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Abstract 

We have examined the expression of the murine counterpart of human collagenase-3, a 
matrix metalloproteinase produced by breast carcinomas, in the course of processes 
which involve extensive Ɵssue remodeling. By using Northern blot analysis, we have 
found that collagenase-3 is expressed in the rat ovary, but not in the remaining analyzed 
Ɵssues including brain, kidney, liver, lung, mammary gland, uterus, bladder, heart, 
intesƟne, prostate, spleen, tesƟs and thymus. Collagenase-3 mRNA was detected at high 
levels in rat ovaries at proestrus and estrus, was at a minimum at metestrus and started 
to increase during diestrus through to proestrus. In addiƟon, collagenase-3 was also 
detected on day 21 of pregnancy, which is approximately one day before parturiƟon. 
However, no significaƟve expression was detected in RNA from ovaries taken 
immediately aŌer parturiƟon, or on days 1, 5 or 30 postpartum. Northern blot analysis 
also revealed that collagenase-3 was not expressed at significant levels, compared with 
ovarian expression, in the uterus or in the mammary gland during pregnancy or aŌer 
parturiƟon. When follicular granulosa cells were separated from Northern blot, it was 
seen that collagenase-3 was not expressed by the granulosa cells but was present in the 
residual Ɵssue containing intersƟƟal and thecal Ɵssues, growing follicles and corpora 
lutea. Immunohistochemical studies also confirmed, at the protein level, the localizaƟon 
of collagenase-3 in rat ovary. Gonadotropic sƟmulaƟon of ovulaƟon in immature rats by 
priming with pregnant mare's serum gonadotropin and sƟmulaƟon with human 
chorionic gonadotropin failed to induce the expression of collagenase-3, suggesƟng that 
addiƟonal factors which are not present in the immature sƟmulated rats are needed for 
completely effecƟve inducƟon of the expression of this matrix metalloproteinase. On the 
basis of these results, together with the comparaƟve analysis of expression of different 
matrix metalloproteinases in the rat ovary, we propose that collagenase-3 is a major 
ovarian metalloproteinase potenƟally involved in ovarian funcƟon during the 
reproducƟve cycle. 

IntroducƟon 

Matrix metalloproteinases (MMPs) form a family of structurally related enzymes with 
ability to degrade different components of the extracellular matrix (Woessner 1991, 
Matrisian 1992, Murphy & Docherty 1992, Birkedal-Hansen et al. 1993). According to 
structural and funcƟonal properƟes, the family of mammalian MMPs consists of at least 
three different groups of closely related members: collagenases, stromelysins and 
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gelaƟnases. All of them are similar in that they are secreted as latent proenzymes, 
contain several conserved domains with apparent specific funcƟons including an 
acƟvaƟon locus and a zinc-binding site, and can be inhibited by Ɵssue-specific inhibitors 
and chelaƟng agents. However, they differ in their specificiƟes towards extracellular 
matrix fibronecƟn (Nagase et al. 1991). Recently, we have idenƟfied and characterized a 
novel human member of this family of proteolyƟc enzymes which has been designated 
collagenase-3 since it represents the third member of this subfamily of MMPs (Freije et 
al. 1994, Pendas et al. 1995). The human collagenase-3 displays the same domain 
organizaƟon as the remaining members of the family and has the substrate specificity 
on fibrillar collagens anƟcipated from its amino acid sequence (Freije et al. 1994). The 
collagenase-3 gene is expressed by human mammary carcinomas but not by the normal 
resƟng mammary gland nor by a number of different human Ɵssues, which has led us to 
suggest that this proteinase may play a role in the lyƟc processes associated with breast 
cancer progression (Freije et al. 1994). However, the absence of detectable collagenase-
3 expression in normal human Ɵssues has hampered studies to elucidate the 
physiological funcƟon of this enzyme. One likely possibility to explain the absence of 
collagenase-3 expression in normal Ɵssues is that this proteolyƟc enzyme is only 
produced at specific moments by Ɵssues undergoing remodeling or breakdown events, 
such as those occurring in several reproducƟve processes. In fact, previous studies from 
different groups have detected the expression of diverse MMPs in processes such as 
embryo implantaƟon (Librach et al 1994, PoleƩe et al. 1994), uterine cervix dilataƟon 
during parturiƟon (Rajabi et al. 1988, Rechberger & Woessner 1993), uterine post¬ 
partum involuƟon (Roswit et al. 1988, Wilcox et al. 1992), ovulaƟon (Reich et al. 1985, 
PaloƟe et al. 1987, Curry et al. 1988, 1989) and mammary gland involuƟon (Lefebvre et 
al. 1992, Talhouk et al. 1992). If we consider that collagenase-3 expression by breast 
carcinomas could be the result of hormonal alteraƟons, then this enzyme could also be 
produced in the course of those processes specific to reproducƟon and highly regulated 
by hormones.  

On this basis, and taking advantage of the fact that a rat homolog of collagenase-3 (also 
called rat intersƟƟal collagenase) has been characterized previously (Quinn et al. 1990), 
we have addressed the quesƟon of the putaƟve role of collagenase-3 in reproducƟve 
processes by using this animal model. In this study, we show that collagenase-3 is 
produced by the rat ovary with striking variaƟons during the estrous cycle. We also use 
immunohistochemical techniques to localize the cellular origin of collagenase-3. Finally, 
by performing a comparaƟve analysis of expression of different MMPs in the rat ovary, 
we propose that collagenase-3 is a major ovarian metalloproteinase potenƟally involved 
in the ovulaƟon process.  

