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Abstract Estradiol triggers key biological responses in
the endometrium, which rely on the presence and levels of
its cognate receptors on target cells. Employing the recep-
tor micro-autoradiography (RMAR) technique, we aimed
to provide a temporal and spatial map of the functional
binding sites for estradiol in the mouse endometrial stroma
during early pregnancy. Uterine samples from days 1.5 to
7.5 of pregnancy were collected 1 h after tritiated- (3H-)
estradiol administration and prepared for RMAR analysis.
Autoradiographic incorporation of 3H-thymidine (after 1-h
pulse) was evaluated over the same gestational interval.
Combined RMAR with either histochemistry with Dolichus
biflorus (DBA) lectin or immunohistochemistry for detec-
tion of the desmin further characterized 3H-estradiol bind-
ing pattern in uterine Natural Killer (uNK) and decidual
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cells, respectively. 3H-estradiol binding levels oscillated in
the pregnant endometrial stroma between the mesometrial
and antimesometrial regions as well as the superficial and
deep domains. Although most of the endometrial stromal
cells retained the hormone, a sub-population of them, as
well as endothelial and uNK cells, were unable to do so.
Rises in the levels of 3H-estradiol binding preceded endo-
metrial stromal cell proliferation. 3H-estradiol binding and
3H-thymidine incorporation progressively decreased along
the development of the antimesometrial decidua. Endothe-
lial proliferation occurred regardless of 3H-estradiol bind-
ing, whereas pericytes proliferation was associated with
high levels of hormone binding. Endometrial cell popula-
tions autonomously control their levels of 3H-estradiol
binding and retention, a process associated with their pro-
liferative competence. Collectively, our results illustrate the
intricate regulatory dynamic of nuclear estrogen receptors
in the pregnant mouse endometrium.

Keywords Autoradiography - Endometrium - Estrogen -
Mouse - Pregnancy

Introduction

The success of pregnancy depends on a series of biologi-
cal phenomena leading to the establishment of the mater-
nal—fetal interface. In mice, embryo implantation initiates
a cascade of events in the endometrium characterized by
the differentiation of endometrial fibroblasts into epithelial-
like decidual cells. The decidualized endometrium provides
structural and functional support for embryonic growth
and placental development (Abrahamsohn and Zorn 1993;
Favaro et al. 2014). Decidualization proceeds from the
superficial antimesometrial stroma underneath the luminal
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epithelium towards the deep stroma situated next to the
myometrium, creating regions composed of cells at differ-
ent stages of differentiation respectively, mature decidual
cells, pre-decidual cells, and non-decidualized fibroblast.
Later on, decidualization expands to the mesometrial com-
partment of the uterus (Abrahamsohn 1983; Abrahamsohn
and Zorn 1993; Favaro et al. 2014). Mesometrial decidu-
alization induces the influx of uNK cells and engenders
the formation and shaping of a wide vascular network in
the endometrium, where chorioallantoic placentation takes
place. uNK cells contribute to modulate the maternal
immune system and to remodel the decidual blood vessels
during placentation (Croy et al. 2003; Erlebacher 2014).

Estrogen and progesterone are the master regulators of
the endometrial physiology, executing critical roles in the
establishment and maintenance of pregnancy (Dey et al.
2004; Adams and DeMayo 2015). Estrogen actions are
primarily mediated by estrogen receptors (ERa and ERp),
which operate as ligand-regulated transcriptional factors.
Through the classical nuclear signaling pathway, these
receptors recognize estrogen-responsive elements (ERE)
in the chromatin, regulating gene expression. Furthermore,
non-genomic signaling is triggered by membrane-asso-
ciated receptors, which, for instance, signal through Erk/
Mapk and Akt pathways (Binder et al. 2015). Studies with
genetically-engineered mice and other approaches revealed
that ERa-mediated nuclear signaling predominates in the
mouse uterus (Lindberg et al. 2002; Chambliss et al. 2010).
Despite of this, ERf is required for a proper response of the
uterine epithelium to estrogen stimulation (Wada-Hiraike
et al. 2006).

Estrogen has the ability to regulate the expression of
1000 genes in the mouse uterus, including those coding for
transcription factors, growth factors, and cell-matrix inter-
action components (Hewitt et al. 2003, 2012; Moggs et al.
2004). Accordingly, hormone-dependent changes such as
cell proliferation, differentiation, and establishment of spe-
cific metabolic patterns occur in all compartments of the
uterus. The estrogen-dependent nature of these events has
been related to estrogen receptor levels in the cells (Stumpf
1968; Ward et al. 1978; Tibbetts et al. 1998; Oliveira et al.
1995, 1998; Zorn et al. 1995, 2003; Tessier et al. 2000).

