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ABSTRACT
The present investigation examined the spatiotemporal expression

of estrogen receptors (ER-a and ER-b) and progesterone receptor (PR)
in the periimplantation mouse uterus (days 1–8). ER-a messenger
RNA (mRNA) was detected at much higher levels in the periimplan-
tation uterus compared with that of ER-b mRNA, the levels of which
were very low in all uterine cells during this period. Results of in situ
hybridization demonstrated expression of ER-a mRNA primarily in
the luminal and glandular epithelia on days 1 and 2 of pregnancy. On
days 3 and 4, the accumulation was localized primarily in stromal
cells in addition to its presence in the epithelium. Following implan-
tation on day 5, the accumulation of this mRNA was more condensed
in the luminal and glandular epithelia, but declined in the subluminal
epithelial stroma at the sites of implanting embryos. On days 6–8, the
accumulation of ER-a mRNA was primarily localized in the secondary
decidual zone (SDZ) with more intense localization in the subepithe-
lial cells at the mesometrial pole. In contrast, signals were very low
to undetectable in the primary decidual zone (PDZ), and no signals
were detected in implanting embryos. The undifferentiated stroma
underneath the myometrium also showed positive signals. The im-

munolocalization of ER-a protein correlated with the mRNA local-
ization. Western blot analysis showed down-regulation of ER-a in day
8 decidual cell extracts consistent with the down-regulation of ER-a
mRNA in decidual cells immediately surrounding the embryo on this
day. The expression pattern of PR was also dynamic in the periim-
plantation uterus. On day 1, the accumulation of PR mRNA was very
low to undetectable, whereas only a modest level of accumulation in
the epithelium was noted on day 2. On days 3 and 4, the accumulation
of this mRNA was detected in both the epithelium and stroma. In
contrast, the expression was restricted only to the stroma with in-
creased signals at the sites of implantation on day 5. On days 6–8, PR
mRNA accumulation increased dramatically throughout the de-
ciduum. The localization of immunoreactive PR correlated with the
mRNA distribution in the periimplantation uterus. Taken together,
the results demonstrate that the expression of ER-a, ER-b, and PR is
differentially regulated in the periimplantation mouse uterus. This
compartmentalized expression of ER and PR provides information
regarding the sites of coordinated effects of estrogen and progesterone
in the preparation of the uterus for implantation and decidualization
during early pregnancy. (Endocrinology 140: 5310–5321, 1999)

THE UTERUS is composed of heterogeneous cell-types
that undergo dynamic changes to support embryo de-

velopment and implantation. These changes are primarily
dependent on coordinate interactions mediated by ovarian
estrogen and progesterone (P4). Estrogen stimulates prolif-
eration of both uterine epithelial and stromal cells in neonatal
mice, but this proliferative action of estrogen is restricted to
epithelial cells in the adult mouse uterus (1, 2). In contrast,
while P4 is inhibitory to estrogen-mediated proliferation of
the luminal and glandular epithelial cells (2, 3), P4 alone or
a combined treatment of P4 and estrogen leads to uterine
stromal cell proliferation. Synchronized development of the
preimplantation embryo to the blastocyst stage and differ-

entiation of the uterus to the receptive state are essential to
successful implantation (4, 5). In the mouse, preovulatory
ovarian estrogen secretion causes proliferation of the luminal
and glandular epithelial cells during the first 2 days of preg-
nancy. On day 3, P4 from newly formed corpora lutea ini-
tiates stromal cell proliferation, which is further potentiated
by preimplantation ovarian estrogen secretion on day 4 of
pregnancy (the day of implantation) (2). On this day, epi-
thelial cells cease to proliferate and become differentiated.
This preimplantation ovarian estrogen secretion is also nec-
essary for the increased endometrial capillary permeability
at the location of the blastocyst, a prerequisite event in the
initiation of implantation and subsequent decidualization of
stromal cells. At the beginning of decidualization, the stro-
mal cells immediately surrounding the implanting blastocyst
proliferate and form the primary decidual zone (pdz) late on
day 5. This is followed by the cessation of proliferation of
stromal cells in the pdz and proliferation of stromal cells
outside the pdz by day 6, forming the secondary decidual
zone (sdz) (reviewed in Ref. 6).