 

Materials and Methods  

Experimental animals and treatments  



Female Wistar rats were used. They had free access to water and standard rat pellets 
were available ad libitum (Panlab S.L., Barcelona, Spain). The animals were kept under 
regulated light/darkness condiƟons (12 h light, 12 h darkness, cycles starƟng at 0800 h), 
constant temperature (22-24 °C) and relaƟve humidity (60-70%). Mature 3-month-old 
rats were assessed for stage of the estrous cycle by daily examinaƟon of vaginal smears. 
AŌer at least three consecuƟve regular cycles, the animals were killed by decapitaƟon 
on diestrus day 1, diestrus day 2, proestrus, estrus and metestrus. Ovaries and other 
Ɵssues of interest including brain, kidney, liver, lung, mammary gland, uterus, bladder, 
heart, intesƟne, prostate, spleen, tesƟs and thymus, were removed, quickly frozen and 
stored in liquid nitrogen before processing for RNA purificaƟon. Estrous cycles were also 
monitored in old female rats (16—18 months old). These analyses indicated that the rats 
were in a state of constant estrus, pseudopregnancy or irregular estrous cyclicity. Ovaries 
were collected from these old acyclic rats and from pregnant rats at various stages of 
gestaƟon (day 1 being the day of appearance of a copulaƟon plug) as well as from rats 
on days 1, 5 and 30 postpartum. In some experiments rats were weaned at 9 days 
postpartum (Talhouk et al. 1992) and ovarian samples were collected at 3, 6 and 20 days 
post-weaning. In all cases, ovaries were collected in the morning of the different estrous 
cycle stages. To sƟmulate follicular development, immature rats (26 days old) were 
injected s.c. in the morning with a single dose of 15 IU pregnant mare's serum 
gonadotropin (PMSG) (Sigma Chemical Co., St Louis, MO, USA) diluted in saline. Forty-
eight hours aŌer PMSG treatment, the animals were injected i.p. with 6 IU human 
chorionic gonadotropin (hCG; Sigma Chemical Company) to induce ovulaƟon. The 
animals were killed by cervical dislocaƟon 0, 1,3, 6, 9, 12, 24, 48 and 72 h aŌer hCG 
injecƟon. The ovaries were removed and processed as described elsewhere. All samples 
were taken at 1000 h and experiments were replicated at least three Ɵmes.  

 

Granulosa cell isolaƟon  

Granulosa cells were isolated essenƟally as described by Mann et al. (1991). Briefly, 
ovaries were placed in PBS, the largest Graafian follicles were punctured with a fine 
needle, and the granulosa cells were collected, washed by centrifugaƟon and processed 
for RNA extracƟon. The residual Ɵssue containing intersƟƟal and thecal Ɵssues, growing 
follicles as well as corpora lutea was also processed for RNA purificaƟon.  

 

PCR amplificaƟon of rat collagenase-3 RNA 

cDNA synthesis was carried out with the RNA-PCR Kit from Perkin-Elmer Cetus (Foster 
City, CA, USA). The reverse transcripƟon was performed for 30 min at 42 °C with 1 µg 
total ovary RNA. The whole mixture was used for PCR amplificaƟon with the following 
oligonucleoƟdes deduced from cloned rat collagenase (Quinn et al. 1990): 
5'ATTGTGAACTACACCCCTG and 5'TGGCCAAG CTCATGGGCA. CondiƟons for the 
amplificaƟon were 40 cycles of 45 s at 94 °C, 30 s at 55 °C, and 45 s at 72 °C. The 314 bp 
amplified fragment was cloned into pBluescript (Stratagene, Heidelberg, Germany), 



checked by DNA sequence and used as the probe for collagenase-3. The nucleoƟde 
sequence of the PCR-generated probe from ovarian Ɵssue was idenƟcal to the sequence 
reported for rat intersƟƟal collagenase from osteosarcoma cells (Quinn et al. 1990).  

 

Northern blot analysis  

Total RNA from the different rat Ɵssues was isolated by guanidinium thiocyanate-phenol-
chloroform extracƟon (Chomczynski & Sacchi 1987). Samples of about 20 µg total RNA 
were separated by electrophoresis in 1-2% agarose-formaldehyde gels and bloƩed onto 
Hybond nylon filters (Amersham InternaƟonal, Amersham, Bucks, UK). Filters were 
prehybridized at 42 °C for 3 h in 50% formamide, 5 x SSPE (1x =150 mM NaCl, 10 mM 
NaH2P04, 1 mM EDTA, pH 7-4), 2 x Denhardt's, 0-1% SDS and 100 µg/ml denatured 
herring sperm DNA and then hybridized for 24—48 h under the same condiƟons. Probes 
were labeled with [α32P]dCTP (3000 Ci/mmol) by random priming with the Rediprime kit 
(Amersham InternaƟonal). Filters were washed with 2 x SSC, 0-05% SDS for 3 x 15 min at 
room temperature and then with 0-1 x SSC, 0-1% SDS for 2 x 20 mm at 50 °C and exposed 
to autoradiography at — 70 °C. Filters hybridized with collagenase-3 probes were 
exposed during 5-7 days while those hybridized with other MMP probes were exposed 
for at least two weeks. When the probes were of human origin instead of rat, the second 
washing step with 0-1 x SSC and 0-1% SDS was subsƟtuted by 2 x SSC, 0 5% SDS at 50 °C. 

