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Immunolocalization techniques were used to examine the distribution of the matrix
metalloproteinases gelatinase B and stromelysin 1 in human endometrial specimens, taken
across the normal menstrual cycle. Gelatinase B was produced by glandular epithelial cells
for approximately 7 days during the proliferative phase, with polymorphonuclear leuco-
cytes, macrophages and eosinophils providing most of this enzyme at menstruation. There
was no evidence that gelatinase B is produced by stromal cells or mast cells during the cycle.
Immunoreactive gelatinase B in glandular epithelial cells was greatest during the late
proliferative phase and just after ovulation; its presence in glandular secretion and the
uterine fluid was optimal during the peri-implantation phase. Gelatinase B was clearly
associated with an influx of polymorphonuclear leucocytes, macrophages and eosinophils
just before, and during, menstruation. In contrast, immunostaining for stromelysin 1 was
much weaker than that for gelatinase B, and was present only around stromal cells and
limited to microfocal locations at times coincident with stromal oedema (days 8-10 and
21-22). Both enzymes were widely distributed in specimens just before and during
menstruation, and were particularly prominent in connective tissue stroma and vascular
basement membranes. Specimens at the early proliferative stage were devoid of both
enzymes. The data provide further evidence supporting a role for metalloproteinases in
endometrial biology, not only in matrix remodelling during the cycle, but also in glandular
secretions potentially relevant to blastocyst recognition and implantation. Our observations
emphasize the functional importance of specific cell types and the temporal regulation of

gelatinase B and stromelysin 1 throughout the normal menstrual cycle.

Introduction

Endometrial remodelling is a prime feature of the menstrual
cycle reflecting coordinated changes of shedding and regener-
ation. The regulatory mechanisms involved in this process are
complex and poorly understood. The roles of hormones, cyto-
kines and growth factors have been examined (Finn, 1986; Hunt,
1994; Murphy and Ballejo, 1994; Tabibzadeh, 1991), but only
recently has the role of degradative enzymes become of interest
(Marbaix et al, 1992; Martelli et al., 1993; Rodgers ¢f al, 1993,
1994; Hampton and Salamonsen, 1994; Osteen ef al, 1994;
Rawdanowicz ef al.,, 1994; Schatz ef al., 1994).

The matrix metalloproteinases are commonly associated
with degradative changes in connective tissue elements and
have been studied in both physiological and pathological
conditions (Matrisian, 1990; Woessner, 1991). The metallopro-
teinases as a group include the collagenases, stromelysins and
the gelatinases A and B, enzymes which together are capable of
degrading virtually all components of the extracellular matrix
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such as collagens, proteoglycans and glycoproteins (Birkedal-
Hansen ¢f al., 1993; Murphy and Reynolds, 1993). Gelatinase B
(92kDa gelatinase, matrix metalloproteinase-9: MMP-9),
degrades a variety of substrates, but particularly collagen types
IV and V (Nagase ef al., 1991). It is commonly expressed by
macrophages, neutrophils and certain transformed and tumour
cells (Morodomi et al., 1992; Jeziorska et al., 1994) and also by
human cytotrophoblast from the first trimester (Bischof ef al.,
1991; Librach ef al., 1991).

Stromelysin 1 is commonly expressed by fibroblastic cells
and has a broad spectrum of substrates which include proteo-
glycans, type IV, IX and X collagens, laminin, fibronectin and
large tenascin-C (Okada ef al, 1986; Nagase et al, 1991; Wu
ef al, 1991; Siri et al, 1995). Since the metalloproteinases
probably play potentially important roles in endometrial
remodelling and tissue breakdown, the study reported here
examined the immunolocalization of gelatinase B and strome-
lysin 1 in human endometrium throughout the menstrual cycle.
Our observations are presented and discussed in relation to the
cellular source and the times of stromal remodelling associated
with oedema, decidualization and menstruation.
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Materials and Methods

Endometrial tissue was obtained at curettage from 77 women
with regular menstrual cycles (28—29 days), and no apparent
endometrial dysfunction; subjects gave informed consent for
collection of the tissue (approved by the Human Ethics
Committees at the Monash Medical Centre and the Epworth
Hospital, Melbourne). The women had either proven fertility
and were scheduled for tubal ligation, or were undergoing
testing for patency of the Fallopian tubes. Patients with
leiomyomas, endometriosis, or those who had received steroid
treatment of any kind during the past year were excluded.
Tissue samples were fixed in Carnoy’s fixative for 2 h, washed
in 70% ethanol and processed routinely to paraffin wax blocks.
Tissue sections were cut at 5 um, dewaxed, hydrated, and
stained with haematoxylin and eosin for histological dating of
the menstrual cycle according to the method of Noyes ef al.
(1950). Specimens were classified according to an idealized 28
day reproductive cycle and then grouped into early, mid-, and
late proliferative phases; early, mid-, and late secretory phases
and menstrual phase.

