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Estrogen receptor a (ESR1; encoded by Esr1) is a crucial nuclear transcription factor for female
reproduction and is expressed throughout the female reproductive tract. To assess the function of
ESR1 in reproductive tissues without confounding effects from a potential developmental defect
arising from global deletion of ESR1, we generated a mouse model in which Esr1 was specifically
ablated during postnatal development. To accomplish this, a progesterone receptor Cre line
(Pgr"®) was bred with Esr1”f mice to create conditional knockout of Esr1 in reproductive tissues
(called Pgr"®Esr1KO mice) beginning around 6 days after birth. In the Pgr<®Esr1KO oviduct, ESR1
was most efficiently ablated in the isthmic region. We found that at 3.5 days post coitus (dpc),
embryos were retrieved from the uterus in control littermates while all embryos were retained
in the Pgr"®Esr1KO oviduct. Additionally, serum progesterone (P,) levels were significantly lower
in Pgr<®Esr1KO compared to controls at 3.5 dpc. This finding suggests that expression of ESR1 in
the isthmus and normal P, levels allow for successful embryo transport from the oviduct to the
uterus. Therefore, alterations in oviductal isthmus ESR1 signaling and circulating P, levels could
be related to female infertility conditions such as tubal pregnancy. (Endocrinology 161: 1-12,
2020)
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strogens, which are sex steroid hormones, carry out
E their physiological action through estrogen recep-
tors (encoded by Esr genes). Global estrogen receptor o
(ESR1) knockout mice (Esr17™", originally called tERKO)
exhibit female infertility due to an ovulatory defect and
to a lack of estrogen-induced uterine responsiveness
(1). In humans, loss of functional ESR1 or mutation
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in the ESR1 ligand binding domain recapitulate the
phenotypes found in the aERKO mouse model (2, 3).
Global loss of estrogen receptor B or Esr2 (Esr2”7) in
mice causes reduced folliculogenesis but not complete
sterility (4). As such, in this study, we focused on the
evaluation of estrogen action in the female reproductive
tract through ESR1.

The aERKO mouse model provided a robust starting
point to determine the functional requirement for ESR1
in reproductive physiology. However, there was a major
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concern regarding the use of this aERKO model—the
potential developmental loss of tissue responsiveness
due to lack of Esr1 during embryonic development in
utero (1). To circumvent this concern, we recently gen-
erated a mouse model in which Esrl was condition-
ally ablated in the uterus, oviduct, and pituitary gland
postnatally, by the breeding of Esr1”f (5) with proges-
terone receptor (PGR)-driven Cre expression (Pgrcre)
mice (6). In mice, the expression of PGRs begins ap-
proximately at postnatal day 6 in the uterine epithelial
cells (6, 7). Then, the expression gradually increases in
stromal cells (or fibroblasts) and muscle cell layers after
the first ovarian cycle. In the oviduct, the activity of
Pgr is observed in the isthmic region, but not the in-
fundibulum or ampullary regions (6, 8). Therefore, this
Pgr“*/Esr1™ mouse model (hereafter Pgr®Esr1KO)
allows for the evaluation of ESR1 function in the ovi-
duct, uterus, and pituitary gland, without potential de-
velopmental defects in contrast to the tERKO model in
which Esr1 is deleted in gametes and thus lacks ESR1 at
all stages of development.

In addition, dERKO females do not ovulate normally,
hindering our capability to evaluate the effect of estrogen
signaling on the egg/embryo development within the fe-
male reproductive tract. Based on these features, the
Pgr“Esr1KO mouse is an appropriate model for evalu-
ation and truly reflects the function of ESR1 in mam-
malian female reproduction. Herein, we assessed the
requirement for ESR1 in regulating oviductal function
during embryo development and transport, serum levels
of luteinizing hormone (LH), 17f-estradiol (E,), and
progesterone (P,), morphology of the ovary, and uterine
responsiveness to estrogen using the Pgr“Esr1KO
mouse model.