Evaluation of steroids receptors in the whole uterus
(Sartor 1977; Ward et al. 1978; Moulton and Koenig
1981; De Hertogh et al. 1986) disregards the distribution
of these receptors in the different cellular compartments
of this organ. Even though informative to discriminate
cells expressing steroid receptors, immunohistochemistry
and in situ hybridization (Tibbetts et al. 1998; Tan et al.
1999; Tessier et al. 2000) do not provide sufficient resolu-
tion to allow the characterization of more subtle variations
in hormone receptor density in individual cell types and
are unable to provide information regarding the functional
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status of the receptor. In this sense, autoradiography yields
functional data on the binding of the active hormone to
its receptor at cellular/sub-cellular level and the regula-
tory dynamic of this event over time in in vivo models and
morphologically preserved tissue preparations (Stumpf and
Roth 1966; Stumpf 1971, 2003, 2012; Stumpf et al. 1981).

Using the RMAR technique, we have previously shown
during early pregnancy that 3H-estradiol receptor binding
is heterogeneously distributed in the epithelium of uterine
lumen and glands in a region- and time-related fashion. In
addition, 3H-estradiol binding was correlated with epithe-
lial cells proliferation, an essential process for the prepara-
tion of the uterus for implantation and conceptus develop-
ment (Zorn et al. 2003).

In the present study, we aimed to provide a temporal and
spatial map of the functional binding sites for 3H-estradiol
in the mouse endometrial stromal cells through RMAR.
3H-thymidine incorporation was also analyzed within the
same time-frame. Combined autoradiography with either
immunohistochemistry for detection of desmin or histo-
chemistry with Dolichus biflorus (DBA) lectin was per-
formed to further characterize the 3H-estradiol binding in
cells expressing these markers.

Materials and methods
Animals and tissue preparation

The experiments were approved by the Institute of Biomed-
ical Sciences’ Animal Ethics Committee 144/2002 and fol-
lowed international principles for the use of radioisotopes
and for laboratory animal care. The samples examined in
this study were originally obtained by Zorn et al. (2003).

Swiss mice aged 3—4 months and ranging in weight from
30 to 37 g were used in the experiments. To know the pre-
cise time of pregnancy, females were mated during a 2-h
period and then examined for copulation plugs. When plugs
were found, this was considered 0-h post coitum. Uterine
samples for autoradiographic studies were collected at 1.5,
2.5,3.5,4.5,5.5, 6.5, and 7.5 days of pregnancy from 3 to 4
females each day.

Receptor micro-autoradiography for 3H-estradiol

In each of the aforementioned days of pregnancy,
[2,4,6,7,16,17-3H]-Estradiol-17p, specific activity 140 Ci/
mMol (New England Nuclear, USA), was dissolved in eth-
anol-saline 1:10 and injected into the tail vein at a concen-
tration of 0.2 pg per 100 g of body weight. Mice were killed
1 h afterward. Uterine horns were excised and both trans-
versal and longitudinal fragments of 1-2 mm length were
placed on tissue holders and freeze-mounted by immersion
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into isopentane cooled by liquid nitrogen. Four pm thick
frozen sections were cut on a cryostat (Microm 500) and
thaw-mounted on emulsion-coated slides (Stumpf 1971,
2003). The mounted slides were stored in a desiccator box
at —15°C for 35, 70, or 100 days. Short-exposure (35 days)
autoradiograms were used for silver grain counting and
photographic documentation. Long-exposure autoradio-
grams (70 or 100 days) were used for qualitative and low-
magnification surveys. At the end of the exposure, slides
were fixed in buffered 2% paraformaldehyde for 1 min, then
photographically processed and stained for morphological
analysis with methyl green-pyronin. The chemical iden-
tity of nuclear radioactivity as being 3H-estradiol has been
established in previous experiments (Stumpf 1971; Martel
and Psychoyos 1981; Moulton and Koenig 1981).

Quantitative evaluation of autoradiograms

Images were captured and analyzed with the aid of Image-
Pro Plus software (Media Cybernetics USA) and a Nikon
Eclipse E600 microscope coupled to an Olympus DP-72
camera (Olympus, Japan). Regions of the superficial
stroma (close to the luminal epithelium) and deep stroma
(near to myometrium) were individually quantitated in
transverse sections of mouse uterus from days 1.5 to 4.5
of pregnancy. After decidualization, from days 5.5 to 7.5
of pregnancy, quantification was separately done in the
endometrial regions composed by mature decidual cells,
pre-decidual cells, and non-decidualized fibroblasts.
Quantitation of silver grains was determined in relation to
the cell nuclear area. Only nuclei with an area above the
mean were selected. For each region analyzed, at least ten
nuclei were evaluated per section, at 100X magnification,
in three different slides from each of the three mice per
day of pregnancy. Statistical analysis was carried out using
the GraphPad PRISM software (GraphPad Software, Inc.).
Comparisons of 3H-estradiol binding were made between
the different endometrial compartments at the same day of
pregnancy or between the same compartment from 1 day
of pregnancy to the next. Comparisons among means were
evaluated by ANOVA followed by Newman—Keuls test and
values of p <0.05 were considered statistically significant.

