks postnatally 
is enlarged and protruded towards the metaphysis (an arrow, meta) (E). However, the expanded MMP-9−/− growth plate (GP) 
seems to be normalized, or shortened, at 6 weeks postnatally (Compare C and F). Notice that there are more metaphyseal 
trabeculae in MMP-9−/− specimens at 3 and 6 weeks. Panels G and H represent the statistical analysis of the indices for the 
areas of hypertrophic (G) and proliferative zones (H). There is a significant increase in the index for the hypertrophic zone 
in MMP-9−/− tibiae at 3 days and 3 weeks after birth. Bars, 250 μm
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Fig. 2　Distribution of TRAP, cathepsin K and MMP-9 at the chondro-osseous junction. Our immunohistochemistry demon-
strates the similar staining of TRAP (A, D) and cathepsin K (B, E) in osteoclasts (oc), also referred to as chondroclasts, at 
the chondro-osseous junction between the wild-type (A, B) and MMP-9−/− (D, E) specimens. MMP-9-positive osteoclasts (oc) 
and blood vessels (arrows) are seen mainly at the chondro-osseous junction of wild-type mice (C), whereas no MMP-9 
positivity is observed in MMP-9−/− specimens (F). Insets indicate highly magnified images of osteoclasts showing TRAP (A, 
D), cathepsin K (B, E) and MMP-9 (C, D). Double staining for TRAP and MMP-9 in the wild-type specimens reveals that 
osteoclasts at the chondro-osseous junction are stained more intensely for MMP-9 (brown) rather than for TRAP (red) (G). 
Note osteoclasts (oc) and blood vessels (BV, an arrow) are intensely positive for MMP-9 (brown color) at the chondro-osse-
ous junction (H), while osteoclasts (oc) located on the termini of metaphyseal trabeculae show strong TRAP positivity (red, I). 
Bars, A–F: 50 μm, G–I: 30 μm
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Fig. 3　Immunolocalization of MMP-13 in the wild-type and MMP-9−/− tibiae. Epiphyseal growth plate (GP) and metaphyses 
(meta) of wild-type (A) and MMP-9−/− (B) tibiae, showing MMP-13 positivity (brown color) and TRAP-reactive cells (red col-
or). See the MMP-13 positive band (arrows) in the most inferior of the MMP-9−/− hypertrophic zone (B). At higher magnifica-
tion, the cartilage matrix exhibits an intense immunoreactivity of MMP-13 (brown color) at the chondro-osseous junction (D), 
while no obvious positivity for MMP-13 is seen in wild-type counterpart (C). Note many granular cartilaginous matrices im-
munopositive for MMP-13 (Dots intensely stained in dark brown in C and D). In the trabecular termini, wild-type (E) and 
MMP-9−/− (F) tibiae show bone surfaces (arrows) slightly stained for MMP-13, which are close to osteoclasts (oc). Bars, A, B: 
150 μm, C–F: 30 μm
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that in the wild-type counterparts. Thus, the endo-
thelial cells’ invasion prior to osteoclastic migration 
in normal chondro-osseous junction was disturbed 
in MMP-9−/− specimens.

Cartilage calcification in the MMP-9−/− hypertrophic 
zone
Cartilage calcification was assessed by means of 
von Kossa staining, which showed that although 
most of the wild-type hypertrophic zone was calci-
fied, only the inferior portion of the hypertrophic 
zone in MMP-9−/− specimens was calcified (Figs. 5A, 
B). At higher magnification, randomly running blood 
vessels and irregularly distributed calcified cartilage 
cores could be observed in MMP-9−/− tibiae, while 
blood vessels in wild-type specimens ran parallel to 
the longitudinal axis of the tibiae (Figs. 5C, D). Sta-
tistical analysis showed that the index of calcified 
areas in the hypertrophic zone was 79.2 ± 7.01% in 