Materials and Methods

Animals

All animals were maintained at the National Institute of
Environmental Health Sciences (NIEHS) and were handled
according to Animal Care and Use Committee guidelines. The
oviductal and uterine Esr1 knockout mouse model was gen-
erated by breeding Pgr“™* (6) with Esr1” animals (5). For
most studies, mice used were from a colony on a C57Bl6/]
background. For evaluating serum E, and P, at 3.5 days
post coitus (dpc), the mice were from a colony that had been
back crossed onto FVBN. The conditional knockout females
(Pgr“Esr1KO) and Esr1™ control littermates were used in
the experiments. Genotyping protocols for Esr1™ and Pgre
were performed as previously described (5, 6). The geno-
type of each mouse was validated and confirmed using ESR1
immunohistochemical analysis in the uterine sample using
the protocol described in the following text. The oviduct,

ERa in Oviduct and Uterus During Early Pregnancy

Endocrinology, February 2020, 161(2):1-12

ovaries, and uterus were collected from adult Pgr“"Esr1KO
and Esr1" females for histological analysis. Tissues were fixed
in 10% formalin and processed for standard hematoxylin and
eosin (H&E) staining. The estrous cycle was evaluated using
cytological analysis from vaginal smear for 10 days (ranging
from 47 to 64 days old) as previously described (7 = 7-10
mice/genotype) (9). The pituitary gland and serum were col-
lected from random stages of estrous cycle ovarian intact 7- to
18-week-old females at 9:00 am to 11:00 am for protein ex-
pression analysis and LH levels, respectively. The LH assay
was performed using 20 pL of serum from each animal as
previously described (7 = 20-25 mice/genotype) (5). For the
breeding trial, females were housed with wild-type (WT) male
proven breeders for 6 consecutive months (7 = 4-6 mice/geno-
type). The number of pups per litter per dam and litter interval
were recorded.

Western blot analysis

Protein was extracted and analyzed as described previously
with slight modifications (10). Briefly, a total of 25 pg protein
was used for the experiment. Nitrocellulose blot was probed
with rabbit anti ESR1 (11) (SC542, Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, US) listed in Antibody Table 1 at a di-
lution of 1:650 in 5% nonfat dry milk in tris-buffered saline
containing 0.01% Tween 20 (TBST) (z = 3 mice/genotype).
The monoclonal anti B-actin (12) (A2228, Sigma, St Louis,
MO, US) was used at a dilution of 1:2000 in 5% milk TBST
(n = 3 mice/genotype). Goat anti-rabbit IRDye 800 CW and
goat anti-mouse IRDye 680 RD secondary antibodies (Li-COR
Biotechnology, Lincoln, NE, US) were used for detection of
ESR1 and f-actin, respectively at a dilution of 1:50 000 in 5%
milk TBST. Protein expression was visualized using Odyssey
FC imaging system (Li-COR Biotechnology).

Histology, Immunohistochemistry analysis, and
Masson'’s trichrome staining

Histological and immunohistochemical (IHC) analyses
were performed as described previously (9). Briefly, formalin-
fixed uterine and oviduct tissues were embedded in par-
affin and sectioned to 5-um thickness. The antibodies used
were anti-ESR1 (13) (Thermo Fisher Scientific, Cat# MAS-
13191) at a dilution of 1:200 (7 = 3 mice/genotype). Ki67
antibody (14) (BD Pharminogen, 550 609) was diluted at
1:100. TUNEL staining was performed using ApopTag Plus
Peroxidase In Situ Apoptosis Kit (Millipore, #S7101) ac-
cording to manufacturer’s protocol (7 = 3-5 mice/genotype).
Masson’s trichrome staining was performed using a procedure
previously described (7 = 3—5 mice/genotype) (15).

Oocyte and embryo collection

Esr1™ and PgrEsr1KO females (4-6 weeks old) were
superovulated with pregnant mare’s serum gonadotropin
(Calbiochem, Gibbstown, NJ, US) 5 IU intraperitoneally (i.p.)
followed 48 h later by human chorionic gonadotropin (hCG;
Calbiochem) 5 IU i.p. as described previously (16). The cu-
mulus—oocyte complexes were collected from the oviduct at
18 h after hCG administration. The cumulus cells were washed
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off with 0.1% hyarulonidase in phosphase buffered saline.
The ovulated oocytes at metaphase II stage were counted
and recorded (# = 13 mice/genotype). For embryo collec-
tion, Esr1” and Pgr“"Esr1KO females (4-6 weeks old) were
superovulated with pregnant mare’s serum gonadotropin and
hCG. Immediately after hCG injection, females were housed
singly with a B6D2F1/] male (Jackson Laboratory, Bar Harbor,
ME, US) overnight. Females with a copulatory plug the next
morning were considered pregnant at 0.5 dpc. Zygotes (1-cell
embryos) and 2-cell embryos were flushed from the oviduct at
11:00 am on 0.5 dpc and 9:00 am on 1.5 dpc (7 = 3-6 mice/
genotype/time point). Morulae and blastocysts were collected
from the oviduct and uterus at 3.5 dpc (7 = 3-6 mice/group/
time point). Some of the tissues were collected at 4.5 dpc for
histological analysis (7 = 3—4 mice/genotype).

