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Abstract

Cyclic shedding of the endometrium is
unique to menstruating species. The status of
the decidua in mouse menstrual-like models
seems to differ from that of the predecidua in
humans before endometrial breakdown. The
aim of this study was to determine how this
difference in decidual status is related to
endometrial breakdown. A mouse menstrual-
like model was generated by pharmacological
progesterone withdrawal. Histomorphological
analysis and reticular fiber staining were used
to evaluate endometrial status. In situ zymog-
raphy was used to determine the localization of
active collagenase and gelatinase. The func-
tional endometrial layer containing the mature
decidual-like zone (MDZ) and predecidual-like
zone (PZ) underwent breakdown. The reticu-
lar fibers underwent disruption and fragmen-
tation and became loose or disappeared at 12 h
in the PZ, where active collagenase and gelati-
nase were limited. The reticular fibers were
visibly reduced at 24 h in the MDZ, where
active collagenase was detected. A few reticu-
lar fibers remained; however, the functional
layer had sloughed into the lumen of the
uterus. The results showed that reticular fibers
of the PZ are actively degraded during endome-
trial shedding.

Introduction

During each menstrual cycle, human
endometrium undergoes extensive breakdown
and remodeling of the functional layer, regulat-
ed by estrogen and progesterone. Menstrua -
tion is unique to humans; the mechanism
underlying menstruation has not yet been
completely characterized, partly due to the lack
of a suitable model.
The mouse menstrual-like model was first

developed in 1984.1 Ovariectomized mice were
prepared by sequential administration of
estrogen and progesterone, and oil was inject-

ed into the uterine lumen to artificially induce
decidualization. Subsequently, the process of
progesterone withdrawal was mimicked, and
the endometrium underwent breakdown and
shedding. The model was optimized nearly 30
years later by Salamonsen.2 We have previous-
ly established a mouse menstrual-like model
by pharmacological progesterone withdrawal3

with mifepristone administration and the
mouse menstrual-like models have been used
to study the mechanism underlying menstrua-
tion.1-6 The decidua is the foundation of men-
strual induction in mice. In the mouse model,
oil is injected into the uterus lumen to induce
stromal decidualization. Specifically, the stro-
ma cells undergo decidualization and prede-
cidualization at the histomorphologic level.
However, in humans, the stroma only under-
goes predecidualization in the late secretory
phase. The status of stroma cells before men-
struation differs between mice and humans. It
is unclear why the different status of decidua
in mouse and human could both lead to
endometrium breakdown. In the extracellular
matrix (ECM) of the human endometrium, the
reticular fibers may indirectly reflect endome-
trial status. Matrix metalloproteinases degrade
ECM components. Understanding the process
of endometrial breakdown might explain the
differences in decidual status. 
In this study, we observed the process of

endometrial breakdown in a mouse menstrual-
like model and sought to understand the active
role of the predecidual-like zone (PZ) in
endometrial breakdown by assessing changes
in the organization of reticular fibers and the
localization of active collagenase and gelati-
nase in the process. 

Materials and Methods

Animals
Female virgin C57 mice (age 8-12 weeks)

were obtained from the Animal Services of the
National Research Institute for Family
Planning in China. The mice were kept under
controlled lighting (light on from 06:00 to 18:00
h) and temperature (21±1°C) conditions and
allowed free access to food and water.
Experimental and surgical procedures were
approved by the institute’s Animal Ethics
Committee (approval ID: 20100318).

Mouse menstrual-like model
Animal manipulations were performed as

described by Wang et al.3 Briefly, animals were
ovariectomized under anesthesia and allowed
to recover for 1 week (Figure 1). On days 1, 2,
and 3 after recovery, all mice were subcuta-
neously (s.c.) injected with 100 ng 17�β-estra-