Combined receptor micro-autoradiography
and immunohistochemistry or histochemistry

At the end of exposure time, the slides were prepared for
immunohistochemical detection of desmin, a marker for
decidualized cells (Oliveira et al. 2000) or histochemical
detection of DBA lectin to the identification of uNK cells

(Paffaro et al. 2003). Samples for the former were fixed
in buffered 2% paraformaldehyde for 1 min and samples
for the latter were fixed in acetone for 1 min at —20°C.
Fixation was followed by photographic processing of the
slides. Following, autoradiograms were treated with 3%
H,0, (Merck) in PBS for 30 min to block endogenous
peroxidase activity. For immunolocalization of desmin,
non-specific reaction was blocked by incubating the sec-
tions for 1 h with normal goat serum, diluted 1:1 in PBS
containing 10% bovine serum albumin (BSA), followed
by incubation with antibody anti-desmin (Sigma) diluted
1:100 in PBS 0.3% Tween 20, overnight at 4 °C. For DBA
lectin histochemistry, non-specific reactions were blocked
by incubating the sections for 1 h with Super BlockTM
solution (Pierce), followed by biotinylated-DBA lectin
(Sigma) diluted 1:150 in PBS-0.3% Tween 20, incubated
overnight at 4 °C. The sections incubated with antibody
against desmin were washed thoroughly with PBS, fol-
lowed by incubation with goat anti-rabbit IgG conju-
gated to biotin (Vector), diluted 1:1000 in PBS for 1 h.
After extensive rinsing in PBS, all autoradiograms were
treated with Vectastain ABC Kit (Vector) for 1 h. The
reaction was visualized using 0.03% 3,3’-diaminoben-
zidine (Sigma) in PBS containing 0.03% H,0,. After
immunostaining, the sections were stained with Mayer’s
hematoxylin. Control sections were performed similarly,
except by the absence of the primary antibody or the
lectin.

Autoradiographic incorporation of 3H-thymidine

3H-Thymidine (New England Nuclear), specific activ-
ity 60 Ci/mM, dissolved in distilled water, was injected
i.p. 1 pC/g body weight to three mice at the same preg-
nant periods described above. One hour after the injec-
tion, uterine samples were collected and fixed by immer-
sion in Methacarn (methanol, chloroform, glacial acetic
acid; 6:3:1) for 3 h, washed, dehydrated, and embedded
in Paraplast. Five pm thick sections were placed on glass
slides, deparaffinized, hydrated, and then dipped in liqui-
fied nuclear emulsion, air-dried, and placed in desiccator
boxes for exposure in a refrigerator at 4 °C. After expo-
sure for 60 days, slides were photographically processed,
stained with methylgreen-pyronin and coverslipped.

The regional distribution of 3H-thymidine-labeled
cells was compared to that of 3H-estradiol-labeled cells,
based on a qualitative analysis of the regional labeling
patterns without counting individual cells.
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Results
Pre-implantation period (days 1.5-4.5 of pregnancy)

3H-Estradiol binding in the antimesometrial endometrial
stroma

During the pre-implantation period, from days 1.5 to 4.5 of
pregnancy, the lumen of mouse uterus was branched and
lined by a simple columnar epithelium. The endometrial
stroma underneath the epithelium was formed by loose
connective tissue, containing epithelial glands embedded
on it. Endometrial fibroblasts were the predominant stro-
matic cells. A cellular infiltrate consisting especially of
neutrophils, eosinophils, and lymphocytes was distributed
throughout the stroma. A rich network of blood vessels,

Fig. 1 Quantitative evaluation
of 3H-estradiol binding in the

especially of the microcirculation, was observed in the
endometrium during the pre-implantation period.

