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ABSTRACT This study was undertaken to determine the
modulation of uterine function by chorionic gonadotrophin
(CG) in a nonhuman primate. Infusion of recombinant human
CG (hCG) between days 6 and 10 post ovulation initiated the
endoreplication of the uterine surface epithelium to form
distinct epithelial plaques. These plaque cells stained in-
tensely for cytokeratin and the proliferating cell nuclear
antigen. The stromal fibroblasts below the epithelial plaques
stained positively for a-smooth muscle actin (aSMA). Ex-
pression of aSMA is associated with the initiation of decidu-
alization in the baboon endometrium. Synthesis of the glan-
dular secretory protein glycodelin, as assessed by Western blot
analysis, was markedly up-regulated by hCG, and this increase
was confirmed by immunocytochemistry, Northern blot anal-
ysis, and reverse transcriptase-PCR. To determine whether
hCG directly modulated these uterine responses, we treated
ovariectomized baboons sequentially with estradiol and pro-
gesterone to mimic the hormonal profile of the normal
menstrual cycle. Infusion of hCG into the oviduct of steroid-
hormone-treated ovariectomized baboons induced the expres-
sion of aSMA in the stromal cells and glycodelin in the
glandular epithelium. The epithelial plaque reaction, however,
was not readily evident. These studies demonstrate a physio-
logical effect of CG on the uterine endometrium in vivo and
suggest that the primate blastocyst signal, like the blastocyst
signals of other species, modulates the uterine environment
prior to implantation.

The establishment of pregnancy in pigs and ruminants requires
an interaction between the embryo, uterus, and corpus luteum
(CL) (1). These interactions prevent luteal regression by
extending the functional life span of the CL. The antiluteolytic
response results from trophoblast signals acting in a paracrine
manner on the uterine endometrium to inhibit the pulsatile
release of prostaglandin F2a. In contrast, the primate embry-
onic signal is chorionic gonadotropin (CG), which has a direct
luteotrophic effect on the lifespan of the CL.

Successful implantation requires a genetically normal em-
bryo and a receptive uterine endometrium (2, 3). Uterine
receptivity has been defined as the limited period of time when
the uterine luminal epithelium is favorable to blastocyst im-
plantation (4). Estrogen and progesterone play a critical role
in establishing the receptive phase. However, it is becoming
increasingly evident from rodent studies that the embryo
induces functional receptivity, which is required for successful
nidation (5).

The presence of luteinizing hormone (LH)yCG receptors
and associated G proteins has been documented in the human
endometrium (6, 7). In addition, human CG (hCG) and the

a-subunit of hCG have been shown to induce decidualization
of human stromal fibroblasts in vitro (6, 8). Although no
evidence is available for the direct effects of CG on the
endometrium, the possibility exists that CG can affect the
estrogen- and progesterone-primed uterine endometrium in
vivo and enhance embryo–maternal interactions during im-
plantation.

In this study we show that infusion of hCG, in a manner that
mimics blastocyst transit in the baboon, has physiological
effects on the three major cell types present in the uterine
endometrium. We suggest that bidirectional signals between
the primate embryo and hormonally primed uterine endome-
trium are a prerequisite for successful implantation.

MATERIALS AND METHODS

Tissue Collection. Uterine tissue was obtained from adult
female baboons (Papio anubis) either at hysterectomy or after
endometriectomy. All experimental procedures were ap-
proved by the Animal Care Committee of the University of
Illinois at Chicago.