diol (E2; Alfa Aesar Inc., Heysham, UK) in
arachis oil at 09:30 h. On day 7 after recovery,
progesterone implants were inserted s.c. into
the back of each mouse at 09:30 h, with simul-
taneous subcutaneous injections of 50 ng
progesterone (Sigma-Aldrich, St. Louis, MO,
USA) and 5 ng 17�β-E2 in arachis oil. On days
8 and 9, 5 ng 17β-E2 in arachis oil was inject-
ed s.c. at 09:30 h. On day 9, at 11:30 h, 20 µL
arachis oil was injected into the lumen of the
left uterine horn of each mouse through a dor-
sal incision in order to induce decidualization.
The right uterine horn of each mouse was
untreated and served as a negative control. On
day 11 (48 h later), 120 mg/kg mifepristone
(Beijing Zizhu Pharmaceutical Co. Ltd.,
Beijing, China) was given to each mouse by
intragastric administration at 11:30 h (regard-
ed as 0 h). Mice were sacrificed by cervical dis-
location at 0, 8, 12, 16, and 24 h (n=7/time
point) after mifepristone administration, and
the uterine horns were harvested at each time
point. The mice were not treated by mifepris-
tone and served as the positive control and
were sacrificed at 24, 32 and 72 h. Any mouse
in which the treated uterine horn had not
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decidualized, as assessed by gross morpholog-
ical observation, was excluded.
Each uterine horn was stored at alcohol

fixative (1:3 v/v methanol:ethanol) for histo-
morphological examination, reticular fiber
staining and in situ zymography. In situ
zymography was performed as described by
Gawlak et al., with modifications.7 Briefly, the
specimens were immersed in alcohol fixative
(1:3 v/v methanol:ethanol), stored at 4°C for
6 h, and then stored at -20°C overnight. The
uteri were soaked in 90% and 100% ethanol
at 4°C for 1 and 2 h, respectively, and then
treated to several mixtures of ethanol and
polyester wax (Science Services, Munich,
Germany) with increasing concentrations of
wax and by progressively increasing the tem-
perature to 42°C (in pure wax). Then, the
specimens were embedded in 100% polyester
wax. Blocks were cut into 7-mm sections
using a rotary microtome (RM 2235; Leica,
Wetzlar, Germany).

In situ zymography
The sections (thickness, 7 mm) were gen-

tly dewaxed twice in absolute ethanol at room
temperature, with each dewaxing step last-
ing 1 min. After dewaxing, the alcohol was
removed and the sections were hydrated with
phosphate-buffered saline (PBS), pH 7.4, at
room temperature. We employed the in situ
zymography approach described by Gawlak et
al., together with modifications in order to
detect the localization of ECM proteolytic
activity (including gelatinase and collage-
nase) in endometrial sections.7 First, the sec-
tions were preincubated in PBS. Then, the
slides were washed 3 times in PBS and over-
laid with the fluorogenic substrate DQ gela-
tin (component A of the EnzChek gelati-
nase/collagenase assay kit; Invitrogen/
Molecular Probes, Eugene, OR, USA) or DQ
collagen type I (Invitrogen/Molecular Probes)
diluted 1:25 in reaction buffer supplied by the
manufacturer, for 40 min at 37°C, protected
from light. All the slides were washed 3 times
in PBS at room temperature and fixed in 4%
paraformaldehyde for 10 min at room temper-
ature. Next, the slides were mounted directly
with Vectashield HardSet Mounting Medium
(Vector, Burlingame, CA, USA) and observed
under an LMD 6000 fluorescence microscope
(Leica, Wetzlar, Germany). As specificity con-
trols, we pretreated samples with 100 mM
1,10-phenanthroline (a general metallopro-
teinase inhibitor; component C of the
EnzChek Gelatinase/Collagenase Assay Kit;
Invitrogen/ Molecular Probes) in order to
inactivate endogenous enzymes. To check for
non-specific effects, the reactions were also
performed in the presence of solvent alone. 
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Figure 1. Treatment schedule. Mifepristone administration is regarded as 0 h. M.A.,
mifepristone administration; E2, estradiol; P4, progesterone