Immunohistochemistry

Gelatinase B (MMP-9) was demonstrated using the alkaline
phosphatase anti-alkaline phosphatase (APAAP) technique with
a sheep polyclonal antibody to human gelatinase B derived
from the fibrosarcoma HT-1080 cells as described by Ogata
et al. (1992). The primary antibody was prepared and rigor-
ously characterized for monospecificity; western blotting tests,
as described by Lees ef al. (1994) and Tetlow et al. (1993),
showed no crossreactivity with the purified metalloproteinases
collagenase-1, stromelysin 1, gelatinase A and matrilysin. The
primary antibody of affinity-purified immunoglobulins
was used at a dilution of 12.5ug ml™' in Tris-buffered
saline containing 10% (v/v) rabbit serum. Primary antibody
that bound to the tissue section was visualized using rabbit
anti-sheep IgG followed by sheep APAAP complex (Dako,
Glostrup, Denmark), repeated twice, and using New Fuchsin to
produce a red precipitate.

Stromelysin 1 was demonstrated using a rabbit polyclonal
antibody to the purified human enzyme prepared as described
by Lees et al (1994). The primary antibody was checked
for monospecificity and crossreactivity with other purified
metalloproteinases (Tetlow et al, 1993; Lees ef al, 1994).
Affinity purified immunoglobulins were used at 7.5 pg ml ™ ' in
Tris-buffered saline containing 10% swine serum, using the
same APAAP method as described for gelatinase B, but with
swine anti-rabbit secondary antibody and rabbit APAAP (both
from Dako, High Wycombe).

Endogenous alkaline phosphatase was blocked with leva-
misole. Controls included normal sheep or rabbit IgG (12.5 pg
ml ™" and 7.5 pg ml ™", respectively) and primary antibodies
previously adsorbed with an excess of pure antigen (Tetlow
et al, 1993). All controls consistently produced no staining
of the tissues. All tissue sections were counterstained with
haematoxylin and evaluated using a Zeiss Photomicroscope IIL.
Photographs were taken using Ektachrome 160 film.

Dual immunolocalization of gelatinase B with specific cell markers

On selected specimens, dual immunofluocrescent staining was
used to identify the cellular source of gelatinase B, the sheep
antibody to the latter being visualized with fluorescein
isothiocyanate- (FITC) conjugated rabbit anti-sheep IgG. This
immunostaining was combined with each of the following
antibodies: (i) rabbit antibody to PMN-elastase, (ii) monoclonal
antibodies CD68, KP1 and MAC 387 (Dako) to detect
monocytes—macrophages, (iii} monoclonal EGT and EG2
(Pharmacia Ltd, Milton Keynes, Bucks) to detect eosinophils,
and (iv) monoclonal anti-mast cell tryptase conjugated directly
to alkaline phosphatase (Chemicon International, Harrow,
Middlesex). Antibodies ()—(iii) used to detect specific cell types
were visualized using an appropriate goat or donkey second
antibody conjugated to Texas Red; for (iv) the alkaline phos-
phatase was developed using Fast Red substrate which
fluoresces red under conventional UV illumination. Controls
included relevant non-immune immunoglobulins and consist-
ently produced no background fluorescent staining. The tissue
sections were mounted in Immunomount (Shandon, Runcorn,
Cheshire), examined and photographed using a Zeiss Photo-
microscope Il with filter sets for FITC or Texas Red and Fast
Red.

Results

The study was carried out using 77 specimens which repre-
sented every stage of the menstrual cycle (Table 1). Gelatinase
B was absent from endometrial tissues immediately after
menstruation and first appeared in glandular epithelial cells
during the mid-proliferative phase. Intracellular staining for
gelatinase B became more intense in the apical and Golgi zones
of glandular epithelial cells in the late proliferative phase (Fig.
1a, b). During the secretory phase gelatinase B was observed in
both the early and mid-phases, but there was evidence of
extracellular secretion into the glandular lumen starting at day
16. A more pronounced secretion was observed on day 17, and
by day 21 most of the enzyme was located in the glandular
secretion. On day 23, the enzyme was observed primarily
within the glandular secretion and in the cytoplasm of epi-
thelial cells bordering that secretion (Fig. 1c). No staining of the
glandular epithelium was detected after day 24 (Fig. 1d).
Staining for gelatinase B was also observed in the luminal
epithelium which lined the uterine cavity, mainly during the
early secretory phase, but this appeared a few days later than in
the glandular epithelium.