Uterine tissue was obtained from four different groups:
Cycling baboons treated with bioactive hCG (n 5 4) or
heat-inactivated hCG (n 5 4) and ovariectomized baboons
(n 5 2) treated with steroid implants and hCG or heat-
inactivated hCG. Ovulation was detected in normally cycling
female baboons by measuring serum estradiol levels, beginning
7 days after the first day of menses (Fig. 1A). The day of the
estradiol surge is day 21, day 0 is the day of the ovulatory LH
surge, and day 1 is the day of ovulation. On day 6 post ovulation
(PO), a V4 polyvinyl cannula (Bolab Products, Lake Havasu
City, AZ) was inserted into the oviduct ipsilateral to the CL.
The cannula was secured by suturing the mesosalpinx to a bead
of medical adhesive. The open end of the cannula was exte-
riorized through a subcutaneous flank incision and attached to
an Alzet osmotic minipump (2 ML1; Alza, Palo Alto, CA). The
minipump containing bioactive or heat-inactivated (30 min of
boiling) recombinant hCG (250 international units in 2 ml of
distilled water) was primed overnight at 37°C according to the
manufacturer’s specifications. The flow rate of the pump was
10 mlyh and the hourly infusate was 1.25 international units.
The 24-h infusion of 30 international units is equivalent to the
amount of CG secreted by dispersed baboon trophoblast cells
cultured in vitro in a 24-h period (9). Endometrial tissue was
harvested on day 10 PO for analysis. The time points for the
initiation of CG infusion and endometrial tissue isolation
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correspond to the window of CL rescue (days 5–7 PO) and
implantation (days 9–10 PO) in the baboon.

To determine whether hCG acts directly on the endome-
trium, we developed an ovariectomized, simulated pregnant
model. Ovariectomized baboons were treated sequentially
with silastic implants containing estradiol and progesterone to
mimic the hormonal changes during the menstrual cycle (ref.
10; Fig. 1B). Six days after the insertion of the first proges-
terone implant, hCG treatment was initiated and continued for
4 days. Endometrial tissue was harvested at the end of the
treatment period. This hormonal regimen results in serum
hormone levels that are comparable to those measured in
intact animals (10, 11).

Estradiol and progesterone levels in peripheral serum were
determined with a validated radioimmunoassay (11). Uterine
flushings were obtained from all animals at the time of surgery
by washing the uterine lumen with 10 ml of sterile Ca21- and
Mg21-free Hanks buffered salt solution.

Histology and Immunocytochemistry. Uterine tissues were
immersion-fixed in Bouin’s solution for 24 h at room temper-
ature, dehydrated in graded ethanol, cleared in xylene, and
embedded in paraffin (12). For histological analyses the tissue
sections (6 mm) were stained with Gomori’s trichrome stain
(13). For immunocytochemistry, a monoclonal antibody to
a-smooth muscle actin (aSMA) (ref. 14; Dako) at a 1:1000
dilution and a polyclonal antibody to human glycodelin (15) at
1:750 dilution were used. The immunoreactive product was
visualized by using an ABC Vectastain kit (Vector Labora-
tories) and diaminobenzidine (14). Controls consisted of pre-
immune serum at the same dilution or the omission of the
primary antibody.

Explant Culture and Immunoblotting. Endometrial tissues
(75 or 150 mg) from each of the four groups were cultured
under serum-free conditions (16). The explant culture media
were harvested after 24 h of culture (16). Secretory proteins in
explant culture media (200 ml) or uterine flushings (25 mg)
were resolved by one-dimensional SDSyPAGE and transferred
to nitrocellulose membranes (17). The membranes were incu-
bated overnight with glycodelin antibody (1:5000 dilution), and
the immunoreactive product was visualized by using an en-
hanced chemiluminescence kit (Amersham).

Northern Blotting and Reverse Transcriptase (RT)-PCR.
Northern blots. Total endometrial RNA (20 mg) from the
hCG-treated samples and heat-inactivated controls was sub-
jected to electrophoresis on 1% formaldehydeyagarose gels
and transferred to nitrocellulose membranes (12). The mem-
branes were hybridized with a 32P random primer-labeled
822-bp cDNA insert complementary to human glycodelin
DNA (18). The hybridization signal was visualized by exposing
the membrane to Kodak X-Omat film with a DuPont Cronex
intensifying screen at 280°C. The autoradiographs were den-

sitometrically scanned with a Molecular Dynamics Phosphor-
Imager.