Unevenly-gathered osteoclasts and vascular endothe-
lial cells at the chondro-osseous junction of MMP-
9−/− specimens
At the third postnatal week, double staining for 
CD31 and TRAP in wild-type specimens revealed 
endothelial cells piercing deep into the epiphyseal 
cartilage, preceding osteoclastic migration (Fig. 4A). 
In contrast, vascular endothelial cells and osteoclasts 
were disorderly gathered in MMP-9−/− mice (Fig. 4B). 
Observing semithin sections of epoxy resin-embed-
ded specimens, wild-type vascular endothelial cells 
invaded into chondrocytic lacunae prior to osteo-
clastic migration (Fig. 4C): Wild-type vascular endo-
thelial cells were invading ahead 20.0 ± 6.2 μm away 
from osteoclasts at the chondro-osseous junction. 
However, endothelial cells were adjacent to osteo-
clasts in MMP-9−/− chondro-osseous junction (Fig. 4D), 
with a markedly-smaller gap between these cell-
types (1.04 ± 1.13 μm, P < 0.005) compared with 

Fig. 4　Double staining TRAP and CD, and high-resolution observations at the chondro-osseous junction of wild-type and 
MMP-9−/− tibiae. CD31-positive endothelial cells (brown color, arrows), rather than osteoclasts (red, oc), are closer to the 
epiphyseal cartilage (EC) in the wild-type specimens (A), whereas vascular endothelial cells (black arrows) and osteoclasts 
(oc) are very close (B) in MMP-9−/− tibiae. Consistently, semithin sections demonstrate that wild-type vascular endothelial 
cells (black arrows) invade the chondrocytic lacunae further and prior to osteoclastic migration (oc) (C). However, MMP-9−/− 
osteoclasts (oc) and vascular endothelial cells (black arrows), on the other hand, are located in close proximity (D). Bars, A, 
B: 15 μm, C, D: 10 μm
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histology of MMP-9−/− mice (26) in the following 
ways: first and foremost, a large amount of MMP-
13 was synthesized in the most inferior region of 
the MMP-9−/− hypertrophic zone, probably compen-
sating for the lack of MMP-9; second, the distance 
between invading vascular endothelial cells and os-

the wild-type growth plate cartilage, and 27.1 ± 5.06% 
in the MMP-9−/− specimens (P<0.001) (Fig. 5E).

DISCUSSION

This study contributed to the previous report on the 

Fig. 5　Von Kossa staining on calcified cartilage matrix of the wild-type and MMP-9−/− hypertrophic zones. White arrows in-
dicate the sites for initial calcification (von Kossa staining begins to be discerned) in wild-type mice (A). MMP-9−/− mice had 
large hypertrophic zone (a red arrow), but only the inferior portion (a white arrow) of the hypertrophic zone (B). Note that 
only the lower region of the MMP-9−/− hypertrophic zone is calcified, whereas the wild-type hypertrophic zone is mostly cal-
cified. Panels C and D are highly magnified images of panels A and B, respectively. Longitudinal calcified primary trabecu-
lae are seen (white arrows, C), while calcified cartilage cores (black) show a haphazard pattern in MMP-9−/− specimens (D). 
Notice the tangential arrangement of blood vessels (BV) in this region. Panel E represents the statistical analysis of the 
percentage of calcified areas in the hypertrophic zone. There is a significant difference between wild-type epiphyseal carti-
lage and MMP-9−/− epiphysis (P < 0.001). Bars, A, B: 50 μm, C, D: 20 μm
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the substitutive function of other proteolytic en-
zymes such as MMP-13, which also carry on carti-
lage degradation.
　One may wonder why cartilage calcification oc-
curred only in the bottom layer of the MMP-9−/− hy-
pertrophic zone, despite the fact that cells in the 
upper layer of the hypertrophic zone might secrete 
matrix vesicles that can form calcified nodules in 
the intercolumnar septa (2, 20, 21). One possible 
explanation for this phenomenon is that invading 
vascular endothelial cells may modulate cartilage 
calcification carried out by hypertrophic chondro-
cytes. In the embryo, the center of the cartilage ru-
diment is composed of hypertrophic chondrocytes. 
Then, a vascular network forms outside the peri-
chondrium, where calcification occurs (23). Alter
natively, some reports suggest that hypertrophic 
chondrocytes secrete vascular endothelial growth 
factor (VEGF) targeted to invading endothelial cells, 
thereby guiding their invasion into the cartilage (7, 
12, 14). Thus, cellular interactions between hyper-
trophic chondrocytes and invading vascular endo
thelial cells might enable normal endochondral 
ossification. A recent report indicates that there is an 
interesting connection among MMP-9, VEGF and 
osteoclast function during endochondral ossification, 
even though the functions of VEGF and MMP-9 in 
endochondral ossification do not completely overlap 
(19).
　While there were reports on the lessened trabecu-
lar bone formation during the development of 
MMP-9−/− mice (6, 26), in this study (as shown in 
Fig. 1) we found more metaphyseal trabeculae in 
MMP-9−/− mice than in their wild-type counterparts. 
We could not clarify why we and others had such 
discrepancy, but at least, it is likely that the reduced 
matrix degradation at the chondro-osseous junction 
may leave many cartilaginous cores behind, which 
may serve as templates for additional trabecular for-
mation in the metaphyses. In the normal hypertro-
phic zone, cartilage columns are distributed parallel 
to the longitudinal axis of the long bone (1, 2, 21); 
however, MMP-9−/− hypertrophic chondrocytes were 
not longitudinally arranged (See Figs. 5A and 5D). 
In a normal state, the longitudinal intercolumnar 
septae are well calcified and serve as scaffolds for 
primary trabecular spiculae, which are formed paral-
lel to the bone’s longitudinal axis. Differently, calci-
fied cartilage was not longitudinally displayed in the 
MMP-9−/− hypertrophic zone and, therefore, oblique 
or haphazardly oriented blood vessels were seen in 
this area. Furthermore, the unevenly-gathered vascu-
lar endothelial cells and osteoclasts may make the 