Measurement of serum P, and E, levels and
quantification of corpus luteum number
at 3.5 dpc

Blood samples and ovaries were collected from female
mice at 3.5 dpc at ~11:00 am. After CO, asphyxiation, blood
samples were drawn from the inferior vena cava, then centri-
fuged at 7,000 g for 7 min. Sera were then frozen at -80°C
and shipped to University of Virginia Center for Research in
Reproduction Ligand Core for P, assay (z = 3-9 mice/group).
Serum estradiol (E,) levels were determined using CalBiotech
E, assay kit (#£5180S-100, CalBiotech, El Cajon, CA, US) as
recommended by University of Virginia Center for Research
in Reproduction Ligand Core (17). E, assay was performed in
duplicate according to manufacturer’s protocol using 25 pL
serum from each animal (7 = 3-9 mice/group). Ovaries were
fixed in 10% formalin and processed using standard histo-
logical procedures. Ovarian tissues were then sectioned and
stained with H&E. Number of corpora lutea (CL)/section
from both ovaries of each animal were counted and averaged
(n = 3—4 mice/genotype).
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RNA extraction and real-time polymerase chain
reaction analysis

Ribonucleicacid (RNA) was extracted, and semiquantitative
polymerase chain reaction and the analysis were carried out as
previously described (18). Expression values were normalized
to Rpl7 expression and calculated as fold-change compared to
vehicle-treated Esr1™ uteri (n = 3-6 mice/genotype) or Esr1”f
uteri at 3.5 dpc (7 = 5-8 mice/genotype). The primer sequences
are listed in Table 1.

Statistical analysis

Data were analyzed using GraphPad Prism version 5.00 for
Mac OS X. All data were evaluated for statistically significant
differences (P < .05) using 2-tailed unpaired Student’s ¢-test or
a 2-way analysis of variance with Sidak’s multiple compari-
sons test.

Results

Lack of ESR1 expression in the oviduct and
uterus leads to female infertility

To validate the specificity of Esrl deletion, IHC
was performed in the uterine and oviductal tissues
from ovarian intact 5- to 8-week-old female mice. In
Esr1" control littermates, positive staining of ESR1
(13) was detected in every cell type in the oviduct
(Fig. 1A) and the uterus (Fig. 1B). Consistent with the
previous study, the recombinatory activity of Pgr®™
was observed in the isthmic but not the ampullary
region of the oviduct (8), leading to a loss of ESR1
expression only in the isthmus in Pgr“Esr1KO mice
(Fig. 1A). In the uterus, ESR1 protein was not detected
in the epithelial, stromal, or circular myometrial cells
(Fig. 1B). Expression of ESR1 in some of the longitu-
dinal myometrium remained intact in Pgr Esr1KO
mice. We also found that there were no pups born to

Table 1. List of primer sequences
Primers Entrez gene name Sequences: forward (F) and reverse (R): 5’3’
Bircla Baculoviral inhibitor of apoptotic proteins repeat containing F: AGTGAGAAGGCAGCAAGCAG
1 R: CGCAGTCTCCTGGTTAGCAC
Igfbp3 Insulin-like growth factor binding protein 3 F: GCAGGCAGCCTAAGCACCTA
R: TGCTCCTCCTCGGACTCACT
Igfbp5s Insulin-like growth factor binding protein 5 F: TCTCCAGGCTCCCTCTTTCTC
R: TGATCACCATTTTCTCGGAGTCT
KIf9 Kruppel-like factor 9 F: GGAAACACGCCTCCGAAA
R: GGGCTTTAAGATGGGAGGATTT
Mad2I1 MAD2 mitotic arrest deficient-like 1 F: TGGTAGTGTTCTCCGTTCGATCT
R: GCAGGGTGATGCCTTGCT
Nrdal Nuclear receptor subfamily 4 group A member 1 F: GGGCATGGTGAAGGAAGTTGT
R: GAGGCTGCTTGGGTTTTGAA
Rpl7 Ribosomal protein L7 F: AGCTGGCCTTTGTCATCAGAA
R: GACGAAGGAGCTGCAGAACCT
Txnip Thioredoxin-interacting protein F: ACCACTTTCTCGGATGTTGGA