On days 1.5, 3.5, and 4.5 (Figs. 1, 2a, b, 4a, b),
3H-estradiol binding was homogeneously distributed in
the antimesometrial stromal cells of both superficial and
deep stroma. However, on day 2.5 (Figs. 1, 2c, d), the
nuclear retention of 3H-estradiol was higher in the super-
ficial than in the deep stroma. Most endometrial stromal
cells concentrated 3H-estradiol; however, some of them
were unable to retain the hormone during all the pre-
implantation period (Figs. 2a—d, 4a—d). Pericytes showed
the highest concentration of 3H-estradiol in the endome-
trial stromal compartment (Fig. 3). Quantification of sil-
ver grains on these cells revealed that they bind around
40-50% more 3H-estradiol than other stromal cells. In
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- Antimes_ometrial region - day 1.5

Superficial stroma

Deep stroma

Fig. 2 Receptor micro-autoradiographic mapping of 3H-estradiol
binding in the antimesometrial endometrial stroma of mice on days
1.5 and 2.5 of pregnancy. a, b On day 1.5, 3H-estradiol binding is
homogeneously distributed on cells of both superficial stroma and
deep stroma. Although most stromal cells bind 3H-estradiol (arrows),

Mesomgtrial region - day 2.5

some are unable to retain the hormone (arrowheads). ¢, d Note that
on day 2.5, the concentration of silver grains is higher in the superfi-
cial stroma than in the deep stroma. Methyl green-pyronin stains the
cell nucleus light blue and the cytoplasm red. LE luminal epithelium,
GE glandular epithelium, Myo myometrium. Scale bar 30 pm
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Antimesometrial region - day 4.5

» -

Fig. 3 Receptor micro-autoradiographic mapping of 3H-estradiol
binding in the blood vessels of the antimesometrial endometrial
stroma of mice on day 3.5 of pregnancy. While pericytes (arrows)
concentrate high amounts of 3H-estradiol, endothelial cells (arrow-
heads) do not retain the hormone. The insert shows in more detail a
blood vessel containing a strongly labeled pericyte. LE luminal epi-
thelium, GE Glandular epithelium. Methyl green-pyronin stains the
cell nucleus light blue and the cytoplasm red. Scale bar 30 pm

contrast, no retention of the hormone was observed in
endometrial endothelial cells (Fig. 3).

3H-Estradiol binding in the mesometrial endometrial
stroma

Similar to observed in the antimesometrial region, the nuclear
concentration of 3H-estradiol in the mesometrial region
oscillated during the pre-implantation period. Quantitative
analysis showed an increase of nuclear labeling in endome-
trial stromal cells on day 2.5, compared to the previous day of
pregnancy, which decreased again on day 3.5. These changes
occurred uniformly in both superficial and deep endometrial
stroma (Fig. 1). Contrarily, 3H-estradiol binding increased on
day 4.5 exclusively in the superficial stroma (Figs. 1, 4c, d).
In addition, a single layer of stromal cells localized immedi-
ately underneath the luminal epithelium presented a strong
retention of 3H-estradiol (Fig. 4¢).
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Post-implantation period (days 5.5-7.5 of pregnancy)

3H-Estradiol binding in the antimesometrial endometrial
stroma

The first decidual cells were observed around the implant-
ing embryo on day 5.5 of pregnancy. Surrounding them,
there were pre-decidual cells, whose phenotype is inter-
mediated between mature decidual cells and endometrial
fibroblasts. The most peripheral stroma, close to the myo-
metrium, was formed by non-decidualized fibroblasts. A
weak binding to 3H-estradiol was detected in the antimeso-
metrial stromal cells on day 5.5 (Fig. 5).

Decidualization expanded on the following days
(6.5-7.5). Desmin-positive decidual cells occupied most
of the antimesometrial portion in the endometrium. These
cells were large, polygonal, and closely apposed to each
other. Qualitative and quantitative evaluation showed
that the 3H-estradiol binding in the endometrial stroma
increased from days 5.5 to 6.5 (Figs. 5, 6a-c). A gradi-
ent of binding was observed according to the region of
the stroma and the correspondent degree of decidualiza-
tion of its cells. Very weak/absent 3H-estradiol radioactive
signals were detected in mature/involuting decidual cells
surrounding the embryo, followed by weak/moderate sig-
nals in decidual cells far from the embryo and an intense
labeling in pre-decidual cells and non-decidualized stro-
mal cells (Figs. 5, 6a—c). 3H-estradiol retention decreased
on pre-decidual cells from days 6.5 to 7.5 (Fig. 5). Scat-
tered between mature decidual cells in the antimesome-
trial region, there were small cells strongly labeled with
3H-estradiol, but immunonegative for the decidual marker
desmin (Fig. 6a-insert).

No 3H-estradiol nuclear concentration was observed in
the antimesometrial endothelial cells as well as in tropho-
blast and embryonic cells.