Figure 2. Histological observations of reticular fibers during endometrial breakdown in the
mouse menstrual-like model. A1-A5) Representative histomorphological features at differ-
ent time points during mouse endometrial breakdown; M, mature decidual-like zone
(MDZ); P, predecidual-like zone; scale bars: 400 mm. B1-B5) higher magnification of the
area indicated by the small blank boxes in A1-A5; scale bars: 50 mm. C1-C5) Reticular fiber
staining; the small blank boxes indicates the PZ and MDZ, also shown at higher magnifica-
tion, scale bars: 400 mm. D1-D5) The symbols (stars and arrows) represent the MDZ and
PZ, respectively, and the indicated areas are shown at higher magnification (E1-E5, F1-F5);
scale bars: 100 mm. E1-E5) Higher magnification of the areas indicated by the symbol * in
D1-D5, showing the MDZ; scale bars: 50 mm. F1-F5) Higher magnification of the areas
indicated by arrows in D1-D5, showing the PZ; scale bars: 50 mm. 
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Reticular fiber staining
The Gordon and Sweets’ staining method

was used to observe the reticular structure of
the endometrium.

Results

Histomorphological analysis and
reticular fiber staining
Histomorphological analysis and reticular

fiber staining clearly showed changes in the
endometrium after progesterone withdrawal.
Histomorphological analysis at 0 h (Figure 2
A1, B1), that is, at 49 h after arachis oil infu-
sion, showed that the stromal cells in the
endometrium decidualized well and formed
different decidual zones. The decidual cells
has large, round nuclei and abundant cyto-
plasm and were closely arranged in the sublu-
minal stroma. In the decidualizing endometri-
um, vascularity is enhanced in the mature
decidual-like zone (MDZ). The spindle-like or
round stromal cells close to the MDZ were
lined up closely and had mostly round nuclei
containing large nucleoli. High vascularity was
observed in the PZ. These zones formed the
functional layer. The stromal cells between the
PZ and muscle layer of the uterus were spindle
shaped, closely arranged, and oriented parallel
to the smooth muscle layer. No differentiation
of stromal cells into decidual cells was
observed in this zone, which was named the
nondecidualized zone (NZ) and formed the
basal layer. Reticular fibers were abundant and
distributed throughout the decidual area span-
ning the PZ to the MDZ. They consisted of a
dense mesh of regular, smooth, thick, and dark
fibrils, which surrounded the decidual stromal
cells (Figure 2C1). The reticular fibers in the
MDZ and PZ differed in structure; in the MDZ,
the reticular fibers appeared thick, while in the
PZ, thick reticular fibers were interlaced with
the fine ones (Figure 2 D1, E1, F1).
Histomorphological analysis at 8 h (Figure 2

A2, B2) showed that decidualization occurred
progressively, with the MDZ and PZ further
expanding towards the NZ, and the boundary
between the PZ and NZ becoming clear. In the
MDZ, the stromal cells near the uterine lumen
were large in size, with more brightly
eosinophilic cytoplasm and round clear nuclei.
No obvious changes were observed in the stro-
mal cells of the PZ, with the exception of the
appearance of some expanded blood capillaries
with increased numbers of red blood cells. At 8
h, the reticular fibers showed characteristics
similar to those seen at 0 h (Figure 2 C2, D2,
E2, F2).
Histomorphological analysis at 12 h (Figure

2 A3, B3) showed that most of the stromal cells
in the MDZ were small in size and tend to have
condensed cytoplasm. The number of reticular
fibers was lower in comparison to the numbers
seen at 0 and 8 h, and a few irregular, black,
short, linear structures were observed in the
shedding tissue. The boundary between the PZ
and NZ was clear. In the PZ, the structure
appeared loosened, with increased intercellu-
lar spaces. Most stromal cells with decreased

cytoplasm and pyknotic nuclei underwent
regressive changes. Between 8 and 12 h, the
dense reticular fiber network changed to a
loose structure. At 12 h, the reticular fibers
were less robust than at 0 and 8 h, indicating
that they underwent disruption and fragmen-
tation, and then began to loosen or disappear
(Figure 2 C3, D3, E3, F3).
At 16 h, a large area of the stroma in the PZ

and MDZ exhibited necrosis with hemorrhage
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Figure 3. A1-A3) Reticular fibers under progesterone maintenance instead of progesterone
withdrawal at 24 h, 32 h, and 72 h shown at low magnification; scale bars: 400 mm. A2,
B2, C2) The small boxes indicate the PZ, shown at a higher magnification; scale bars: 100
mm. A3, B3, C3) Stars represent the MDZ, and the indicated areas are also shown at a
higher magnification; scale bars: 50 mm. A4, B4, C4) Arrowheads represent PZ, and the
indicated areas are also shown at a higher magnification; scale bars: 50 mm. All the sec-
tions are representative of the results for at least 3 individuals at the same time point.