The mechanism(s) by which estrogen initiates implanta-
tion in the P4-primed uterus is not clearly understood. It is
thought that the estrogen and/or P4-mediated events are
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accomplished by the expression of a unique set of genes in
the uterus. While female sex steroid hormones directly reg-
ulate several genes including vitellogenin, PRL, uteroglobin,
ovalbumin, progesterone receptor, and lactoferrin in target
cells because of the presence of the steroid-responsive ele-
ments in their promoter sequences (reviewed in Ref. 7), these
steroids also modulate the expression of several growth fac-
tors and their receptors in the uterus in a spatiotemporal
manner (8–15). Steroid hormone actions in target cells are
normally mediated by binding to nuclear receptors, which
are ligand-inducible transcription factors. These transcrip-
tion factors modulate the expression of their target genes
upon binding to the appropriate ligands (16–19). Many of the
known physiological actions of estrogens are considered to
be mediated within the target cells primarily by two nuclear
estrogen receptors (ER), ER-a, and ER-b. Molecular analysis
of these two receptors revealed that they share approxi-
mately 95% and 55% homology in the DNA binding domain
and the hormone binding domain, respectively. In contrast,
the sequence dissimilarity in the transactivation domains
(AF-1 and AF-2) has been suspected for differential gene
activation by these two receptors (reviewed in Ref. 20). Both
of these receptors exhibit high affinity binding to estradiol in
the same estrogen response element (ERE) (21, 22). Further-
more, because these receptor subtypes can form het-
erodimers in vitro (23), it is suggested that they can also act
together to regulate gene transcription. The relative distri-
bution and expression of these receptor subtypes vary con-
siderably within tissue- or cell-types. For example, ER-a has
a broad spectrum of expression, whereas ER-b shows re-
stricted pattern of expression with high levels in the ovary,
prostate, lung, epididymis, and hypothalamus (21, 24). How-
ever, the biological significance of these differential expres-
sion largely remains undefined. The disruption of ER-a gene
causes infertility and defects in the reproductive tract and
gonads in addition to many other abnormalities including
behavior and breast development in females (25–27). Tar-
geting of the ER-b gene in the mouse has revealed a role for
ER-b in ovulation efficiency. However, this gene is not re-
quired for fertility, lactation, or sexual differentiation (28).

Traditionally P4 is considered as the hormone of preg-
nancy. During early pregnancy, this hormone coordinates a
series of complex events that ultimately leads to the syn-
chronized development of the embryo and differentiation of
uterus for implantation. P4 acts through progesterone recep-
tor (PR), a complex binding protein composed of two iso-
forms, termed PRA and PRB (29), originating from a single
gene (30, 31). PRA lacks 164 amino acids from the N-terminal
region of the full-length receptor, PRB (32). The relationship
between the two isoforms and their biological activity still
remain unclear. The consensus is that PR is induced by es-
trogen via the ER. Thus, many of the effects of P4 may be
attributed to the combined effects of estrogen and P4. How-
ever, recent studies demonstrate that P4 is essential for the
induction of uterine decidualization because this process
fails to occur in PR (2/2) mouse uteri (33). In contrast, ER-a
(2/2) mouse uteri exhibit decidualization only in the pres-
ence of P4 (34, 35). These results suggested that estrogenic
influence via ER-a is minimal for the induction of decidu-
alization process. Thus, although various complex uterine

responses to ovarian steroids are mediated by differential
effects of these steroids, to our knowledge no comprehensive
information regarding spatiotemporal expression of these
receptors in the mouse uterus during the periimplantation
period is available. This basic information is important to
ascertain whether implantation and decidualization defects
resulting from targeting of several genes are due to altered
uterine responsiveness to steroids and/or altered uterine
expression of ER and/or PR. Thus, we examined spatiotem-
poral expression of ER-a, ER-b, and PR in the periimplan-
tation mouse uterus. The results clearly demonstrate that
these receptors are differentially expressed in the uterus in
a spatiotemporal manner.