3H-Estradiol binding in the mesometrial endometrial
stroma

The first signs of decidualization in the mesometrial endo-
metrium were observed on day 6.5 of pregnancy. Mesome-
trial decidual cells were smaller and not close apposed as in
the antimesometrial endometrium.

Although 3H-estradiol binding on days 5.5 to 7.5 was
similar between the superficial and deep stroma, a general
reduction in the levels of binding was detected from days
6.5 to 7.5 (Fig. 5). The number of the sinusoid or lacunae
blood vessels in the mesometrial endometrium increased
remarkably on day 7.5. Nevertheless, mesometrial endothe-
lial cells showed no binding to 3H-estradiol during the
post-implantation period (Fig. 7a). Based on 3H-estradiol
retention patterns allied to the histochemical identification
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Antimesometrial region - day 4.5
i L F T T

w

Superficial stroma

Deep stroma

Fig. 4 Receptor micro-autoradiographic mapping of 3H-estradiol
binding in the endometrial stroma of mice on day 4.5 pregnancy. a,
b In the antimesometrial region, silver grains are homogeneously dis-
tributed between cells (arrows) of the superficial and deep stroma.
Cells without 3H-estradiol retention can also be observed (arrow-
heads). ¢, d In contrast, 3H-estradiol binding density in the mesome-

Mesometrial region - day 4.5

TR Rl .
v A v \

trial region is higher on cells (arrows) of the superficial stroma than
of the deep stroma. Observe a single layer of strongly labeled stro-
mal cells underneath the luminal epithelium (LE) and cells without
3H-estradiol retention (arrowheads). Methyl green-pyronin stains the
cell nucleus light blue and the cytoplasm red. GE glandular epithe-
lium, Myo myometrium. Scale bar 30 pm
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Fig. 5 Quantitative evaluation
of 3H-estradiol binding in the
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of DBA lectin (Fig. 7b), three main populations of cells
were recognized in the endometrial stroma of the meso-
metrial region: (1) stromal/decidual cells; (2) uNK cells;
and (3) vascular precursors/endothelial cells. Mesometrial
stromal/decidual cells showed high 3H-estradiol reten-
tion, whereas part of the cells devoid of 3H-estradiol bind-
ing were histochemically labeled by DBA lectin and, thus,
identified as uNK cells. Predominantly on day 6.5, a popu-
lation of DBA lectin-negative cells, probably vascular pre-
cursors, were organized in cord-like structures and did not
bind 3H-estradiol (Fig. 7b).

3H-Thymidine incorporation in the endometrium
Different from the luminal and glandular epithelial cells,

endometrial stromal cells did not incorporate 3H-thymi-
dine on days 1.5 and 2.5 of pregnancy (Fig. 8a). On day
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3.5 (Fig. 8b, d), this proliferative profile shifted from the
epithelium to the stroma. Endometrial stromal cells incor-
porated the radiolabeled precursor in both mesometrial and
antimesometrial regions, predominantly in the superficial
stroma of the latter. Pericytes and a few endothelial cells
also proliferated all over the endometrium. On the next day
(Fig. 8c, e), very few stromal cells incorporated thymidine.
In contrast, pericytes and endothelial cells proliferated
intensively.

After the beginning of decidualization in the anti-
mesometrial endometrial stroma, on days 5.5 and 6.5
(Figs. 9a, 10a), pre-decidual cells and non-decidualized
fibroblasts showed high levels of 3H-thymidine incorpo-
ration, whereas radioactive signals were low or absent in
mature and involuting decidual cells. On day 7.5, 3H-thy-
midine incorporation occurred only in a limited number
of pre-decidual cells. The proliferation of pericytes and
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Fig. 6 Receptor micro-autoradiographic mapping of 3H-estradiol »

binding combined with immunohistochemistry for desmin in the
antimesometrial decidua of mice on day 6.5 of pregnancy. 3H-estra-
diol concentration in the endometrial stroma varies according to the
region of the endometrium. a Lowest levels of 3H-estradiol binding
are observed in mature decidual cells (arrows). b Pre-decidual cells
(arrows) show the highest levels of 3H-estradiol binding, whereas ¢
non-decidualized stromal cells (arrows) present an intermediated
degree of binding between mature decidual cells and pre-decidual
cells. Cells without 3H-estradiol binding (arrows) are present in all
regions of the endometrium. The insert highlights a desmin-negative
cell (arrowhead) with high estradiol binding. Methyl green stains the
cell nucleus light blue. Myo myometrium; Scale bar 30 pm

endothelial cells in the antimesometrial region progres-
sively decreased from days 5.5 (Fig. 9a) to 7.5. Endothelial
cells present on fully decidualized areas from the antimeso-
metrial endometrium showed no thymidine incorporation.