R: GGAAAGACAACGCCAGAAGGT
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Figure 1. Loss of ESR1 expression in the isthmic region of the oviduct and the uterus leads to female infertility. Immunohistochemistry of

ESRT in (A) the ampullary and isthmic regions of the oviduct and (B) the uterus from Esr

1" and Pgr"Esr1KO female mice (at 5-8 weeks old).

Representative images are shown (n = 3 mice/genotype). Scale bars = 100 um. (C) Number of pups/litter/dam and (D) the interval (days) between
each litter in each dam after 6-month breeding trial with a fertile WT male (n = 4-6 mice/genotype). Each data point represents one biological
replicate. Abbreviation: N/A, not applicable as there were no pups born to Pgr"®Esr1KO females.

PgrEsr1KO after a 6-month fertility trial compared
to an average of 5.6 pups/litter/dam in Esr1™ females
(Figs. 1C and 1D). Therefore, a loss of ESR1 in the
isthmus of the oviduct and the uterus may contribute
to infertility of Pgr’™Esr1KO mice.

Blunted ESR1 expression in the pituitary gland
is associated with aberrant ovarian function

Due to the expression of Pgr™ in the pituitary
gland (6), it was possible that the hypothalamus—pitu-
itary-gonadal (HPG) axis was altered in Pgr“Esr1KO
mice. Therefore, we evaluated the expression of ESR1
protein in PgrEsr1KO compared to Esr1™ females.
Consistent with prior observations (19), we found that
Pgr“Esr1KO had lower expression level of ESR1 (11)
in pituitary glands compared to Esr1” females (Fig. 2A),
suggesting a partial deletion of Esrl in some but not
all cell types in the pituitary gland. Circulating LH was
significantly higher in Pgr“Esr1KO than in Esr1" fe-
males (Fig. 2B). Additionally, vaginal cytological ana-
lysis showed a persistent diestrus stage in Pgr*™Esr1KO
compared to Esr1” females (Fig. 2C). Pgr“Esr1KO
females also exhibited hemorrhagic cysts with no ap-
parent CL when collected at 12 weeks old compared
to Esr17f ovaries (Fig. 2D). These findings suggest that
disruption of the HPG axis in Pgr“Esr1KO mice could
also contribute to the female fertility defect. However,
when stimulated with exogenous gonadotropins during
the postpubertal period (5-8 weeks old), before hemor-
rhagic cysts developed, Pgr“Esr1KO females showed
a comparable number of ovulated oocytes compared to
Esr1” females (Fig. 2E).

Defective embryo transport in Pgr<"®Esr1KO
female mice

Our previous findings showed that conditional
knockout of Esrl in all epithelial cells throughout the
female reproductive tract disrupts preimplantation em-
bryo development and proper movement of embryos
from the oviduct to the uterus (16, 20). To investigate
the effect of ESR1 loss in the isthmus region alone on
preimplantation embryo development and transport,
embryos were collected from the oviduct and uterus
at 0.5, 1.5, and 3.5 dpc for 1-cell embryos (zygotes),
2-cell embryos, and morulae/blastocysts, respectively. In
this study, 5- to 8-week-old females were used to avoid
potential confounding effects of hemorrhagic cysts ob-
served at 12 weeks.

Comparable percentages of 1-cell and 2-cell embryos
were retrieved from Esr1” and Pgr“"Esr1KO oviducts
at 0.5 and 1.5 dpc, respectively (Fig. 3A). At 3.5 dpc,
there was no significant difference in percentages of
blastocyst and morulae retrieved from Esr1™ and
Pgr“Esr1KO oviducts and uteri (Fig. 3C). However,
it was noted that the percentage of nonviable embryos
appeared to be slightly higher in Pgr“Esr1KO fe-
males but not significantly different from Esr1”f mice
(Fig. 3C). More important, all embryos were retrieved
only from the oviducts of Pgr®Esr1KO females,
whereas all embryos were located in the uterus of Esr1"
females at 3.5 dpc (Figs. 4A and 4B). Using histological
analysis, we found that embryos (blastocysts) were re-
tained in the ampullary region of Pgr““Esr1KO mice
at 3.5 dpc whereas embryos in Esr1”
the uterus (Fig. 4C). There were no embryos found in