RT-PCR. RNA from all experimental groups was reverse
transcribed and subjected to PCR. As a control, RNA prep-
arations that were not reverse transcribed were also subjected
to PCR to ensure that no genomic contamination was being
amplified. Specificity of the PCR products was further con-
firmed by Southern hybridization with the human glycodelin
cDNA (18). The primers were synthesized on the basis of
previously described sequences (19). The sense primer se-
quence was 59-CCC CCA GAC CAA GCA GGA CCT GGA
GCT CCC 3-9, and the antisense primer was 59-ATC GTC
CTG CAC CAG GAC TCT GGC CAG GTA-39. The histone
3.3 PCR product was coamplified with glycodelin and served
as an internal standard (20).

The RT-PCR was performed as previously described for
baboon endometrial tissues (20). The RT-PCR procedure for
glycodelin was optimized with RNA isolated from the endo-
metrium of an early pregnant baboon. A linear curve was
plotted with number of cycles of amplification versus densi-
tometric values of PCR products, and 24 cycles was found to
be in the linear range for both PCR products. For these studies,
1 mg of RNA was subjected to reverse transcription and PCR
amplification consisting of an initial denaturation at 92°C for
90 sec, followed by 24 cycles of 92°C (1 min), 55°C (30 sec),
72°C (1 min), and a final extension at 72°C for 15 min. The PCR
products were electrophoresed in 1.5% agarose gels and
subjected to autoradiography. Data were quantitated by image
analysis using the PhosphorImager.

RESULTS

Morphology and aSMA Induction. In intact baboons, infu-
sion of hCG results in the formation of distinct epithelial
plaques in the luminal epithelium (arrow; Fig. 2A). In ovari-
ectomized baboons, infusion of hCG increases the cell height
of the luminal epithelium but does not induce epithelial plaque
formation (Fig. 3A). In contrast, infusion of heat-inactivated

FIG. 1. Diagrammatic illustration of the experimental design for
hCG infusion into normally cycling baboons (A) and ovariectomized
baboons (B). The steroid treatment regimen for ovariectomized
baboons is based on an idealized 28-day menstrual cycle (10). Day 0
in this group is 30 days after ovariectomy. E2, estradiol; P, progesterone.

FIG. 2. Morphology (A and B) and immunolocalization of aSMA
(C and D) in cycling baboons treated with hCG. Note the distinct
epithelial plaques that are associated with the luminal epithelium
(arrow; A) and the localization of aSMA in stromal fibroblasts below
the plaques (St; C) in hCG-treated animals. The controls treated with
heat-inactivated CG showed no response in either of the two cell types
(B and D). [Final magnification 377 (A and B) and 345 (C and D).]
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hCG has no effect on the luminal epithelium (Figs. 2B and 3B)
and the morphological appearance is comparable to the lumi-
nal epithelium at day 10 PO during the normal menstrual cycle
(data not shown).

Our previous studies showed that long-term treatment with
intramuscular injections of hCG (11, 14) induces the synthesis
of aSMA in stromal fibroblasts. Immunostaining of serial
sections obtained in this study with a monoclonal antibody to
aSMA (14, 20) showed that the stromal fibroblasts directly
below the epithelial plaques and luminal epithelium of hCG-
treated baboons stained intensely for aSMA (Figs. 2C and 3C).
In contrast, staining for aSMA was evident only in the smooth
muscle cells of the spiral arteries in the heat-inactivated
controls (Figs. 2D and 3D).

Glycodelin Expression. Glycodelin is markedly up-regulated
in the glandular epithelium of pregnant and long-term hCG-
treated baboons (15). Short-term infusion of hCG into intact
baboons also markedly increases the staining for this protein
in the glandular epithelium (Fig. 4A). Immunostaining of
tissues from heat-inactivated controls showed limited staining
within the glands (Fig. 4B).

Western blot analysis of explant culture media from four
hCG-treated intact baboons shows that the major form of
glycodelin synthesized is a 30-kDa protein (Fig. 5, lanes 3–6).
In contrast, explant culture media of endometrial tissues
obtained from the four heat-inactivated controls shows the
presence of the lower molecular weight form of this protein
(Fig. 5, lanes 7–10). This form of glycodelin is also secreted by
the baboon endometrium on day 10 PO of the normal men-
strual cycle (Fig. 5, lane 2). Lane 1 is the purified form of
human glycodelin isolated from cytosolic extracts of first-
trimester decidua (21).