 

Immunohistochemical analysis  

Rat ovaries were fixed by immersion with 4% para¬ formaldehyde in PBS for 5 h at 4 °C, 
embedded in paraffin and cut into 5 µm thick secƟons. AŌer rouƟne deparaffinizaƟon, 
secƟons were treated with 0-3% H202 in methanol for 30 min to block endogenous 
peroxidase acƟvity, washed with PBS and incubated with 1% normal serum for 30 min. 
Immunohistochemical assays were performed using the avidin-bioƟn procedure. 
SecƟons were incubated in a moist chamber for 12 h at 4 °C with anƟserum against rat 
collagenase-3 diluted 1:500 (kindly provided by Dr G Lyons, University of Sydney, 
Australia). The characterisƟcs of this polyclonal anƟbody have been described previously 
(Whitelock et al. 1989). Then, the slides were incubated sequenƟally with bioƟnylated 
goat anƟ-rabbit anƟbody (Dako, Copenhagen, Denmark) and peroxidase-conjugated 
streptavidin (Biomeda Corp., Foster City, CA, USA) for 30 min each at room temperature 
in a moist chamber. AŌer washing with PBS, the reacƟon was developed by incubaƟon 
with a soluƟon containing 0-66 mM 3,3'-diaminobenzidine and 2 mM H202 in 50 mM 
Tris—HC1, pH 7.6. SecƟons were finally counterstained for nuclei with hematoxylin, 
dehydrated and mounted with EukiƩ. Specificity of staining was determined by 
incubaƟng Ɵssue secƟons alone or with an equal amount of IgG from non-immunized 
rabbits.  

 

 



Results  

In order to examine the expression of the collagenase-3 gene in rat Ɵssues, Northern 
blots containing total RNAs obtained from many different Ɵssues were hybridized with a 
PCR-generated probe corresponding to a 314 bp segment of rat collagenase-3 cDNA. As 
shown in Fig. 1, a clear hybridizing band of about 2-9 kb was detected in RNA isolated 
from rat ovary. By contrast, we did not detect any posiƟve signal of collagenase-3 
expression in the remaining analyzed Ɵssues including brain, kidney, liver, lung, 
mammary gland, uterus, bladder, heart, intesƟne, prostate, spleen, tesƟs and thymus. It 
is also noteworthy that collagenase-3 expression was undetectable in brain, kidney, liver 
and lung from either male or female animals (Fig. 1 and data not shown).  

The occurrence of collagenase-3 expression in rat ovary strongly suggested that this 
matrix metalloproteinase could be involved in any of the extracellular matrix remodeling 
processes occurring within the ovary during the ovulatory process. To address this 
quesƟon further, we invesƟgated whether collagenase-3 expression was associated with 
any parƟcular stage of the estrous cycle. Total RNAs were extracted from whole ovaries 
at different phases of the cycle and analyzed by Northern blot as above. As can be seen 
in Fig. 2, collagenase-3 mRNA was detected at high levels at proestrus and estrus, was at 
a minimum at metestrus, and started to increase during diestrus through to proestrus. 
It should be noted that ovarian collagenase-3 levels of expression correlate well with 
plasma values of estradiol during the estrous cycle, which also reach a maximum at 
proestrus and a minimum at metestrus (Bergman et al. 1992). Since these data pointed 
to a relaƟonship between collagenase-3 expression and ovarian funcƟon, we also 
examined the expression of this proteolyƟc enzyme in rat ovaries from either immature 
rats or old acyclic animals (older than 16 months). As shown in Fig. 2, collagenase-3 
mRNA was not detected in any of these condiƟons. We next examined the expression of 
this proteolyƟc enzyme during pregnancy and aŌer parturiƟon. For this purpose, we 
iniƟally prepared total RNAs from the whole ovaries of pregnant rats on days 5, 15 and 
21 and the expression of collagenase-3 was examined by Northern blot using the same 
probe as above. As can be seen in Fig. 3, collagenase-3 expression was only detected on 
day 21, which is approximately one day before parturiƟon. However, no significaƟve 
expression was detected in RNA from ovaries taken immediately aŌer parturiƟon, or on 
days 1, 5 or 30 postpartum, but it could be observed again 6 days aŌer weaning (Fig. 3), 
coincident with the recovery of ovarian cyclic funcƟon. These results contrast with the 
expression of other metalloproteinases which could also be involved in ovarian funcƟon 
and whose simultaneous producƟon appears to be essenƟal for the efficient turnover of 
all connecƟve Ɵssue barriers present in ovarian Ɵssues. Thus, hybridizaƟon of the same 
filter with a probe corresponding to mouse 72 kDa type IV collagenase (Reponen et al. 
1992) showed a weak but constant expression of this metalloproteinase through all the 
pregnancy stages and aŌer parturiƟon, displaying a slight increase 1 day postpartum. 
Similar results were obtained when the filters were hybridized with a probe 
corresponding to the human intersƟƟal collagenase 1 (MMP-1) cDNA (Goldberg et al. 
1986). Thus, although at present no definiƟve evidence of occurrence of a rat homolog 
of human MMP-1 is available, a clear hybridizing band of about 1 -8 kb and disƟnct from 



the 3 kb band corresponding to collagenase-3 (MMP-13), was detected in rat ovaries 
during pregnancy and aŌer parturiƟon. Finally, the same filters were hybridized with 
probes corresponding to other representaƟve members of the matrix metalloproteinase 
gene family. As shown in Fig. 3, hybridizaƟon with a specific probe for stromelysin-2 
(Muller et al. 1988) only gave a posiƟve signal in the RNA corresponding to the normal 
proestrous ovary. HybridizaƟon of similar filters with a stromelysin-1 cDNA probe 
(Whitham et al. 1986) did not give any detectable signal (not shown). It is also 
remarkable that filters hybridized with collagenase-3 probes were exposed to 
autoradiography for 5—7 days, while those hybridized with probes for other MMPs were 
exposed for at least two weeks. Taken together, these results indicate that collagenase-
3 is a matrix metalloproteinase expressed in rat ovary at higher levels and in a more 
specific and controlled fashion than other members of this protein family, and provides 
addiƟonal evidence for our proposal that this enzyme could play a major role in ovarian 
funcƟon during the reproducƟve cycle.  