teoclasts was remarkably shortened in MMP-9−/− 
mice; and third, the areas of the calcified hypertrophic 
zone did not differ between wild-type and MMP-9−/− 
mice, but the amount of calcified cartilage was 
markedly reduced in MMP-9−/− mice.
　Many reports have suggested osteoclasts and hy-
pertrophic chondrocytes express MMP-9 (19, 24, 
26), but some investigators demonstrated MMP-9 
also in vascular endothelial cells in fetal stages (25). 
Consistent with the latter report, our histochemical 
examinations verified an intense MMP-9 staining in 
vascular endothelial cells and osteoclasts at the 
chondro-osseous junction. It seems reasonable that 
vascular endothelial cells penetrating uncalcified 
cartilaginous partition would secrete MMP-9 for di-
gesting type II collagen and proteoglycans (5, 9). 
Osteoclasts following the endothelial cells in the 
chondro-osseous junction also secreted MMP-9, 
whereas osteoclasts located on the trabecular termini 
revealed intense TRAP staining, but showed weak 
MMP-9 immunoreactivity. It seems likely that endo-
thelial cells and osteoclasts recognize the biochemi-
cal properties of the cartilage matrix and then secrete 
specific proteolytic enzymes at the chondro-osseous 
junction. Without MMP-9, invasion of vascular 
endothelial cells may be slowed down, allowing os-
teoclasts to “catch up” with those cells at the chon-
dro-osseous junction, and therefore, the endothelial 
cells and osteoclasts were seen in the close proximi-
ty in the region of chondro-osseous junction.
　Proteolysis by MMP-13 was shown to be required 
for chondrocyte differentiation in the process of ma-
trix calcification (28). Some reports demonstrated that 
MMP-13 is expressed in the hypertrophic zone, and 
it is highly effective for cleaving type II collagen (8, 
13, 16). Others have showed MMP-13 synthesis 
also by osteoclasts (18). In this study, MMP-13 was 
overexpressed in the most inferior region of the 
MMP-9−/− hypertrophic zone at the third postnatal 
day, which strongly indicates that it partially com-
pensates for MMP-9 deficiency. Indeed, Nagai and 
Aoki reported on the inhibition of growth plate an-
giogenesis and endochondral ossification with di-
minished expression of MMP-13 in hypertrophic 
chondrocytes (17). Such compensation, however, 
may not be enough to effectively degrade the carti-
lage, at least up to the third postnatal week. Our ob-
servations on 6 week-old MMP-9−/− mice showed a 
relatively normal height of the epiphyseal growth 
plate. This may be due to: 1) the rate of chondrocyt-
ic proliferation in the proliferative zone, and subse-
quent transition into the hypertrophic phenotype, 
which might be slower as mice grow older, and 2) 
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spatial distribution of primary trabecules more disor-
ganized.
　In summary, our findings suggest that MMP-9 de-
ficiency may distort the arrangement of calcified 
cartilage remnants and, consequently, the patterns of 
vascular invasion.
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