Polymorphonuclear leucocytes (PMNs) present in the vas-
culature throughout the menstrual cycle consistently stained
for gelatinase B (Fig. Ib, d); this staining was especially
prominent for those extravascular PMNs observed in the
stroma of the late secretory phase and menstruation (Fig. Ie, f).
Some monocytes and macrophages also showed immunostain-
ing for gelatinase B, but this was generally much weaker than
that for PMNs. The first appearance of extracellular gelatinase
B within the stroma was observed 2 days before the onset of,
and during, menstruation, usually in association with PMNs
(Fig. Te, f). Pronounced staining for the extracellular enzyme
was a common feature of endometrial material from all
menstruation samples.
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Gelatinase B staining was observed primarily in the func-
tionalis, but occasionally intracellular staining appeared in
epithelial cells of typical basalis glands during the secretory
phase. Dual immunolocalization techniques were used to iden-
tify more accurately the cellular source of gelatinase B during
menstruation. Immunoreactive gelatinase B was co-localized

with specific cell markers used to identify PMNs, monocyte—
macrophages and eosinophils (Fig. 2). Since all three migratory
cells show an increased distribution just before, and during,
menstruation, it would appear that these cells are the major
source of gelatinase B in menstrual tissues. However,
when extracellular gelatinase B was prevalent during the late
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secretory phase and menstruation, relatively few monocyte—
macrophages were identified with the specific markers CD68
and MAC 387, an observation that suggests that PMNss are the
major source of gelatinase B at this time of the cycle. In
contrast, the enzyme was not observed in stromal endometrial
cells, or in mast cells (Fig. 2d"); but in areas showing mast cell
activation, as judged by extracellular tryptase, a localized
increase of gelatinase B distribution was often noted.

Extracellular stromelysin 1 was observed in the endometrial
stroma during the proliferative (days 8-10, Fig. 1g) and
secretory (days 21-22) phases, with more pronounced staining
2 days before menstruation (Fig. Th) and in the stromal tissue
of menstruation specimens. When stromelysin 1 was observed,
it was often associated with stromal disruption, usually in
microfocal locations. Shortly before the onset of menstruation
these foci expanded and subsequently demonstrated a wide-
spread distribution of extracellular stromelysin in menstruation
specimens. In contrast to gelatinase B, stromelysin 1 was
immunolocalized only in, and around, stromal cells. PMNs,
macrophages, mast cells, eosinophils and all epithelial cells
were consistently negative for stromelysin I throughout the
cycle.

Stromelysin 1 production appeared to correspond to the
recognized times of endometrial oedema, that is, days 8—10
and days 21-23 (Table 1 and Fig. 3). Moreover, menstrual
tissue specimens often showed immunoreactive stromelysin 1
associated with the basement membrane structures of various
blood vessels. In general, the staining intensity and distribution
of stromelysin was not as pronounced as that visualized for
gelatinase B.

Discussion

Steroid-induced growth, cellular differentiation and breakdown
of the endometrium are prominent remodelling features of the
menstrual cycle. The matrix metalloproteinases are a tightly
regulated family of enzymes that degrade specific components
of the extracellular matrix, and recent reports have suggested
that they play important roles in the endometrial remodelling
associated with development, blastocyst implantation and
menstruation (Salamonsen ef al, 1991, 1993; Marbaix et al,
1992, 1995; Matrisian ef al, 1994; Osteen ef al., 1994; Rodgers
et al, 1994). The present study used immunolocalization
techniques to examine the distribution of gelatinase B and
stromelysin 1 in human endometrial specimens, including at