In order to evaluate if collagenase-3 is also present in other Ɵssues which undergo 
extensive remodeling during reproducƟve processes, we analyzed its expression in rat 
uterus and mammary gland during the normal estrous cycle, pregnancy and postpartum. 
Northern blot analysis revealed that collagenase-3 was not expressed at significant 
levels, compared with ovarian expression, in the uterus or in the mammary gland at 
different stages of the estrous cycle. Collagenase-3 expression was also undetectable in 
these Ɵssues on different days during pregnancy and aŌer parturiƟon (Fig. 4 and data 
not shown). By contrast, when the same filters were hybridized with a probe specific for 
matrilysin, a clear hybridizing band of about 1 kb was detected in samples from uterus 
at 1 day postpartum, thus confirming previous studies on the relevance of this MMP in 
the process of uterine postpartum involuƟon (Wilson et al. 1995). Furthermore, it is also 
noteworthy that the absence of significant collagenase-3 expression in mammary gland 
agrees very well with results from recent studies on MMP expression during ductal and 
alveolar branching morphogenesis of the murine mammary gland (WiƩy et al. 1995). 
These studies have shown that some MMPs such as stromelysin-3 or gelaƟnase A, but 
not collagenase-3, are expressed in the mammary gland during these Ɵssue remodeling 
processes. On the basis of these results, it seems that collagenase-3 is mainly expressed 
in the rat ovary during the reproducƟve cycle, whereas other members of the MMP 
family could be responsible for the extracellular matrix remodeling events occurring in 
other Ɵssues such as the uterus and mammary gland during different reproducƟve 
processes. Having shown the temporally specific paƩern of collagenase-3 expression 
during the ovulatory process, and in an aƩempt to get some preliminary insights into the 
possible funcƟonal significance of these findings, we tried to localize more precisely the 
site of expression of this proteinase in the rat ovary. Follicular granulosa cells were 
separated from the residual ovarian Ɵssue of ovaries taken from proestrous or estrous 
rats and total RNAs were extracted from both sources. Northern blot analysis (Fig. 5) 
revealed that collagenase-3 was not expressed by the granulosa cells but was present in 
the remaining Ɵssue, this laƩer containing intersƟƟal and thecal Ɵssues, growing follicles 
as well as corpora lutea. The same blot hybridized with the human intersƟƟal collagenase 



cDNA probe revealed the presence oŌhis mRNA in both granulosa and residual Ɵssue, 
as was demonstrated previously by Reich et al. (1991), and provided addiƟonal evidence 
to show that the absence of collagenase-3 detectable signal in granulosa cells was not a 
consequence of loss of integrity of the RNA extracted from these cells. Immunohisto¬ 
chemical studies performed with polyclonal rabbit IgGs anƟ collagenase-3 also 
confirmed, at the protein level, the above studies on localizaƟon of collagenase-3 in rat 
ovary. Thus, posiƟve immunoreacƟvity was observed in antral follicles, intersƟƟal gland 
cells as well as in the corpora lutea in the ovaries of proestrous or estrous rats, while 
granulosa cells in primordial follicles were devoid of immunostaining. In antral follicles, 
immunoreacƟvity was observed in theca interna cells but not in granulosa cells, whereas 
in corpora lutea, immunoreacƟvity was present in luteinized granulosa cells but not in 
luteinized theca cells (Fig.6 A,B,C). These cells were clearly disƟnguished by 
morphological criteria. Thus, as can be seen in the Figure, luteinized granulosa cells are 
large polygonal cells with abundant cytoplasm, while luteinized theca cells are small 
(about half the size of luteinized granulosa cells) with less abundant, darkly staining 
cytoplasm (Clement 1987). Furthermore, and in agreement with the above presented 
Northern blot analysis, no immunoreacƟvity was observed at all in ovaries from early 
pregnant or immature rats (Fig. 6 D,E). Similar results were obtained with a monoclonal 
anƟbody against rat-collagenase-3 (kindly provided by Dr G Lyons), as well as with a 
polyclonal anƟbody against human collagenase-3.  

Finally, since these studies on estrous cycle stage-dependent expression of collagenase-
3 in the rat ovary seemed to indicate that the gene encoding this protease was under 
hormonal regulaƟon, we performed preliminary studies to evaluate the possibility that 
collagenase-3 mRNA inducƟon could be correlated with gonadotropic sƟmulaƟon of 
ovulaƟon. We tried to reproduce experimentally the inducƟon of follicular maturaƟon, 
ovulaƟon and corpus luteum formaƟon in immature rats by sƟmulaƟon with hCG 
(Richards & Bogovich 1982). Thus, immature rats were primed with PMSG for 48 h and 
then sƟmulated with hCG for 0 to 72 h. RNA was extracted from ovaries at different Ɵmes 
and analyzed by Northern blot using a probe specific for collagenase-3. As shown in Fig. 
7, collagenase-3 mRNA was not detected up to 72 h aŌer sƟmulaƟon with hCG. By 
contrast, control hybridizaƟon with a TIMP-1 probe revealed that, as previously 
reported, the levels of this Ɵssue inhibitor of metalloproteinases in rat ovary showed a 
significant increase aŌer hCG inducƟon (Mann et al. 1991, Reich et al. 1991, Zhu & 
Woessner 1991). Immunohistochemical studies also failed to detect collagenase-3 in rat 
ovaries sƟmulated with PMSG and hCG (Fig. 6F and data not shown). Thus, although the 
experimental inducƟon of ovulaƟon and corpus luteum formaƟon was effecƟve as 
confirmed by TIMP-1 hybridizaƟon and by histological analysis (Fig. 6F), hCG sƟmulaƟon 
was not sufficient for inducƟon of collagenase-3 mRNA synthesis. Taken together, these 
results suggest that addiƟonal factors, which are not present in the immature sƟmulated 
rats, are needed for the completely effecƟve inducƟon of the expression of this matrix 
metalloproteinase.  