were located in
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Figure 2. Deletion of ESR1 in the pituitary gland altered the HPG-axis. (A) ESR1 expression in pituitary glands from Pgr<"Esr1KO compared to
Esr1™ adult females (n = 3 mice/genotype). B-actin was used as a loading control for each sample. (B) Serum LH levels from ovary-intact females
at 8 to 9 weeks of age in randomly cycling females (n = 20-25 mice/genotype). ***P < .001, significantly different from Esr1”"; unpaired 2-tailed
Student's t-test. (C) Vaginal smear in Pgr<"®Esr1KO compared to Esr1” females at the age of 47 to 64 days old (n = 7-10 mice/genotype).

Three representative animals shown for each group. (D) H&E staining of cross-sections of ovaries from adult £sr1”* and Pgr<"®Esr1KO females.
Representative images are shown (n = 4 mice/genotype). Scale bar = T mm. (e) Number of total oocytes ovulated in the oviduct after gonadotropin
treatment at 5 to 7 weeks of age (n = 13 mice/genotype). Each data point represents one biological replicate. Abbreviations: E, estrus; D, diestrus;

M, metestrus; ns; not significantly different from Esr1”" females; P, proestrus.

the uterine lumen of Pgr““Esr1KO females at 3.5 dpc
(Fig. 4C). At 4.5 dpc, all embryos were attached to the
uterine wall of Esr1%f
restricted to the isthmic region of Pgr®™Esr1KO mice
(Fig. 4D).

It is well established that disruption of circulating P,
levels leads to embryo transport arrest in the oviduct
(21). To determine whether the embryo transport de-
fect in Pgr"Esr1KO females was due to P, deficiency,
we investigated whether CL (source of P, production)
were present in the ovaries. At 3.5 dpc, the number of
CL in Pgr“Esr1KO was not significantly different from
Esr1™ ovaries (P = .8366) (Figs. 4E and 4F). However,
serum P, levels were significantly less in Pgr“"Esr1KO
compared to Esr1™ females (Fig. 4G), while serum E,

controls while the embryos were

levels were not significantly different but trended to-
ward an elevation (P = .0636) (Fig. 4H). These results
indicate that female mice lacking ESR1 in the isthmic
region of the oviduct and the uterus exhibit impaired
embryo transport and that this transport defect could
be due to a reduced circulating P,, a lack of proper es-
trogen signaling in the oviduct epithelial cells, or both.

Loss of ESR1 leads to increased apoptosis and
blunted estrogen-induced uterine transcripts
Because we observed an increased number of cells
with apoptotic-like bodies in the PgrEsr1KO uteri
at 3.5 dpc (Fig. 4C), we evaluated the presence of
an apoptotic cell marker (TUNEL staining). Positive
TUNEL staining was detected in Pgr“Esr1KO uteri at
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Figure 3. Loss of ESR1 in the isthmic region of the oviduct and the uterus leads to defective embryo transport. (A) Percentage of embryos at
1-cell or 2-cell stages of total ovulated eqggs in E£sr1”" and Pgr-"®Esr1KO females (n = 3-6 mice/genotype/time point). Each data point represents
one biological replicate. (B) Representative images of 1-cell, 2-cell embryos, and morulae/blastocysts collected at 0.5, 1.5, and 3.5 dpc, respectively
from Esr1"" and Pgr“"®Esr1KO oviducts and uteri (n = 3-6 mice/group/time point). Scale bar = 75 pm. (C) Percentage of blastocysts, morulae, or

nonviable embryos collected from Esr1™

and Pgr“"®Esr1KO oviducts and uteri at 3.5 dpc. Abbreviation: ns; not significantly different from Esr1™

females. *At 3.5 dpc, all embryos collected from Pgr-™Esr1KO were from the oviduct, not the uterus.