Figure 4. In situ zymography during endometrial breakdown in the mouse menstrual-like
model. A1-A5) Localization of active collagenase at each time point. B1-B5) Localization
of active gelatinase at each time point. C1-C2) Specificity was verified using 100 mM
1,10-phenanthroline, a general metalloproteinase inhibitor. Scale bars: 400 mm.
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(Figure 2 A4, B4). The boundary between the
PZ and NZ was also clear and similar to that at
0, 8, and 12 h. The findings for the features of
the reticular fibers in the MDZ were the same
as those at 12 h; however, fewer irregular retic-
ular fibers or no reticular fibers were observed
in the PZ (Figure 2 C4, D4, E4, F4).
At 24 h, all the stromal cells in the PZ and

MDZ were necrotic and the entire decidual
zone (including the PZ and MDZ) sloughed
into the uterine lumen; this process was
accompanied by bleeding (Figure 2 A5, B5). In
the shedding endometrium, most of the reticu-
lar fibers disappeared, and very few irregular,
short, linear reticular fibers were visible.
Endometrial breakdown and shedding began
in the PZ and continued in the MDZ (Figure 2
C5, D5, E5, F5). 
When the mice underwent progesterone

maintenance instead of progesterone with-
drawal at 24, 32 and 72 h, the MDZ continued
to expand outwards, whereas the PZ gradually
narrowed and surrounded the outside of the
MDZ. The NZ, the outermost layer of the
endometrium, and the cells remained round
and spindle-shaped (Figure 3). Furthermore,
the basal zones gradually became thinner. The
reticular fibers were well formed and appeared
as black thick bundles surrounding the decid-
ual cells.

In situ zymography
Localization of active collagenase and

gelatinase after progesterone withdrawal,
shown by green fluorescence in the endometri-
al sections, was detected by in situ zymography
(Figure 4). At 0 h (Figure 4 A1, B1) and 8 h
(Figure 4 A2, B2), no active collagenase and
gelatinase were detected. With the destruction
of the endometrium at 12 h (Figure 4 A3, B3),
the green fluorescence of active collagenase
and gelatinase was visible and was restricted
to the PZ. At 16 and 24 h (Figure 4 A4, B4, 4A5,
B5), there was a remarkable shift in the active
collagenase signal from the PZ to the entire
decidual zone (containing PZ and MDZ), while
no active gelatinase was observed.

Discussion

We used a mouse menstrual-like model,
established by pharmacological withdrawal of
progesterone, to study the process of endome-
trial breakdown. To our knowledge, this is the
first report of the process of endometrial
breakdown in a mouse menstrual-like model in
relation with the organization of reticular
fibers and localization of active collagenase
and gelatinase during this process. Our results
highlighted the crucial role of PZ in endometri-

al breakdown in the mouse model. 
Due to the sensitivity and reactivity of the

uterus to hormones, it is often difficult to
ensure consistency of specimens in endome-
trial biopsy. Moreover, typically, only a part of
the uterus is obtained, leading to contradictory
results between studies on the human
endometrium and focal observations. Genera -
tion of mouse menstrual-like models allows us
to overcome these limitations.1-3 Mouse men-
strual-like models obtained by physiological
and pharmacological progesterone withdrawal
allow determination of the time course of
endometrial breakdown and regeneration on
the whole and observation of real-time
endometrial changes in the context of gross
and microscopic characteristics.
In mice, decidualization is the process