 



Discussion  

This work was originally aimed at studying the expression of collagenase-3, a matrix 
metalloproteinase produced by breast carcinomas (Freije et al 1994), in the course of 
different physiological processes which involve extensive Ɵssue remodeling. According 
to the results presented herein, the murine counterpart of collagenase-3 is expressed at 
high levels in the rat ovary during the estrous cycle. By contrast, we did not detect 
significant expression of this proteolyƟc enzyme in other processes specific to 
reproducƟon, such as uterine postpartum involuƟon or mammary gland involuƟon. On 
the basis of these data, it is tempƟng to speculate that collagenase-3 might play some 
role in the extracellular remodeling events occurring within ovarian Ɵssue during the 
reproducƟve cycle. The dynamics of collagenase-3 expression in rat ovary, with 
increasing levels found as the Ɵme of ovulaƟon approaches, is also consistent with a 
potenƟal role for this enzyme in the ovulaƟon process.  

One likely possibility to explain why collagenase-3 is expressed in the rat ovary, is that 
this proteinase is involved in the rupture of the follicular wall which precedes the 
extrusion of a mature oocyte capable of being ferƟlized. In fact, over the last years, 
studies from different groups have presented evidence on the involvement of a cascade 
of proteolyƟc enzymes, including plasminogen acƟvators, plasmin and MMPs, in the 
follicular wall rupture (Reich et al. 1985, Palone et al. 1987, Curry et al. 1988, 1989, 
LeMaire 1989). Our finding that collagenase-3, a novel member of the MMP family 
displaying a strong proteolyƟc acƟvity on fibrillar collagens, is highly expressed in the 
ovary, prompted us to re-evaluate and extend these previous studies on the relaƟonship 
between MMPs and the ovulaƟon process. The results presented herein regarding 
collagenase-3 expression in the rat ovary show clear differences with those concerning 
other MMPs, and provide further evidence that collagenase-3 (MMP-13) and intersƟƟal 
collagenase (MMP-1) are disƟnct enzymes not only at the structural level but also in 
funcƟonal terms. According to Northern blot analysis and immunohistochemical studies, 
collagenase-3 expression was only detected to a significant extent in corpora lutea and 
in thecal and adjacent stromal cells but not in granulosa cells. By contrast, the mRNA 
hybridizing with the human intersƟƟal collagenase probe and assumed to be MMP-1 
(Reich et al. 1991) was expressed in both granulosa cells of preovulatory follicles and in 
the residual ovarian Ɵssue. In addiƟon, the comparaƟve analysis of the relaƟve 
expression of different members of this family of proteolyƟc enzymes has revealed that 
in the ovary collagenase-3 levels are much higher than those corresponding to other 
MMPs. Taken together, these data agree well with our proposal that this proteolyƟc 
enzyme plays a major role in the Ɵssue remodeling events occurring during the estrous 
cycle. However, our failure to detect collagenase-3 could indicate that it may not have a 
primary role in the proteolyƟc degradaƟon of the follicular wall preceding ovulaƟon. 
Instead, collagenase-3 may be involved in other extracellular matrix remodeling 
processes occurring within the ovary in the reproducƟve cycle, including atresia, 
cumulus cell expansion and dispersion, endothelial cell migraƟon or development of 
blood vessels during the massive angiogenesis that takes place in early corpus luteum 
formaƟon. In fact, the finding of immunoreacƟve collagenase-3 in corpora lutea provides 



addiƟonal support to the hypothesis that this proteolyƟc enzyme may be involved in 
some way in the formaƟon or destrucƟon of this extensively vascularized ovarian 
structure.  

A final quesƟon regarding the occurrence of collagenase-3 in the rat ovary makes 
reference to its possible hormonal regulaƟon. The finding described here of a localized 
and transient inducƟon of collagenase-3 in ovarian Ɵssues strongly suggests that the 
expression of this enzyme is a strictly regulated process. Since ovulaƟon is under 
hormonal regulaƟon, it is reasonable to think that collagenase-3 inducƟon in the rat 
ovary is also mediated by hormonal factors. At present, the exact nature of the putaƟve 
hormonal sƟmuli mediaƟng collagenase-3 expression remains unknown although as 
menƟoned above, it does not appear to be directly triggered by the preovulatory surge 
of LH. However, it should be remembered that ovulaƟon is a complex process involving 
the acƟon of factors other than gonadotropins, such as steroids, prostaglandins, growth 
factors and cytokines (LeMaire 1989). InteresƟngly, previous studies have demonstrated 
that some of these growth factors and cytokines, including transforming growth factor- 
and interleukin-1 ß, are specifically expressed in the same thecal-intersƟƟal cells that 
have been shown in this work to be a source of ovarian collagenase-3 (Kudlow et al. 
1987, Hurwitz et al. 1991). Further studies will be required to elucidate if some of these 
protein factors are responsible for inducing collagenase-3 expression by ovarian 
structures at specific Ɵmes during the estrous cycle. It will also be of interest to examine 
the possibility that any of the factors with the ability to sƟmulate the expression of this 
enzyme in rat bone cells and osteosarcoma cells (Partridge et al. 1987, Clohisy et al. 
1994, Varghese et al. 1994, 1995) are also effecƟve in ovarian Ɵssues. Finally, if we 
assume that overproducƟon of MMPs during tumor processes results from the loss of 
the precise controls operaƟng in normal Ɵssues, studies on mechanisms controlling 
collagenase-3 expression during the ovulatory process will also be useful in shedding 
some light on the mechanisms underlying its overproducƟon in human mammary 
carcinomas.  