In response to hCG treatment, two distinct glycodelin
transcripts (1.7 and 1.0 kb) were evident on Northern blots,
whereas message levels were very low after infusion of heat-
inactivated hCG (data not shown). These two transcripts are
similar to those that are expressed in the endometrium during

pregnancy and after long-term treatment with exogenous CG
(15).

Immunocytochemical analysis of endometrial tissues from
ovariectomized baboons treated with hCG showed very limited
immunoreactivity for glycodelin compared with the intact
animals (data not shown). However, Western blot analysis of
explant culture media (Fig. 6, lanes 2 and 3) and uterine
flushings (lane 6) from these animals revealed that the higher
molecular weight form of glycodelin was induced in response
to hCG treatment. Lane 1 is culture medium from uterine
endometrium at early pregnancy (day 14). Heat inactivation of
hCG failed to induce the high molecular weight form (lanes 4,
5, and 7).

Regulation of glycodelin mRNA by hCG was further con-
firmed by RT-PCR (Fig. 7 A and B). Two major amplicons (383
and 297 bp) are strongly expressed during early pregnancy
(lanes 1 and 2) and after hCG infusion in cycling baboons
(lanes 3 and 4). Although little or no mRNA was evident in the
endometrium of heat-inactivated controls by Northern blot
analysis, RT-PCR demonstrated that a lower level of glycode-
lin expression is readily evident (lanes 5 and 6). This corre-
sponds to the limited immunostaining that is shown in Fig. 4B.
Infusion of hCG into ovariectomized, steroid-treated baboons
induced amplicons comparable to those in cycling controls
(Fig. 7, lane 7). In contrast, no amplicons were evident after
infusion of heat-inactivated hCG into ovariectomized baboons
(lane 8). The histone 3.3 internal control was amplified equally
in all lanes and the ratio of each of the amplicons to the internal
control is shown graphically in Fig. 7B.

DISCUSSION

In all mammalian species, an ovulatory surge of LH initiates
a series of events that culminates in ovulation. The resulting CL
begins to secrete progesterone, which is essential for develop-
ing a receptive endometrium that is favorable to embryo
implantation. In pigs and ruminants, embryonic signals se-
creted during the period of maternal recognition of pregnancy
exert paracrine antiluteolytic effects on the endometrium to
inhibit the luteolytic pulses of prostaglandin F2a (1). In con-
trast, CG, the embryonic signal in primates, exerts a direct
luteotrophic effect on the CL and extends its lifespan (22).

The presence of specific binding sites for CG has been
reported in the human endometrium and myometrium (23–
25). In addition, in vitro studies have suggested that hCG can
influence biochemical changes in isolated stromal cells (6, 8).

FIG. 3. Morphology (A and B) and immunolocalization of aSMA
(C and D) in ovariectomized baboons. Note the absence of distinct
epithelial plaques in the hCG-treated baboon (A). In contrast, the
induction of aSMA in stromal cells (St; C) was comparable to that seen
in cycling baboons treated with hCG. Ovariectomized baboons treated
with heat-inactivated CG showed no response in either cell type (B and
D). (Final magnification 345.)

FIG. 4. Immunocytochemical localization of glycodelin in cycling
baboons treated with hCG. Treatment with hCG markedly up-
regulates the staining for glycodelin in the glandular epithelial cells
(A). A limited amount of immunoreactivity is evident in the perinu-
clear region of the epithelial cells in the heat-inactivated controls (B).
(Final magnification 374.)
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This study demonstrates that CG has physiological effects in
vivo on the primate uterine endometrium during the period of
uterine receptivity, and it supports the concept that the
blastocyst plays an active role in transforming the epithelial
barrier into a localized gateway to the stromal cells (26). It is
evident from our studies that CG induces specific changes in
the luminal epithelium, glandular epithelium, and stromal
fibroblasts in the progestationally primed uterine endome-
trium. Further support for this response is evidenced by the
fact that the morphological, biochemical, and molecular
changes induced by CG are reproducible in an ovariectomized
baboon treated with exogenous steroids and hCG.