whereby uterine stromal cells proliferate and
differentiate into decidual cells in response to
blastocyst implantation. The antimesometrial
zone is divided into 3 zones, each with specif-
ic characteristics. The mature decidual cell
zone is a thin and dense cellular zone sur-
rounding the blastocyst. This zone is avascular,
while its stromal cells are characterized by
polyploid nuclei and a glycogen- and lipid-rich
cytoplasm. The predecidual cell zone sur-
rounds the mature decidual zone. In this zone,
stromal cells vary between spindle-shaped and
round cells, with mostly round nuclei contain-
ing large nucleoli. The predecidual zone is well
vascularized. The nondecidualized stromal
zone surrounds the predecidual cell zone. In
the nondecidualized stromal zone, fibroblasts
are mostly spindle shaped and oriented in par-
allel to each other and to the inner smooth
muscle layer.8 An artificial decidual response
can be induced experimentally by using oil
instead of an embryo, initiating similar cyto-
histological changes in decidualization.9,10 The
3 zones observed in this study were named the
MDZ, PZ, and NZ.
Previous studies have observed endometrial

breakdown, as seen on reticular fiber staining,
in humans and mouse menstrual-like models;
therefore, we analyzed reticular fibers in the
current study. 
We observed abundant reticular fibers dis-

tributed throughout the decidual area. The
structure of reticular fibers in the PZ changed
after progesterone withdrawal, especially
between 12 and 16 h, when reticular fibers
underwent disruption and fragmentation; the
fibers then loosened or disappeared. The struc-
ture of reticular fibers in the MDZ varied strik-
ingly at 24 h, when very few irregular, short,
linear reticular fibers were observed. These
data suggested that reticular fibers in the PZ
first undergo disruption and fragmentation
and then the entire decidual zone (PZ and
MDZ) sloughs into the uterine lumen at 24 h,
although the reticular fibers in the MDZ

remained partly intact. The succession of
events during endometrial breakdown in the
mouse menstrual-like model starts with dis-
ruption of reticular fibers in the focal zone, fol-
lowed by shedding of the entire functional
layer. This process was similar to that observed
in humans, where reticular fibers exhibit focal
breakdown, progressing to extensive lysis at
menstruation, and the shrunken tissue rem-
nants finally undergo piecemeal shedding.11 In
this study, we also observed the active role of
the PZ in initiation of endometrial breakdown.
MMPs degraded the endometrial ECM dur-

ing menstruation in an in vitro human
endometrium implant study.11 Moreover, active
gelatinase and collagenase were tightly associ-
ated with the ECM status, prompting us to ana-
lyze active gelatinase and collagenase in addi-
tion to reticular fibers in this study. 
The amount of gelatinase and collagenase

in our mouse model was significantly higher
before and during menstruation than at other
phases of the cycle. This result was obtained by
in situ zymography and is consistent with data
obtained from human studies.12 More impor-
tantly, active gelatinase and collagenase were
confined to the PZ at 12 h, supporting the
hypothesis that the PZ is the focal zone where
functional layer breakdown starts. Similarly, in
humans, active gelatinase and collagenase are
confined to discrete foci in the endometrium,
where breakdown of endometrium initiates at
menstruation.12 Moreover, MMP-1, critical in
the initial steps of collagen degradation, was
also spatially restricted to the small foci.13 In
the current study, localization of enzymatic
activity in the PZ at 12 h coincided with the
breakdown of reticular fibers. At 16 and 24 h,
collagenase activity was detectable throughout
the shedding functional layer and degraded
reticular fibers in the PZ. By 24 h, the PZ
sloughed into the uterine lumen, suggesting
that active gelatinase and collagenase first
induced the fragmentation or disappearance of
reticular fibers in the PZ and then caused the
entire functional layer to slough into the
uterus. Our findings highlight the role of the
PZ in a mouse menstrual-like model. Previous
studies have emphasized the importance of
the decidua in the establishment of mouse
menstrual-like models.1-3 By analyzing the sta-
tus of reticular fibers and the localization of
MMP activity in different decidual zones, we
found that it is the PZ, not the MDZ, which is
key in endometrial breakdown and shedding in
our mouse model. Thus, our study adds to our
understanding of the active role of PZ in a
mouse menstrual-like model and provides fur-
ther understanding of the importance of the
predecidua in human menstruation.
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