 

Acknowledgements  

We thank Dr S Gascón for support, Dr E R Hernández for helpful comments and Drs G 
Murphy, Tryggvason and G Lyons for kindly providing probes and anƟbodies. This work 
was supported by a grant from Comisión Interministerial de Ciencia y Tecnología (SAF94-
0892). M B F is the recipient of the 'Severo Ochoa' Fellowship from Ayuntamiento de 
Oviedo, Asturias (Spain). 

 

References  

Bergman MD, Schachter BS, Karelus K, Combatsiaris EP, Garcia Sc Nelson JF 1992 Up-
regulaƟon of the uterine estrogen receptor and its messenger ribonucleic acid during 
the mouse estrous cycle: the role of estradiol. Endocrinology 130 1923-1930.  



Birkedal-Hansen H, Moore WGI, Bodden MK, Windsor LJ, Birkedal-Hansen B, DeCarlo A 
& Engler J 1993 Matrix metalloproteinases: A review. CriƟcal Reviews in Oral Biology and 
Medicine 4 197-250.  

Chomczynski Se Sacchi 1987 Single-step method of RNA isolaƟon by guanidinium 
thiocyanate-phenol-chloroform extracƟon. AnalyƟcal Biochemistry 162 156—159.  

Clement PB 1987 Histology of the ovary. American Journal of Surgical Pathology 11 277-
303.  

Clohisy JC, Connolly TJ, Bergman KD, Quinn CO Sc Partridge NC 1994 Prostanoid-induced 
expression of matrix metalloproteinase-1 messenger ribonucleic acid in rat 
osteosarcoma cells. Endocrinology 135 1447-1454.  

Curry TE, Sanders SL, Pedigo NG, Estes SR, Wilson EA & Vernon MW 1988 IdenƟficaƟon 
and characterizaƟon of metalloproteinase inhibitor acƟvity in human ovarian follicular 
fluid. Endocrinology 127 63-68.  

Curry TE, Dean DD, Sanders SL, Pedigo NG & Jones PBC 1989 The role of ovarian 
proteases and their inhibitors in ovulaƟon. Steroidi 54 501-521.  

Freije JMP, Diez-Itza I, Balbín M, Sánchez LM, Blasco R, Tolivia J & López-Oơn C 1994 
Molecular cloning and expression of collagenase-3, a novel human matrix 
metalloproteinase produced by breast carcinomas. Journal of Biological Chemistry 269 
16766-16773.  

Goldberg GI, Wilhelm SM, Kronberger A, Bauer EA, Grant GA & Eisen AZ 1986 Human 
fibroblast collagenase: complete primary structure and homology to an oncogene 
transformaƟon-induced rat protein. Journal of Biological Chemistry 261 6600—6605.  

Hurwitz A, Ricciarelli E, Botero L, Rohan RM, Hernandez ER & Adashi EY 1991 Endocrine 
and autocrine-mediated regulaƟon of rat ovarian (theca-intersƟƟal) interleukin-1 ß gene 
expression: gonadotropin-dependent preovulatory aquisiƟon. Endocrinology 129 3427-
3429.  

Kudlow JE, Kobrin MS, Purchio AF, Twardzik DR, Hernandez ER, Asa SL & Adashi EY 1987 
Ovarian transforming growth factor-α gene expression: immunohistochemical 
localizaƟon to the theca-intersƟƟal cells. Endocrinology 121 1577—1579.  

Lefebvre O, Wolf C, LimacherJ-M, HuƟn P, Wendung C, LeMeur M, Basset & Rio M-C 1992 
The breast cancer-associated stromelysin-3 gene is expressed during mouse mammary 
gland apoptosis. Journal of Cellular Biology 119 997—1002.  

LeMaire WJ 1989 Mechanism of mammalian ovulaƟon. Steroids 54 455-469.  

Librach CL, Feigenbaum SL, Bass KE, Cui T, Verastas N, Sadovsky Y, Quigley JP, French DL 
& Fisher SJ 1994 Interleukin-1 ß regulates human cytotrophoblast metalloproteinase 
acƟvity and invasion in vitro. Journal of Biological Chemistry 269 17125—17131.  



Mann JS, Kindy MS, Edwards DR & Curry TE 1991 Hormonal regulaƟon of matrix 
metalloproteinase inhibitors in rat granulosa cells and ovaries. Endocrinology 128 
1825—1832.  

Matrisian LM 1992 The matrix degrading metalloproteinases. BioEssays 14 455-463.  

Müller D, QuanƟn B, Gesnel M-C, Millon-Collard R, Abecassis J & Breathnach R 1988 The 
collagenase gene family in humans consists of at least four members. Biochemical 
Journal 253 187—192.  