least two specimens for each day of the menstrual cycle.
Gelatinase B production by glandular epithelial cells showed
precise, temporal regulation, with immunolocalization starting
at about day 7 and extracellular secretion into the glandular
lumen beginning on day 15, reaching a maximum at days
21-23, and with no further production after day 24. At present
it is uncertain when and how the progelatinase B becomes
activated in the glandular secretion, or what substrates the
enzyme might recognize. Uterine fluids show temporally
related compositional changes in secretory glycoconjugates
and in the thickness and composition of the apical glycocalyx
of uterine epithelial cells during the peri-implantation period
(Aplin, 1991; Aplin ef al, 1994). Since gelatinase B secretion
is optimal during this peri-implantation phase, it is possible
that this enzyme might be functional in processing specific
components of the uterine fluid, thereby contributing to the
recognition processes required for blastocyst implantation.
The importance of progesterone in the regulation of
metalloproteinase expression has been emphasized (Jeffrey
ef al., 1971; Sato et al., 1991; Marbaix et al., 1992; Martelli ¢t al.,
1993; Osteen ef al, 1994; Rodgers et al, 1994). Physiological
concentrations of progesterone inhibit the release and activities
of collagenase, stromelysins and gelatinases A and B by human
endometrial explants (Marbaix et al., 1992; Osteen et al., 1994)
and of stromelysin 1 by endometrial stromal and decidual cells
(Schatz et al, 1994). The present study indicates a maximum
synthesis of gelatinase B by glandular epithelium during
ovulation with its associated high concentrations of oestrogen,
whereas the extracellular secretion of gelatinase B is stimulated
as progesterone concentrations increase during the early
secretory/implantation phase. These observations for gelatinase
B are thus in accord with studies in vitro relating to the
downregulation of metalloproteinases by progesterone. This
situation was not so evident for our observations of strome-
lysin 1 production; this enzyme was produced in microfoci by
stromal cells during the mid-secretory phase, a time of high
progesterone concentration. However, apart from its enhanced
distribution at menstruation, in general, the production of
stromelysin 1 can be regarded as weak, in agreement with the
relatively low or negligible amounts of mRNA encoding the
enzyme from human endometrial specimens as reported by
Hampton and Salamonsen (1994) and Osteen et al. (1994).
Although a functional role for stromelysin 1 in the degradative
processes associated with menstruation appears evident,
its relative importance in the stromal microfoci during the

Fig. 1. Immunolocalization of gelatinase B and stromelysin 1 in human endometrium during the normal menstrual cycle. (a) Mid-proliferative
phase, day 8. Staining for gelatinase B (red) in supranuclear regions of glandular epithelial cells. (a") Negative control for gelatinase B staining using
non-immune sheep IgG instead of primary antibody. Similar tissue location from consecutive section to (b). (b) Late proliferative phase, day 12.
Pronounced staining of gelatinase B in glandular epithelial cells and in polymorphonuclear leucocytes (PMNs) and monocytes confined to blood
vessels. (¢) Mid-secretory phase, day 23 (post-ovulatory day (POD) 9). Apical distribution of gelatinase B in glandular epithelial cells and
extracellular gelatinase B in the lumen of the gland. (d) Late secretory phase, day 26 (POD 12). Staining for gelatinase B only in PMNs confined
to the vasculature. Note absence of enzyme from endometrial glands. (e) Late secretory phase, day 28 (POD 14). Deep layer of the functionalis.
Note disrupted stroma with numerous PMNs and monocyte—macrophages showing intra- and extracellular (arrowheads) staining for gelatinase
B. () First day of menstruation. Disrupted glands and stroma with numerous PMNs and monocyte—macrophages positive for gelatinase B. (g)
Mid-secretory phase, day 21 (POD 7). Focal stromal distribution of stromelysin I (red staining) associated with visible disruption of stroma. (g")
negative control for stromelysin 1 staining using non-immune rabbit IgG instead of primary antibody. Similar tissue location from consecutive
section to {g). (h) Late secretory phase, day 28 (POD 14). Widespread distribution of stromelysin 1 associated with areas of stromal disruption.
Scale bar represents 40 pm.

Downloaded from Bioscientifica.com at 08/05/2022 05:31:58AM
via free access



48

M. Jeziorska et al.

Fig. 2. Demonstration by dual immunolocalization of gelatinase B production by migratory inflam-
matory cells in human endometrium. (a) Polymorphonuclear leucocytes (PMNs) in blood vessels
{arrows) in premenstrual endometrial stromal tissue immunostained for PMN-elastase with Texas-Red;
{(b) macrophages in premenstrual endometrium immunostained for monoclonal antibody CD68; (c)
eosinophils in menstrual endometrium immunostained for human eosinophil cationic protein; (d) mast
cells in menstrual endometrium immunostained for human mast cell-tryptase. (a’)<(d’) are the same fields
as (a)~(d), respectively, immunostained for gelatinase B with fluorescein isothiocyanate. Note the
intracellular expression of gelatinase B by PMNs, macrophages and eosinophils. (a') demonstrates cells
positive for gelatinase B which represent PMNs as well as other cell types. Scale bar represents 40 pm.
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Fig. 3. Representation of the interrelationships between endometrial growth, gelatinase B (MMP-9) and stromelysin 1 {MMP-3) expression
during the menstrual cycle. Note the temporal regulation of metalloproteinase production throughout the cycle, especially the prominent
distribution of both enzymes during menstruation, a time coincident with the influx of neutrophils, macrophages and eosinophils. DC:

decidual cells.