On the mesometrial region, 3H-thymidine incorpora-
tion on days 3.5 and 5.5 (Fig. 9b) was found in endometrial
stromal cells, particularly from the superficial stroma, peri-
cytes, and endothelial cells. Similar to what was observed
in the antimesometrial endometrium, only pericytes and
endothelial cells proliferated on day 4.5 in the mesome-
trial endometrium. On day 6.5 (Fig. 10b), 3H-thymidine
incorporation was detected in the transition between the
antimesometrial and mesometrial regions as well as in the
mesometrial region. On the following day, cell proliferation
was predominantly detected on the mesometrial pole of the
endometrium.

Endothelial cells of the mesometrial region proliferated
on days 5.5 and 6.5 (Figs. 9b, 10b). On day 7.5, prolifera-
tion of endothelial cells from blood vessels at the transition
between the antimesometrial and mesometrial decidua was
low or absent (Fig. 10c). Differently, endothelial cells of
blood vessels facing the mesometrial region were actively
proliferating (Fig. 10d).

Discussion

Due to the central role of estrogen in uterine physiology
and disease, we advocate that all efforts should be made to
enlarge our knowledge on the localization, distribution, and
dynamics of estrogen receptors in this organ. In this regard,
RMAR provides cellular/sub-cellular resolution and high
sensitivity for the identification of in vivo hormone bind-
ing sites in target tissues. After injection of 3H-estradiol,
functional sites of uptake and binding in the cells can be
not simply identified but also quantified. The localized
radioactivity reflects the acting hormone that binds to its
receptors with different affinities and capacities related to
tissue-specific functions (Stumpf 1971, 2003, 2012; Zorn
et al. 2003).

Mature decidual cells

Pre-decidual cells

Non-decidulized cells

Antimesometrial region - dav 6.5
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Fig. 7 a Receptor micro-autoradiographic mapping of 3H-estradiol
binding in the blood vessels of the mesometrial decidua of mice
on the 7.5 day of pregnancy. Different from stromal cells (arrow),
endothelial cells lining the wide blood vessels (BV) of the mesome-
trial decidua do not retain 3H-estradiol. Methyl green-pyronin stains
the cell nucleus light blue and the cytoplasm red. Scale bar 30 pm.
b Receptor micro-autoradiographic mapping of 3H-estradiol bind-

ERa is widely expressed in the uterine tissues, includ-
ing the luminal and glandular epithelia, endometrial fibro-
blasts, and myometrium, whereas ERp is weakly expressed
in these same tissues (Tan et al. 1999; Binder et al. 2015).
Data obtained in the present study by RMAR concerning
the distribution and localization of 3H-estradiol binding in
the mouse endometrial cells is in agreement with results
obtained by in situ hybridization and immunohistochemis-
try for estrogen receptors (Tibbetts et al. 1998; Tan et al.
1999; Tessier et al. 2000). Nevertheless, RMAR allowed
the identification of unrecognized facets of estrogen recep-
tor dynamics in the mouse endometrial stroma during early
pregnancy.

Our data on 3H-estradiol binding, in addition to iden-
tifying distinct populations of cells, demonstrated the pat-
terns of compartmentalization existing in the mouse endo-
metrium into mesometrial and antimesometrial regions as
well as the sub-compartmentalization of the stroma from
these regions into superficial and deep domains. Remarka-
bly, 3H-estradiol binding oscillated independently on these
endometrial compartments, sub-compartments, and their
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Mesometrial re

gion - day 7.5
¥ LA |

ing combined with histochemistry to DBA lectin in the mesometrial
decidua of mice on day 7.5 of pregnancy. DBA-positive uNK cells
(arrows) show no biding to 3H-estradiol. The insert presents a higher
magnification of these cells. Cells negative for DBA lectin and with-
out 3H-binding (arrowheads) are organized into cord-like structures
in the mesometrial decidua. Methyl green stains the cell nucleus light
blue. Scale bar30 pm

cells populations. In the human endometrium, estrogen and
progesterone receptors are also differently expressed in the
basal and functional layers (Coppens et al. 1993; Critchley
et al. 2001). These results reinforce previous studies from
our group showing that the mouse endometrium presents a
compartmentalization similar to that of the human endome-
trium (Oliveira et al. 1995, 1998; Zorn et al. 1995; Greca
et al. 1998; Salgado et al. 2009a, b, 2011, 2013; Favaro
et al. 2014). While the superficial stroma (functional layer
in humans) commits with decidualization, the deep stroma
(basal layer) remains undifferentiated and contributes to
reconstruct the endometrium after pregnancy (Abraham-
sohn 1983; Kleinfeld and O’Shea 1983; Favaro et al. 2014;
Cao et al. 2015).