Materials and Methods
Animals and tissue preparation

CD-1 mice (Charles River Laboratories, Inc., Raleigh, NC) were
housed in the animal care facility at the University of Kansas Medical
Center in accordance with NIH standards for the care and use of ex-
perimental animals. Adult females were mated with fertile males of the
same strain to induce pregnancy (day 1 5 vaginal plug). Mice on days
1–8 were killed at 0830–0900 h. On days 5 and 6, implantation sites were
identified by monitoring the localized uterine vascular permeability at
the site of blastocyst after iv injection of Chicago Blue B dye solution (1%
in saline). Implantation sites were demarcated by discrete blue bands
along the uterus (4, 5). On days 7 and 8, implantation sites were distinct,
and their identification did not require any special manipulation.

Hybridization probes

All of the complementary DNAs (cDNAs) used were specific to the
mouse. A 342-bp cDNA fragment (nt 659-1000, GenBank Accession No.
M38651) of ER-a was obtained by RT-PCR. For RT reaction, day 4
pregnant mouse uterine total RNA was used. The RT-PCR derived
fragment was subcloned into pCR-Script (SK)1 vector, and the identity
of the clone was confirmed by nucleotide sequencing. The subcloning
and vectors for mouse ER-b, PR, and the ribosomal protein L7 (rpL7)
have been previously described (10, 35, 36). For Northern blot hybrid-
ization, antisense 32P-labeled complementary RNA (cRNA) probes were
generated using SP6 polymerase. For in situ hybridization, sense and
antisense 35S-labeled cRNA probes were generated using appropriate
RNA polymerases. The probes had specific activities of 2 3 109 dpm/mg.

Northern blot hybridization

Total RNAs were extracted from whole uteri pooled from 7–10 mice
on the indicated day of pregnancy by a modified guanidine thiocyanate
procedure (37, 38). Polyadenylated [poly (A1)] RNAs were isolated from
total RNAs by oligo(dT)-cellulose column chromatography (39). Poly
(A1) RNA (2.0 mg) was denatured, separated by formaldehyde-agarose
gel electrophoresis, and transferred to nylon membranes. RNA was
cross-linked to the membranes by UV irradiation (Spectrolinker, XL-
1500; Spectronics Corp., Westbury, NY) and the blots were prehybrid-
ized, hybridized, and washed as previously described by us (9, 38).
Except for ER-b, the blots were hybridized and washed under stringent
condition as described by us (40). The stripping of hybridized probe for
subsequent rehybridization was achieved as described (9, 14). The hy-
brids were detected by autoradiography (38) and the autoradiographic
exposure times are indicated in the figure legends.

In situ hybridization

In situ hybridization was performed as previously described (8, 10,
11). In brief, frozen sectioned were mounted onto poly-l-lysine coated
slides and fixed in 4% paraformaldehyde in PBS for 15 min at 4 C.
Sections were prehybridized followed by hybridization with 35S-labeled
antisense or sense cRNA probes for 4 h at 45 C. After hybridization and
washing, the sections were incubated with RNase-A (20 mg/ml) at 37 C
for 20 min. RNase-A resistant hybrids were detected by autoradiography
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using Kodak NTB-2 liquid emulsion (Eastman Kodak Co., Rochester,
NY). The slides were poststained with hematoxylin and eosin. The
reddish brown grains indicate the sites of messenger RNA (mRNA)
accumulation. This color shade is the result of lateral light scattering
from the eosin staining under dark-field microscopy. Sections hybrid-
ized with the sense probes served as negative controls.

Antibodies

The affinity-purified rabbit polyclonal antibody, C1355 for rat ER-a
isoform was obtained from Dr. M. A. Shupnik, University of Virginia
Medical Center (Charlottesville, VA). This antibody was raised against
a peptide for the last 14 amino acids in the C-terminal end of rat ER-a
(41). Mouse monoclonal antihuman PR was purchased from Zymed
Laboratories, Inc. (catalog no. ZS08–0172; Zymed Laboratories, Inc., San
Francisco, CA). This antibody was developed against a peptide in the
N-terminal proline-rich region of human PR. Both ER-a and PR anti-
bodies cross-react with corresponding mouse proteins. These antibodies
were used for protein analysis using either immunostaing and/or West-
ern blotting experiments.