mid-proliferative and mid-secretory phases seems uncertain. It
is of interest that the appearance of the enzyme at these times
coincides with times of endometrial oedema. Stromelysin 1 also
plays an important role in the activation of various metallo-
proteinase precursors, for example, procollagenase (Nagase
et al, 1991) and progelatinase B (Ogata ef al., 1992). However,
at least in the study reported here, there is no evidence that
gelatinase B and stromelysin 1 occupy the same tissue or
secretion environments, other than at menstruation.
Endometrial expression of mRNA for matrilysin and
stromelysin-3 were shown to be pronounced during the
proliferative, late secretory and menstrual phases, but were not
detected during early or mid-secretory endometrium (Rodgers
ef al., 1993; Osteen et al., 1994). In contrast, mRNAs encoding
collagenase and stromelysin 1 were found to be restricted
to menstrual and perimenstrual specimens of human
endometrium, with no detection between days 4 and 26 of the
cycle (Hampton and Salamonsen, 1994). The detailed study by
Rodgers et al. (1994) reported that expression of mRNA

encoding gelatinase B was restricted to the late secretory and
menstrual endometrium; there was no evidence for its expres-
sion by glandular epithelial cells during the mid-part of the
cycle. The immunolocalization data of gelatinase B production
by epithelial cells over the time course reported here were
consistently supported by observations from 29 different
specimens. It seems inevitable that the detection of enzyme
protein by immunolocalization and mRNA by in situ hybridiz-
ation will provide different information of the distribution of
gelatinase B, not least because PMNs probably contain stored
enzyme protein with negligible message. Our earlier report
that cultured human endometrial stromal cells produced
gelatinase B when stimulated with phorbol myristate
acetate, interleukin-1 or tumour necrosis factor-a showed the
‘potential” of the stromal cell to produce this enzyme in vitro
(Rawdanowicz et al, 1994). However, our present in situ
observations indicate that gelatinase B production by the
stromal cell is not a major component of its proteinase
phenotype throughout the cycle.
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The findings for gelatinase B and stromelysin 1 reported
here, and previous reports of MMP expression (Rodgers ef al.,
1993, 1994; QOsteen ef al, 1994; Salamonsen ef al, 1994)
emphasize different functional roles for the matrix metallo-
proteinases during specific phases of the menstrual cycle. Only
during menstruation, with its excessive degradation of the
extracellular matrix, are most of the metalloproteinases found
in the same tissue location. However, in the late secretory
phase and at menstruation, the functionalis contains high
numbers of PMNs, monocyte—macrophages and eosinophils
(Finn, 1986; Hunt, 1994; Jeziorska ef al, 1995), specific cell
types providing not only a source of gelatinase B, but also
providing stimulatory factors such as prostanoids and pro-
inflammatory cytokines (Hunt, 1989; Rawdanowicz ef al., 1994)
which have the potential to promote metalloproteinase expres-
sion by resident stromal or epithelial cells (Birkedal-Hansen
el al, 1993; Murphy and Reynolds, 1993). Although inter-
actions between stromal and epithelial cells, mediated via
steroidal regulation, may be important during the earlier phases
of the menstrual cycle (Osteen ef al., 1994), the introduction
of PMNs, macrophages and other granulocytes, may well
assume greater importance for proteinase production during
menstruation (Jeziorska ef al., 1995).

In conclusion, visual evidence is presented for the carefully
timed synthesis and release of gelatinase B into ‘Hig~ glandular
epithelial secretions and uterine fluid. Optimal &ounts of
gelatinase B immunoreactivity were coincident with the peri-
implantation phase, although the precise functional role of
gelatinase B in the uterine fluid requires further study. PMNs,
macrophages and eosinophils provided most of the gelatinase
B at menstruation. In contrast, staining for stromelysin 1
was seen only in, and around, stromal cells; its production was
restricted to microfocal locations at times coincident with
stromal oedema. Both gelatinase B and stromelysin 1 were
widely distributed in all menstruation specimens, and
were particularly prominent on connective tissue stroma and
basement membrane structures of blood vessels. Early prolif-
erative specimens were devoid of both enzymes. The data
provide further evidence supporting a role for metalloprotein-
ases in endometiral biology, particularly the functional impor-
tance of specific cell types and the temporally regulated
expression of these two metalloproteinases throughout the
normal menstrual cycle.
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