Murphy G & Docherty AJP 1992 The matrix metalloproteinases and their inhibitors. 
American Journal of Respiratory Cell Biology 1 120-125.  

Nagase H, Ogata Y, Suzuki K, Enghild JJ & Salvesen G 1991 Substrate specificiƟes and 
acƟvaƟon mechanisms of matrix metalloproteinases. Biochemical Society TransacƟons 
19 715-718.  

Palone A, Salo T, Vihko KK, Peltonen L & Rajaniemi 1987 Types I and IV collagenolyƟc and 
plasminogen acƟvator acƟviƟes in preovulatory ovarian follicles. Journal of Cellular 
Biochemistry 34 101-112.  

Partridge NC, Jeffrey JJ, Ehlich LS, Teitelbaum SL, Fliszar C, Welgus HG & Kahn AJ 1987 
Hormonal regulaƟon of the producƟon of collagenase and a collagenase inhibitor acƟvity 
by rat osteogenic sarcoma cells. Endocrinology 120 1956-1962.  

Pendas AM, MaƟlla T, EsƟvili X & López-Oơn C 1995 The human collagenase-3 (CLG3) 
gene is located on chromosome 11q22.3 clustered to other members of the matrix 
metalloproteinase gene family. Genomics 26 615—618. 

PoleƩe M, Nawrockî , PìnƟaux A, Massenat C, Maquoi E, Volders L, Schaaps JP, Birembaut 
& Foidart JM 1994 Expression of gelaƟnases A and their Ɵssue inhibitors by cells of early 
and term human placenta and gestaƟonal endometrium. Laboratory InvesƟgaƟon 71 
838-846.  

Quinn CO, ScoƩ DK, Brinckerhoff CE, Matrisian LM, Jeffrey JJ & Partridge NC 1990 Rat 
collagenase. Cloning, amino acid sequence comparison, and parathyroid hormone 
regulaƟon in osteoblasƟc cells. Journal of Biological Chemistry 265 22342—22347.  

Rajabi MR, Dean DD, Beydoun SN & Woessner JF 1988 Elevated Ɵssue levels of 
collagenase during dilaƟon of uterine cervix in human parturiƟon. American Journal of 
Obstetrics and Gynecology 159 971-976.  

Rechberger & Woessner JF 1993 Collagenase, its inhibitors, and decorin in the lower 
uterine segment in pregnant women. American Journal of Obstetrics and Gynecology 
168 1598—1603.  

Reich R, Tsafriri A & Mechanic GL 1985 Follicular plasminogen acƟvator: involvement in 
ovulaƟon. Endocrinology 116 516—521.  



Reich R, Daphna-Iken D, Chun SY, Popliker M, Slager R, Adelmann-Grill BC & Tsafriri A 
1991 Preovulatory changes in ovarian expression of collagenases and Ɵssue 
metalloproteinase inhibitor messenger ribonucleic acid: role of eicosanoids. 
Endocrinology 129 1869-1875.  

Reponen P, Sahlberg C, Huhtala P, Hurskainen T, Thesleff I & Tryggvason 1992 Molecular 
cloning of murine 72 kDa type IV collagenase and its expression during mouse 
development. Journal of Biological Chemistry 267 7856-7862.  

Richards JS & Bogovich 1982 Effects of human chorionic gonadotropin and progesterone 
on follicular development in the inmature rat. Endocrinology 111 1429—1438.  

Roswit WT, Rifas L, Gast MJ, Welgus HG & Jeffrey JJ 1988 PurificaƟon and characterizaƟon 
of human myometrial smooth muscle collagenase. Archives of Biochemistry and 
Biophysics 262 67—75.  

Talhouk RS, Bissell MJ & Werb 1992 Coordinated expression of extracellular matrix-
degradin proteinases and their inhibitors regulates mammary epithelial funcƟon during 
involuƟon. Journal of Cellular Biology 118 1271-1282. 

Varghese S, Rydziel S, Jeffrey JJ & Canalis E 1994 RegulaƟon of intersƟƟal collagenase 
expression and collagen degradaƟon by reƟnoic acid in bone cells. Endocrinology 134 
2438-2444.  

Varghese S, Ramsby ML, Jeffrey JJ & Canalis E 1995 Basic fibroblast growth factor 
sƟmulates expression of intersƟƟal collagenase and inhibitors of metalloproteinases in 
bone cells. Endocrinology 136 2156-2162.  

Whitelock JM, O'Grady RL & Lyons JG 1989 ImmunolocalizaƟon of collagenase in 
neoplasƟc epithelial cells. Immunology and Cell Biology 67 349-357.  

Whitham SE, Murphy G, Angel P, Rahmsdorf H-J, Smith BJ, Lyons G, Harris TJR, Reynolds 
JJ, Herrlich & Docherty AJP 1986 Comparison of human stromelysin and collagenase by 
cloning and sequence analysis. Biochemical Journal 240 913—916.  

Wilcox BD, Rydelek-Fitzgerald L & Jeffrey JJ 1992 RegulaƟon of collagenase gene 
expression by serotonin and progesterone in rat uterine smooth muscle cells. Journal of 
Biological Chemistry 267 20752-20757.  

Wilson CL, Heppner KJ, Rudolph LA & Matrisian LM 1995 The metalloproteinase 
matrilysin is preferenƟally expressed by epithelial cells in a Ɵssue-restricted paƩern m 
the mouse. Molecular Biology of the Cell 6 851-869.  

WiƩy JP, Wright JH & Matrisian LM 1995 Matrix metalloproteinases are expressed during 
ductal and alveolar mammary morphogenesis, and misregulaƟon of stromelysin-1 in 
transgenic mice induces unscheduled alveolar development. Molecular Biology of the 
Cell 6 1287-1303.  