Immunohistochemical staining

The localization of nuclear ER-a and PR was achieved by immuno-
histochemistry. Small pieces of mouse uteri recovered on days 4, 5, and
8 of pregnancy were fixed in 10% neutral buffered formalin for 24 h at
4 C followed by dehydration in ascending grades of ethanol, cleared in
xylene, and embedded in paraffin. Paraffin sections (6 mm) where placed
onto poly-l-lysine-coated slides. Sections were deparaffinized in xylene
and hydrated in descending grades of ethanol. After washing 2 times (5
min each) in PBS, slides were placed in a plastic Coplin jar filled with
10 mm citrate buffer (pH 6.0), and irradiated for 8 min in microwave oven
(antigen retrieval) followed by cooling to room temperature. Sections
were washed twice in PBS. Nonspecific reaction was blocked by incu-
bating the sections in 10% nonimmune goat serum (for ER-a) or rabbit
serum (for PR) for 10 min. Sections were incubated with ER-a primary
antibody (1:10,000 in PBS) and PR antibody (ready-to-use) in a humid-
ified chamber at 4 C for 18 h. After incubation, sections were washed
twice in PBS followed by incubation in secondary antibodies, goat an-
tirabbit (for ER-a), or rabbit antimouse (for PR) for 10 min. Sections were
washed thoroughly in PBS and incubated with 0.23% periodic acid for
30 sec to block endogenous peroxidase activity. Sections were washed
again in PBS and stained using a Zymed Laboratories, Inc. Histostain-SP
kit (Zymed Laboratories, Inc. San Francisco, CA). Red deposits indicted
the sites of positive immunostaining.

Western blot analysis

Proteins were extracted from the whole uterus on day 4, and from the
separated decidua and the uterus minus decidua on day 8 of pregnancy
by homogenization in buffer containing 50 mm Tris (pH 7.4), 1 mm
EDTA, 150 mm NaCl and proteinase inhibitors (1 mg/ml phenylmeth-
ylsulfonyl fluoride, 10 mg/ml aprotinin, and 1 mg/ml leupeptin). The
homogenates were centrifuged at 2000 3 g for 15 min at 4 C. The
supernatants were separated and their protein concentrations were mea-
sured. The supernatants (50 mg protein) were boiled for 5 min in SDS
sample buffer [0.06 m Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 0.7 m
b-mercaptoethanol] containing 0.01% bromophenol blue dye. After cen-
trifugation, the samples were run on 7.5% SDS-PAGE gels under re-
ducing condition and transferred onto nitrocellulose membranes. The
membranes were blocked with 5% carnation milk in TBS [10 mm Tris-
HCl (pH 8.0) and 150 mm NaCl] plus 0.05% Tween-20 for overnight at
4 C and then incubated in 5% milk containing antibodies (1:7500) to ER-a
for overnight at 4 C or 2 h at room temperature. After incubation,
membranes were washed three times (10 min each) with 5% milk,
incubated with goat antirabbit IgG conjugated with horseradish perox-
idase (1:5000) in 5% milk for 1 h, and washed 3 times (5 min each) in TBS.
The bands were detected by ECL kit (Amersham Pharmacia Biotech,
Arlington Heights, IL).

Results
Northern blot analysis of ER-a, ER-b, and PR mRNAs in
the periimplantation mouse uterus

The steady-state levels of ER-a, ER-b, and PR mRNAs in
the uterus on days 1–8 of pregnancy were examined by
Northern blot hybridization using mouse-specific cRNA
probes (Fig. 1, a and b). Consistent with the previous report
(22), a single transcript (;6.0 kb) for ER-a mRNA was de-
tected at higher abundance in the uterus on days 1–8 of
pregnancy, whereas the abundance of this mRNA was very
low in the adult mouse ovary (Fig. 1a). In general, the levels
of ER-a mRNA did not show much variation in the uterus
during this period. In contrast, the abundance for ER-b
mRNA in the periimplantation uterus was extremely low,
although some expression was noted on days 2–4 and days
6–7. As detected before for ER-b (22), three major transcripts