Morphological transformation of the endometrium into a
secretory phenotype is a prerequisite for implantation. In
pregnant baboons, an early maternal response to pregnancy is
the formation of the epithelial plaque (27). This response is
characterized by the hypertrophy of the surface epithelium and
cells in the neck glands that round up and form acinar clusters
(28, 29). In pregnant baboons the plaque reaction is restricted
to the implantation site (27). However, in the-CG treated
animals, the plaque reaction was evident over the entire
luminal surface. This difference may reflect a local response to
CG secreted by the implanting blastocyst during pregnancy as
opposed to a more diffused response to the infusion of CG in
this simulated model. Thus, although the morphological re-
sponse of the luminal epithelium to hCG infusion or blastocyst
implantation is similar to a certain extent, the other factor(s)
required for the transformation remain to be elucidated.
Implantation has been characterized as an inflammatory-type
response (26). In coronary disease, plaque growth within the
arterial wall is thought to be fostered by cytokines and other
growth-regulatory molecules produced by inflammatory cells
and the smooth muscle (30). Since a primary function of the
uterine epithelium is thought to be the activation of the

preimplantation blastocyst by means of the local action of
cytokines or eicosanoids (31–33), it is conceivable that the
induction of the plaque reaction may be activated by the
infiltration of inflammatory cells into the uterus and may be a
prerequisite for the initial phase of blastocyst–endometrial
interactions.

Studies with transformed Leydig cells (MA10 cells) suggest
that hCG induces cytoskeletal-dependent receptor clustering,
which appears to be a prerequisite for steroidogenesis (34, 35).
In addition, rapid reorganization of the cytoskeleton is nec-
essary for cellular motility and cell division (36, 37). Our
studies indicate that the primary effect of hCG on stromal
fibroblasts is the induction of aSMA. We propose that the
induction of aSMA in stromal fibroblasts occurs in response to
integrins on the stromal cell membranes binding to secreted
extracellular matrix (ECM) proteins. We have previously
demonstrated that hCG induces specific changes in integrin
expression and ECM secretion in the baboon endometrium
(38). The interaction between integrins and the ECM induces
changes in the actin cytoskeleton that are thought to be critical
for signal transduction (39, 40). It is also becoming increasingly
evident that the actin cytoskeleton plays a critical role in
mediating the cellular response to stimulation by growth
factors (41, 42). Thus, it is conceivable that the induction of
aSMA by hCG may be essential for stromal cell proliferation
and differentiation during the initial stages of pregnancy.

FIG. 5. Western blot of explant culture medium. Protein from conditioned media after 24 h of culture was immunoreacted with a polyclonal
antibody to human glycodelin. Treatment with hCG markedly increased the synthesis and the molecular size of glycodelin (lanes 3–6). Endometrial
explants from the heat-inactivated controls secreted a low molecular weight form of glycodelin (lanes 7–10) comparable to that seen normally at
day 10 PO (lane 2). Lane 1 is the human protein (0.25 mg) purified from first-trimester cytosolic extracts.

FIG. 6. Western blot of explant culture medium (lanes 2–5) and
uterine flushings (lanes 6 and 7) from ovariectomized baboons. Note
that treatment with bioactive hCG (lanes 2, 3, and 6) resulted in the
secretion of the higher molecular weight form of glycodelin both in vivo
(lane 6) and in vitro (lanes 2 and 3). Only the lower molecular weight
form was evident in explant culture media (lanes 4 and 5) but not in
uterine flushings (lane 7) obtained from the heat-inactivated controls
(lanes 4 and 5). Endometrial explant culture medium obtained at early
pregnancy (day 14) is shown for comparison (lane 1).