A small fraction of the endometrial stem cells expresses
ERa in mice, and the treatment of ovarectomized females
with estrogen stimulates the proliferation of the stem cell
population (Chan and Gargett 2006). Our results sup-
port the lack of 3H-estradiol binding in part of the endo-
metrial stromal cells during early pregnancy; however, we
were unable to specifically discriminate stem cells. Lack
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Fig. 8 Autoradiographic analysis of 3H-thymidine incorporation in
the antimesometrial endometrium of mice on days 2.5 (a), 3.5 (b),
and 4.5 (c) of pregnancy. a On day 2.5, proliferating cells (arrows)
can be observed in both luminal (LE) and glandular epithelia (GE).
b, d On day 3.5, the epithelia are not dividing. In turn, proliferating
cells (arrows) are observed in the endometrial stroma, especially at
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the superficial stroma. Pericytes (arrowheads), observed in detail on
(d), also proliferate on this day of pregnancy. (¢, e) Only pericytes
(arrowheads) and endothelial cells (arrows) proliferate in the endo-
metrium on day 4.5, as highlighted in (e). Methyl green-pyronin
stains the cell nucleus /ight blue and the cytoplasm red. Myo myome-
trium. Scale bar 50 pm
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Antimesometrial region - day 5.5
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Fig. 9 Autoradiographic analysis of 3H-thymidine incorporation in
the antimesometrial (a) and mesometrial endometrium (b) of mice on
day 5.5 of pregnancy. a Stromal cells (arrows) as well as pericytes
(arrowheads) and endothelial cells (double arrowhead) proliferate
on this day throughout the antimesometrial endometrium, as high-
lighted in the insert. b On the mesometrial endometrium, the incor-

of estrogen receptors on part of the endometrial stem cells
may prevent them to respond all at once to the hormone,
what could exhaust their population. This strategy may
contribute to the maintenance of a reservoir of non-dif-
ferentiated stromal cells in the mouse endometrium, even
when exposed to high levels of estrogen.

Marked structural and functional adaptations take place
in the endometrium during early pregnancy. A particular
and sequential pattern of cell proliferation, differentiation,
polyploidy, and death occurs in the endometrium in prepa-
ration for and during decidualization (Abrahamsohn 1983;
Abrahamsohn and Zorn 1993; Favaro et al. 2014). Prolif-
eration of endometrial fibroblasts from the antimesome-
trial and mesometrial endometrium, respectively, on days
3.5 and 5.5, was preceded by rises in 3H-estradiol binding
on these compartments. The absence of endometrial fibro-
blasts proliferation on day 4.5 of pregnancy may be related
to their differentiation and capacitation to respond to the
decidual stimulus, as part of the implantation window (Ma
et al. 2003).
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poration of thymidine is present in stromal (arrows) and endothelial
cells (arrowheads). The insert portraits the incorporation of thymi-
dine into mesometrial endothelial cells (arrowheads). Methyl green-
pyronin stains the cell nucleus light blue and the cytoplasm red.
E embryo; Scale bar 50 pm

Fig. 10 Autoradiographic analysis of 3H-thymidine incorporation inp
the antimesometrial (a) and mesometrial endometrium (b) of mice
on day 6.5 of pregnancy and mesometrial endometrium on day 7.5 of
pregnancy (c, d). a Decreasing gradient of 3H-thymidine incorpora-
tion (arrows) is present from non-decidualized stromal cells (NDS)
and pre-decidual cells (PDC) towards mature decidual cells (MDC).
b At the mesometrial endometrial stroma, a great number of stro-
mal cells (arrows) and endothelial cells (arrowheads) incorporate
3H-thymidine on day 6.5 of pregnancy. ¢ On day 7.5, endothelial
cells (arrowheads) from blood vessels of the mesometrial pole show
intense proliferation. d In contrast, endothelial cells (arrowheads)
close to the antimesometrial region present low levels of proliferation.
Methyl green-pyronin stains the cell nucleus light blue and the cyto-
plasm red. BV blood vessels, Myo myometrium. Scale bar 50 pm

A parallel and progressive decreasing of 3H-estradiol
binding and 3H-thymidine incorporation occurred along
the development of the antimesometrial decidua. While
endometrial fibroblasts and pre-decidual cells concen-
trated high amounts of 3H-estradiol, mature decidual cells
retained low amounts and involuting decidual cells lost the
ability to concentrate the hormone, as a consequence of
changes in the expression of estrogen receptor protein, as
previously evidenced by immunohistochemistry (Tan et al.
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1999). The mesometrial decidua develops somewhat later
than the antimesometrial decidua and contributes to the for-
mation of the chorioallantoic placenta (Abrahamsohn and
Zorn 1993; Favaro et al. 2014). Accordingly, stromal cells