FIG. 1. a, Northern blot hybridization of ER-a, ER-b, and rpL7 mR-
NAs in the periimplantation mouse uterus (days 1–8) and ovary. b,
Northern blot hybridization of PR and rpL7 mRNAs in the periim-
plantation uterus (days 1–8). Poly (A)1 RNA (2 mg) was separated by
formaldehyde-agarose gel electrophoresis, transferred and UV cross-
linked to nylon membrane, and hybridized as described in Materials
and Methods. Hybridization was performed using 32P-labeled cRNA
probes sequentially to (a) ER-a, ER-b, and rpL7 or (b) PR and rpL7.
Autoradiographic exposures were 2 h for ER-a, 5 days for ER-b, 6 h
for PR, and 1.5 h for rpL7.
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(;9.5, 4.6, and 3.0 kb) and a minor transcript (;7.2 kb) were
detected in the ovary, whereas three transcripts (;7.2, 6.0,
and 4.6 kb) were detected in the pregnant uterus (Fig. 1a).
Consistent with previous reports (22, 35, 42), ER-b mRNA
expression was high in the ovary (Fig. 1b). Consistent with
our previous observation (36), four different transcripts
(;8.5, 6.5, 4.0, and 3.2 kb) of PR were detected in the peri-
implantation uterus. The analysis of the levels of these tran-
scripts revealed that the expression was low on days 1 and
2 followed by substantial increases on days 3–5. The levels
of expression declined on day 6, but again increased on days
7 and 8. The integrity and loading of RNA samples were
examined by rehybridizing the same blots to a mouse rpL7
cRNA probe.

In situ hybridization of ER-a, ER-b, and PR mRNAs in the
periimplantation mouse uterus

To examine uterine cellular localization of ER-a, ER-b, and
PR mRNAs during the periimplantation period, in situ hy-
bridization was performed (Figs. 2, 3, and 4, respectively). On
days 1 and 2, distinct autoradiographic signals of ER-a
mRNA were evident primarily in the luminal and glandular
epithelia (Fig. 2, a–d). On day 3, accumulation of this mRNA
was noted in the subluminal stromal cells in addition to its
localization in epithelial cells (Fig. 2, e and f). On day 4, the
pattern of accumulation was similar to that of day 3, but the
signals were more widespread and intense (Fig. 2, g and h).
The expression pattern did not alter at the site of blastocyst
before implantation on this day. Following implantation on
day 5, the autoradiographic signals increased further in the
glandular and luminal epithelia, and in the subluminal ep-
ithelial stroma at the mesometrial pole. However, the signals
were less intense in the decidualizing stroma at the site of
implantation at the antimesometrial pole (Fig. 2, i and j). On
days 6–8, autoradiographic signals were primarily detected
in the secondary decidual zone (sdz) and signals were more
intense at the mesometrial pole, the presumptive site of pla-
centation (Fig. 2, k–p). ER-a mRNA accumulation was very
low or undetectable at the primary decidual zone (pdz) im-
mediately surrounding the implanting embryo. Further-
more, the undifferentiated stroma (us) just above the myo-
metrium showed positive signals during days 7 and 8 of
pregnancy (Fig. 2, m–p).

The expression of ER-a mRNA was very low in the ovary
(Fig. 3a), although epithelial cells in the oviduct lumen at-
tached to the ovarian sections showed strong signals for ER-a
mRNA (Fig. 3a). On the contrary, as observed previously (22,
35, 42), the accumulation of ER-b mRNA was intense in
ovarian follicles at all stages of development (Fig. 3b). How-
ever, ER-b mRNA was not detected in oviductal cells (Fig.
3b). Consistent with previous findings by us and others (24,
35), uterine expression of ER-b mRNA in general was ex-
tremely low during early pregnancy compared with ER-a
mRNA (see Fig. 3, c and d, vs. Fig. 2).

The accumulation of PR mRNA was very low to unde-
tectable on day 1 of pregnancy followed by low level accu-
mulation in the epithelium on day 2 (Fig. 4, a and b). In
contrast, the expression of PR mRNA was significantly up-
regulated in both the epithelium and the subepithelial stroma

on days 3 and 4 (Fig. 4, c and d). The presence of blastocysts
in the uterus before the onset of implantation did not alter the
expression pattern (Fig. 4d). After implantation on day 5, the
accumulation of mRNA was no longer detectable in the lu-
minal epithelium, but was strikingly up-regulated in the
subepithelial stroma at the site of implantation (Fig. 4e). With
the progression of implantation on days 6 and 7 of preg-
nancy, the accumulation of PR mRNA increased dramati-
cally throughout the decidual bed both at the mesometrial
and the antimesometrial poles (Fig. 4, f–h). The expression
pattern of PR mRNA on day 8 was similar to that of day 7
(data not shown).