Woessner JF 1991 Matrix metalloproteinases and their inhibitors in connecƟve Ɵssue 
remodeling. FASEB Journal 5 2145-2154.  



Zhu C & Woessner JF 1991 A Ɵssue inhibitor of metalloproteinases and -macroglobulins 
in the ovulaƟng rat ovary: possible regulators of collagen matrix breakdown. Biology of 
ReproducƟon 45 334—342. 

  



 

 

Figure 1 Expression of collagenase-3 mRNA in rat Ɵssues. Total RNA (20 µg) was analyzed 
by Northern bloƫng using a collagenase-3 probe. HybridizaƟon with an acƟn probe was 
performed to verify equal sample loading. Samples corresponding to ovary, mammary 
gland and uterus were collected from a proestrous rat. Filters were exposed to 
autoradiography at - 70 °C for 5 days aŌer hybridizaƟon with the collagenase-3 probe 
and for 2 days aŌer hybridizaƟon with the acƟn probe. 

  



 

Figure 2 (a) Expression of collagenase-3 (col-3) mRNA in rat ovaries during the different 
phases of the estrous cycle and in ovaries from immature or old acyclic (persistent 
estrous) rats. Probes for collagenase-3 and acƟn were used in Northern blot. Length and 
condiƟons of exposure to autoradiography were as in Fig. 1. (6) The hybridizaƟon signals 
of collagenase-3 were scanned with a densitometer and normalized to the amount of 
total RNA as determined from the hybridizaƟon signal obtained with the acƟn probe. 
The experiment was replicated three Ɵmes and the quanƟficaƟon represents the raƟo 
of collagenase-3 to acƟn signals In a representaƟve experiment. 

  



 

 

Figure 3 Northern blot analysis of rat mRNA from ovaries taken on days 5, 15 and 21 of 
pregnancy, 1, 5 and 30 postpartum and 3, 6 and 20 aŌer weaning. In all cases, rats were 
weaned 9 days postpartum. Samples corresponding to 3 and 6 days aŌer weaning were 
taken from estrous rats whereas the sample corresponding to 20 days aŌer weaning was 
from a diestrous rat. RNA from an ovary at proestrus was also analyzed. Filter was 
sequenƟally hybridized with probes corresponding to collagenase-3 (col-3), 72 kDa type 
IV collagenase, human intersƟƟal collagenase (MMP-1), stromelysin-2 and acƟn. Length 
and condiƟons of exposure to autoradiography were as in Fig. 1, with the excepƟon that 
filters hybridized with 72 kDa type IV collagenase and MMP-1 were exposed for two 
weeks. 

  



 

Figure 4 Expression of collagenase-3 mRNA in rat uterus and mammary gland. Probes 
for collagenase-3 (col-3) and matrilysin were used in Northern blot analysis. Filters were 
exposed to autoradiography at — 70 °C for 7 days. HybridizaƟon with an acƟn probe was 
performed to verify equal sample loading. 

  



 

 

Figure 5 Granulosa and residual Ɵssue expression of collagenase-3 mRNA. Granulosa 
cells and residual Ɵssue (theca/interst) were obtained as described in the Materials and 
Methods secƟon. Total RNA (10 µg) was analyzed by Northern blot and sequenƟally 
hybridized with probes corresponding to collagenase-3 (col-3), human intersƟƟal 
collagenase (MMP-1) and acƟn. Length and condiƟons of exposure to autoradiography 
were as in Fig. 3. 

  



 

Figure 6 Immunohistochemical localizaƟon of collagenase-3 in rat ovary. Ovaries were 
collected from adult rats on the morning of the day of estrus (A,B,C) and on day 15 of 
pregnancy (D). ImmunoreacƟvity of collagenase-3 was observed in the theca cells (th) of 
the antral follicles (af), in the intersƟƟal gland cells (ig) and in luteinized granulosa cells 
(arrowheads) from the corpota lutea (cl). No significant ImmunoreacƟvity was observed 
in granulosa cells (gr) or luteinized theca cells (arrows). Ovaries from pregnant rats (D) 
were negaƟve for the Immunostaining. (E, F) Ovaries from 26-day-old immature rats, (E) 
before ot (F) 48 h aŌer sƟmulaƟon with PMSG and hCG (see Materials and Methods). 
Experimental inducƟon of ovulaƟon was verified by corpus luteum formaƟon 48 h aŌer 
treatment (F). ImmunoreacƟvity was negaƟve in both cases. Tissue secƟons were 
Incubated with anƟ-collagenase-3 diluted 1:500, and counterstained with hematoxylin. 



In A,D,E,F the scale bar=200 µ ; In B,C the scale bar=40 µ . A minimum of ten different 
ovaries were examined and in each case at least five different secƟons were subjected 
to immunostaining with anƟ-collagenase-3 anƟbodies. 

  



 

 

Figure 7 Northern blot analysis of ovarian RNA of immature rats aŌer hCG sƟmulaƟon. 
Rat ovaries were collected at the Ɵme of hCG administraƟon (0 h) and at 6, 9, 12, 24, 48 
and 72 h aŌer hCG injecƟon. RNA from the proestrous rat ovary was also analyzed as a 
posiƟve control of collagenase-3 expression. Filter was hybridized with collagenase-3 
(col-3) probe and thereaŌer with a probe for TIMP-1 and acƟn. The experiment was 
replicated four Ɵmes. The figure shows the results of a representaƟve experiment. 

 