FIG. 7. (A) RT-PCR for glycodelin transcripts in early pregnant
(lanes 1 and 2), hCG-treated (lanes 3 and 4), and heat-inactivated
hCG-treated (lanes 5 and 6) cycling baboons (A). Lanes 7 and 8
represent ovariectomized baboons treated with hCG or heat- inacti-
vated hCG, respectively. Note that two major transcripts (383 and 279
bp) are amplified during pregnancy and after hCG infusion. The
213-bp transcript is the histone 3.3 internal standard that was coam-
plified with the glycodelin primers. (B) The bar graphs represent the
mean values of the densitometric scans of each transcript shown in A
and expressed as a ratio to histone 3.3. Note that in response to CG
either in pregnancy (bars 1) or with hCG infusion (bars 2) the higher
molecular weight transcript (383 bp; black bars) predominates. The
response after ovariectomy is attenuated, but the higher molecular
weight form is evident in animals treated with bioactive hCG (lane 7
in A and 4 in B). The gray bars represent the low molecular weight (279
bp) transcript.
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Indeed, aSMA transcriptionally inhibits the induction of in-
sulin-like growth factor binding protein 1 (IGFBP-1; ref. 43).
Since IGFBP-1 is thought to inhibit trophoblast migration
(44), the induction of aSMA prior to trophoblast attachment
may also play a role to facilitate the rapid migration of
trophoblasts into the maternal endometrium.

Glycodelin is the major secretory protein of the human
endometrium during the late luteal phase and early pregnancy
(21). We have previously demonstrated that the synthesis of
glycodelin by the baboon uterine endometrium parallels the
rise and decline of CG in the peripheral circulation (15). In this
study we demonstrate that infusion of hCG during the period
of uterine receptivity appears to up-regulate glycodelin tran-
scription and translation. Immunocytochemical and RT-PCR
analyses suggest that glycodelin expression was higher in the
intact baboons compared with the ovariectomized animals. A
close temporal relationship between relaxin and glycodelin
serum profiles has been reported in human females (45). Since
we have previously demonstrated that CG increases relaxin
production by the CL,§ it is possible that the difference we
observed between the two groups may be related to the
absence of relaxin synthesis from the CL in the ovariectomized
animals. The post-translational modification includes glyco-
sylation, and it has been suggested that the carbohydrate
moieties on glycodelin are associated with its immunomodu-
latory properties (46, 47) and its ability to inhibit sperm
binding to the zona pellucida (48). More recently, transfection
studies with human glycodelin cDNA have suggested that this
protein may play an important role in epithelial cell differen-
tiation (49). Successful implantation of a normal blastocyst
requires a receptive uterine endometrium that is both mor-
phologically and functionally mature (2). During the normal
menstrual cycle, estrogen and progesterone suitably prime the
endometrium to be receptive, but it is becoming increasingly
evident that a functionally receptive uterus is induced only by
a suitable embryonic stimulus. Thus, we propose that the
induction of glycodelin by CG permits the glandular epithelial
cells to be transformed into a fully differentiated secretory
phenotype.

In summary, our in vivo studies have clearly demonstrated
that infusion of hCG, in a manner that mimics the period of
blastocyst transit and initial attachment, markedly alters the
morphology and function of the luminal epithelium, glandular
epithelium, and stromal fibroblasts. In addition, we have
provided direct evidence to suggest that besides its luteotro-
phic function, CG has additional physiological effects on the
uterine endometrium during the period of uterine receptivity.
What is not readily evident are the signaling mechanisms by
which CG affects each of the different cell types within the
endometrium. In vitro studies with isolated cells from the
human endometrium suggest that the expression of LHyCG
receptors is higher in the glandular epithelium compared with
stromal cells (23). However, no direct response to hCG in
glandular epithelial cells cultured in vitro has been reported. In
contrast, stromal cells have been shown to respond to exoge-
nous hCG by increasing the expression of cyclooxygenase 2 and
prolactin (8, 50). Whether this response is induced by the intact
hCG molecule by means of the well established G-protein-
coupled LHyCG receptor or by means of a novel mechanism
induced locally by the a-subunit of hCG continues to be a
matter of debate (6, 8). On the basis of our preliminary data
in the baboon, we suggest that stromal cell transformation may
be induced by a novel receptor mechanism. The signal trans-
duction pathways and the resulting gene transcription of
aSMA and glycodelin require investigation.
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