Analysis of immunoreactive ER-a and PR in the
periimplantation mouse uterus

To examine the cellular distribution of nuclear ER-a and
PR in the pregnant mouse uterus, immunohistochemistry
was performed during the preimplantation (day 4 morning)
and postimplantation (days 5 and 8) period. Consistent with
in situ hybridization results, immunoreactive ER-a protein
was detected in same uterine cell types that expressed ER-a
mRNA (Fig. 5). On day 4, accumulation was high in the
glandular epithelium (Fig. 5, a and b). The luminal epithe-
lium and the subepithelial stroma also showed distinct, albeit
at low levels, nuclear staining. On day 5, the high levels of
immunostaining persisted in the glandular epithelium. In
addition, mostly the luminal epithelium and subluminal ep-
ithelial stroma at the mesometrial pole were positive for ER-a
(Fig. 5, c and d). On day 8, ER-a was detected primarily in
stromal cells adjacent to the luminal epithelium at the me-
sometrial pole, and also in the undifferentiated stromal cells
underneath the myometrium both at the mesometrial and
antimesometrial poles (Fig. 5, e–g). Furthermore, some
glands situated within the undifferentiated stroma remained
strongly positive for ER-a (Fig. 5f). Immunostaining was not
detected in the implanting embryo or in decidualizing stro-
mal cells immediately surrounding the embryo (Fig. 5g).
With respect to PR, nuclear immunostaining was detected
predominantly in the luminal epithelium and in the subep-
ithelial stroma on day 4 of pregnancy (Fig. 6, a and b). In
contrast to ER-a, nuclear accumulation of PR on this day in
the gland was below the level of detection (Fig. 6, a and b).
On day 5, immunostaining was primarily restricted to the
subepithelial stroma at the sites of implantation (Fig. 6, c and
d). The luminal and glandular epithelia were devoid of im-
munostaining. On day 8, immunoreactive PR was distrib-
uted throughout the decidual bed both at the mesometrial
and the antimesometrial poles (Fig. 6, e and f). The staining
for PR was absent in the embryo proper. However, the pos-
itive staining for PR was detected in the region of the ex-
traembryonic endoderm (xen) (Fig. 6f).

Western blot analysis of ER-a

Western blotting experiments for ER-a were performed to
determine the size and the levels of accumulation of this
protein during pregnancy in the whole uterus on day 4 and
the separated decidua and uterus minus decidua on day 8 of
pregnancy (Fig. 7). As detected before (43), the same poly-
clonal antibody detected a major band (66 kDa) for full-
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FIG. 2. In situ hybridization of ER-a mRNA in the periimplantation mouse uterus. Brightfield and darkfield photomicrographs of representative
longitudinal sections of uteri on days 1–5 (a–j) at 403, and cross-sections of uteri on days 6–7 (k–n) at 403 and day 8 (o, p) at 203 are shown.
le, Luminal epithelium; ge, glandular epithelium; myo, myometrium; s, stroma; bl, blastocyst; pdz, primary decidual zone; em, embryo; M,
mesometrial pole; AM, antimesometrial pole; sdz, secondary decidual zone; us, undifferentiated stroma. These experiments were repeated three
times with similar results. Sections hybridized with 35S-labeled sense probe did not show any positive signals (data not shown).
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length ER-a in uterine tissues (Fig. 7a). However, a minor
band (;50 kDa) was also detected in the uterus on day 8 of
pregnancy. The identity of this minor band is not known. The
densitometric quantitation of the major band revealed that
the expression of ER-a was down-regulated in the decidua
on day 8 of pregnancy (Fig. 6b).

Discussion

Cell-specific localization of ER-a, ER-b, and PR by auto-
radiographic ligand binding and immunohistochemistry has
been demonstrated in the uterus of various species (44–49).
However, interactions between ER and PR with respect to
ovarian steroid hormone effects in uterine biology during
early pregnancy are poorly understood. This investigation
demonstrates uterine expression of ER-a, ER-b, and PR with
respect to periimplantation events in the mouse. Although
ovarian steroids primarily direct uterine cell proliferation
and differentiation in a spatiotemporal manner during the
periimplantation period, the molecular mechanisms in-
volved in these processes are poorly understood. In the