Mesometrial region - day 7.5
Wn Zoon ¥ PSR N WA

Mesometrial region - day 7.5

of the mesometrial compartment retained 3H-estradiol and
actively proliferated during the post-implantation period.
Results from the literature indicate that thymidine incorpo-
ration observed in this compartment were originated from
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the proliferation of stromal fibroblasts and decidual cells
(Gao et al. 2015) as well as uNK cells (Croy et al. 2003;
Herington and Bany 2007). Taken together, these results
highlight the relevance of estradiol binding for endometrial
proliferation and decidualization.

Apparently, the embryo does not exert noticeable influ-
ences in the 3H-estradiol binding in the decidualized endo-
metrium. Similar patterns of hormonal retention were
detected when the decidua of normal pregnancy was com-
pared with the embryo-free artificially-induced deciduoma
(data not shown).

Estrogen alone or followed administrations of estro-
gen and progesterone stimulate angiogenesis in the endo-
metrium of ovariectomized mice (Heryanto and Rogers
2002). Estrogen regulates several angiogenic factors in
the mouse uterus, including Angiopoietin-2 and VEGF
(Walter et al. 2010; Guo et al. 2012). Furthermore, simi-
lar to human decidual cells (Gibson et al. 2013), mouse
decidual cells are able to synthesize estrogen during preg-
nancy, which is critical for endometrial angiogenesis. The
pharmacological inhibition of this process impairs decid-
ualization and angiogenesis through disturbed expression
of angiogenic factors (Das et al. 2009).

Pericytes take an active role in the angiogenic pro-
cesses (Betsholtz et al. 2005), and their multiplication
preceding embryo implantation harmonizes with the
increasing of endometrial blood vessels in this period
(Walter et al. 2005). While the proliferation of pericytes
was associated with a high binding of 3H-estradiol,
endothelial cells from all compartments of the endo-
metrium, and gestational age investigated, proliferated
regardless of 3H-estradiol nuclear binding. The expres-
sion of estrogen receptors, particularly ERp, has been
reported in endothelial cells of the human and rhesus
monkey endometrium during the reproductive cycle and
early pregnancy (Perrot-Applanat et al. 1994; Critchley
et al. 2001). The genomic effects of estrogen on human
endothelial cells are mediated by ERp via tethered inter-
actions with the transcription factor Spl, in an ERE-
independent manner (Greaves et al. 2013). The present
data, obtained through RMAR, supports the lack of
nuclear binding sites for 3H-estradiol on mouse endome-
trial endothelial cells in vivo, pointing out a divergence
in the action of estrogen on endometrial endothelial cells
of humans and mice. Nevertheless, our experimental set-
ting cannot rule out the existence of estrogen receptors on
mouse endometrial endothelial cells, where they may sig-
nal via rapid, membrane-initiated non-genomic pathways
(Wu et al. 2011). Collectively, evidence indicates that
some actions of estrogen in the endometrial blood ves-
sel cells of mice are directly activated by this hormone
on target cells, whereas other effects are paracrinally
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mediated by estrogen-responsive endometrial cells, such
as decidual cells (Das et al. 2009).

Through combined RMAR and histochemistry, we dem-
onstrated that DBA lectin-positive uNK cells were unable
to retain 3H-estradiol. This is consistent with the lack of
estrogen receptors (ERa and ERp) in mouse uNK cells
(Borzychowski et al. 2003) that, in turn, diverge from their
human counterparts, which are responsive to estrogen
through the expression of ERf (Henderson et al. 2003; Gib-
son et al. 2015). A population of small cells strongly bind-
ing 3H-estradiol was particularly evident in the decidual-
ized endometrial stroma on days 6.5 and 7.5 of pregnancy.
Combined autoradiography and immunohistochemistry
demonstrated that these cells were not decidual cells, due
to the lack of immunoreaction for desmin (Oliveira et al.
2000). Further experiments are needed to determine the
identity of these cells.

In summary, endometrial cell populations independently
regulate their levels of 3H-estradiol retention and binding,
a process associated with their proliferative competence.
3H-estradiol binding patterns revealed the intrinsic com-
partmentalization of the mouse endometrium into meso-
metrial and antimesometrial regions as well as their stroma
into superficial and deep domains. Data presented in this
study disclose a complex regulatory dynamic of estradiol
binding in the pregnant endometrial stroma of mice, which
may be related to the diversity of functions played by this
hormone in the uterine environment.
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