mouse, implantation occurs at 2300 h on day 4 of pregnancy.
An extremely low level of estrogen is required to initiate this
process in a P4-primed uterus, suggesting that estrogen me-
diated effects in the uterus are locally amplified by various
growth factors. This suggestion is consistent with the tem-
poral and cell-specific expression of several growth factors
and their receptors in the uterus and/or embryo at the time
of implantation (reviewed in Refs. 10 and 12). The expression
of ER-a in the uterine epithelium on day 1 of pregnancy
under the influence of preovulatory estrogen is correlated
with epithelial cell proliferation, whereas stromal cell ex-
pression of both ER-a and PR under the influence of rising
P4 and preimplantation ovarian estrogen secretion on day 4
is associated with stromal cell proliferation. In contrast, ex-
pression of ER-a and PR in luminal epithelial cells is corre-
lated with cessation of their proliferation because differen-
tiation of these cells are essential for interactions with
blastocyst trophectoderm for implantation.

Cross-tissue recombination of the uterine epithelium and
stroma between the wild-type and PR null mice suggests that

FIG. 3. In situ hybridization of ER-a
and ER-b mRNAs in the ovary and
ER-b mRNA in the uterus on days 4 and
8 of pregnancy. Darkfield photomicro-
graphs of representative ovary section
hybridized with cRNA probes for ER-a
(a), ER-b (b) are shown at 403. Dark-
field photomicrographs of representa-
tive uterine sections on days 4 (c) and 8
(d) of pregnancy hybridized with ER-b
probe are shown at 403 and 253, re-
spectively. cl, Corpus luteum; ovd, ovi-
duct; f, follicles; le, luminal epithelium;
s, stroma; myo, myometrium; pdz, pri-
mary decidual zone; sdz, secondary de-
cidual zone; em, embryo; M, mesome-
trial pole; AM, antimesometrial pole.
These experiments were repeated three
times with similar results. Sections hy-
bridized with 35S-labeled sense probe
did not show any positive signals (data
not shown).
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FIG. 4. In situ hybridization of PR mRNA in the uterus on days 1–7 of pregnancy. Darkfield photomicrographs of representative longitudinal
sections of uteri on days 1–5 (a–e) at 40 3 and cross-section of uterus on day 6 (f) at 403 are shown. Brightfield and darkfield photomicrographs
of uterine cross-section on day 7 (g and h, respectively) at 253 are shown. le, Luminal epithelium; s, stroma; myo, myometrium; bl, blastocyst;
pdz, primary decidual zone; em, embryo; M, mesometrial pole; AM, antimesometrial pole; sdz, secondary decidual zone. These experiments were
repeated three times with similar results. Sections hybridized with 35S-labeled sense probe did not show any positive signals (data not shown).
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stromal cell PR is important in mediating the inhibitory ef-
fects of P4 on epithelial cell proliferation (50). A similar ap-
proach using the wild-type and ER-a mutant mice proposes
that estrogen positively controls epithelial cell proliferation

via stromal cell ER-a in a paracrine manner (51). Our ob-
servation of differential expression of ER-a and PR in the
luminal and glandular epithelial cells on day 4 of pregnancy
suggests that these two epithelial cell types behave differ-

FIG. 5. Immunohistochemistry of ER-a
in the uterus on days 4, 5, and 8 of preg-
nancy. Brightfield photomicrographs of
representative uterine sections are
shown. Red deposits indicate positive
nuclear immunostaining for ER-a. a,
Day 4, 1003; b, day 4, 2003; c, day 5,
403; d, day 5, 2003; e, day 8, 403; f and
g, two areas of (e) at 1003. myo, Myo-
metrium; le, luminal epithelium; ge,
glandular epithelium; s, stroma; bl,
blastocyst; em, embryo; gl, gland; dec,
decidual cells; us, undifferentiated stro-
ma; M, mesometrial pole; AM, antime-
sometrial pole. These experiments were
repeated three times with similar re-
sults.
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FIG. 6. Immunohistochemistry of PR in the periimplantation mouse uterus. Brightfield photomicrographs of representative uterine sections
are shown. Red deposits indicate positive nuclear immunostaining for PR. a, Day 4, 1003; b, day 4, 2003; c, day 5, 1003; d, day 5, 2003; (e)
day 8, 403; and (f) day 8, 2003. le, Luminal epithelium; ge, glandular epithelium; s, stroma; myo, myometrium; bl, blastocyst; em, embryo;
ses, subepithelial stroma; dec, decidual cells; M, mesometrial pole; AM, antimesometrial pole; xen, extraembryonic endoderm. These exper-
iments were repeated three times with similar results.

5318 ER AND PR IN THE PERIIMPLANTATION UTERUS Endo • 1999
Vol 140 • No 11

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/140/11/5310/2990947 by guest on 09 April 2024



ently as potential targets to P4 and estrogen with respect to
mesenchymal interactions for preparation of the uterus to
implantation (Fig. 5, a and b, vs. Fig. 6, a and b). This is
consistent with the expression of amphiregulin (a P4 respon-
sive gene) in both the luminal and glandular epithelia and
leukemia inhibitory factor (estrogen-regulated gene) primar-
ily in the glandular epithelium on day 4 of pregnancy (9, 52,
53). On day 5, the absence of epithelial PR with persistent
ER-a may be responsible for down-regulation of epithelial
expression of amphiregulin because estrogen antagonizes P4
induction of amphiregulin (9).

The general consensus is that estrogen induces progester-
one receptors (PR) in the uterus (36, 54). Furthermore, studies
in primates and cats have demonstrated that uterine expres-
sion of ER-a and PR is increased by estrogen, whereas P4
reduces their expression (55, 56). In addition, it has recently
been demonstrated that estrogen has dual effects on the
expression of PR, i.e. it decreases PR levels in the luminal
epithelium but increases the levels of PR in the stroma and

myometrium (57). The significance of our present observa-
tion of discoordinate expression of ER-a and PR in the lu-
minal epithelium on day 1 of pregnancy under the influence
of preovulatory estrogen and P4 is not clear. On this day,
several estrogen-regulated genes have been shown to be
induced (13, 52, 53, 58, 59), whereas progesterone-regulated
genes are not inducible, probably because of the absence of
PR. Thus, the heightened expression of ER-a, but not PR, in
the epithelium suggests a differential regulation of PR. Fur-
thermore, up-regulation of PR, as opposed to down-regula-
tion of ER-a, in the decidua on days 7 and 8 of pregnancy may
suggest that PR could be regulated by some non-ER-medi-
ated pathway. This suggestion is in agreement with the re-
cent demonstration of induction of decidualization in ER-a
null mice with up-regulation of uterine PR (35). The down-
regulation of the ER-a, together with very low levels ER-b
expression, in the deciduum also suggests that ERs have
limited functions in this process. This is consistent with the
observation that progesterone, but not estrogen, is an abso-
lute requirement for sustained decidualization in the rodent,
although estrogen is essential for the initiation of the im-
plantation process (reviewed in Ref. 6). In contrast, low levels
of ER-a mRNA in the SDZ at the antimesometrial pole on day
8 are associated with diminishing cell proliferation.

Adequate levels of P4 and stromal expression of PR are
necessary for optimal decidualization (60, 61). It has recently
been implicated that Hoxa-10 is involved in stromal cell
responsiveness to P4 (62). Hoxa-10 is expressed in the stroma
on day 4 and in decidualizing stroma on day 5 of pregnancy,
suggesting that this gene is important for stromal cell pro-
liferation and subsequent decidualization. Indeed, the null
mutation of this gene causes decidualization defect in the
mouse (63, 64). Recent results also show that P4-dependent
stromal cell proliferation is compromised in Hoxa-10 (2/2)
uteri, whereas E2-dependent epithelial cell proliferation is
normal (62). However, reduced stromal responsiveness to P4
and decidualization defect in Hoxa-10 (2/2) mice are not
the result of reduced uterine expression of PR, suggesting
that Hoxa-10’s role in uterine functions is downstream of PR.
P4 effects via PR is an absolute requirement for sustained
decidualization in the rodent (reviewed in Ref. 6) because
this response is prevented by blocking P4 actions by neu-
tralizing antibody or PR antagonists (60, 65, 66). The failure
of decidualization in PR null mice is also consistent with
these observations (33).

In conclusion, the results of this investigation have dem-
onstrated a differential expression pattern of nuclear ER-a,
ER-b, and PR in the mouse uterus during early pregnancy
and provide insights to our understanding regarding the
roles of these receptors in uterine biology during implanta-
tion and decidualization.
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