3.5 dpc; however, staining was not detected in Esr1%

controls (Fig. SA). Our previous findings indicated that
a loss of ESR1 in uterine epithelial cells correlates with
a decrease in an inhibitor of apoptotic proteins called
baculoviral inhibitors of apoptosis repeat-containing 1
(or Bircla), an estrogen-target gene (9). In this study,
we found a blunted Bircla expression in PgrEsr1KO
compared to Esr1™ uteri (Fig. 5B). Moreover, there
was more connective and fibrotic tissue detected in
Pgr“Esr1KO at 3.5 dpc compared to Esr1”f uteri as
indicated by the blue coloration in Masson’s trichrome
histological analysis (Fig. 5C).

To assess uterine responsiveness to estrogen in the
ovariectomized uteri, uterine wet weight was meas-
ured 24 h after treatment with E, at a dose of 0.25 pg/
mouse. Uterine weight increased significantly in Esr1"
controls (Fig. 6A); however, there was no change in
uterine weight after E, treatment in Pgr“"Esr1KO uteri.
In agreement with the uterine weight gain, E, stimu-
lated DNA synthesis (EdU incorporation) (Fig. 6B)
and cell proliferation (Ki67 THC) (14) (Fig. 6C) only
in Esr1” not Pgr“"*Esr1KO uteri. Estrogen-target genes
(5, 10, 18) such as MAD2 mitotic arrest deficient-like 1
(Mad2l1), Kruppel-like factor 9 (KIf9), nuclear receptor
subfamily 4 group A member 1 (Nr4al), and insulin-like
growth factor binding protein 5 (Igfbp5) were increased
in E -treated Esr17f uteri. However, the expression of
these estrogen-target genes was not stimulated by E, in
Pgr“Esr1KO uteri. Known estrogen downregulated
genes (10, 22) such as insulin-like growth factor

binding protein 3 (Igfbp3) and thioredoxin-interacting
protein (Txnip) were significantly reduced in E,-treated
Pgr““Esr1KO but at a lesser extent compared to E,-
treated Esr1” uteri. These data suggest that expres-
sion of ESR1 in the uterus is required for E,-regulation
of gene expression as well as modulation of uterine
apoptosis.

Discussion

The reproductive phenotype—female infertility—found
in Pgr“Esr1KO female mice recapitulates findings from
the previous aERKO mouse models (1, 5). However, the
information gained from the present study is that ESR1
expression specifically within the oviductal isthmus is
required for normal embryo transport out of the ovi-
duct, which has not been previously reported. Our re-
cent study shows that deletion of Esr1 in the epithelial
cells of the entire length of the female reproductive tract
using Wrnt7a“"*/Esr1” mice causes both embryo death
prior to the 2-cell stage and an embryo transport defect
(16, 20). Since Pgr“Esr1KO mice showed a deletion of
Esr1 only in the isthmic region and did not have signifi-
cant changes in embryo development, it indicates that the
embryo death phenotype observed in Wrnt7a“"*/Esr1"
females was specific to the loss of ESR1 in the ampullary
region. As such, embryo transport through the oviduct
was regulated by the action of ESR1 in the isthmic re-
gion (summarized in Fig. 7). Importantly, it is likely that
the embryo transport defect in Pgr“Esr1KO could also
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Figure 4. Embryo retention in the oviduct at 3.5 and 4.5 dpc in the absence of ESR1 in the isthmic region of the oviduct and the uterus. (A)

Histological analysis using H&E staining of the ampullary and isthmic region of the oviduct from Esr

1% and Pgr“Esr1KO female mice at 3.5

dpc (n = 3-4 mice/genotype). Representative images are shown. (B) Percentage of embryos collected at 3.5 dpc from the uterus or the oviduct

(n = 3-5 mice/genotype). (C) Uterine histology at 3.5 dpc (n = 3-4 mice/genotype). Representative images are shown. (D) The location of the
embryo in the uterus or the oviduct at 4.5 dpc (n = 3-4 mice/genotype). Scale bars = 100 pym. (E) H&E staining of ovarian sections collected at

3.5 dpc (n = 3-4 mice/genotype). Lower panels are higher magnification to illustrate luteal cells. Boxes show areas used for higher magnification
images. Scale bars = 0.5 mm in the upper panel and 100 pm in the lower panel. (F) Average numbers of CL/field image/mouse at 3.5 dpc (n = 3-4
mice/genotype). (G) Serum P, (ng/mL) and (H) E, (pg/mL) levels at 3.5 dpc (n = 3-9 mice/genotype). *P < 0.05; significantly different from Esr1"

controls. Abbreviation: E, embryo. *Corpus luteum.

result from reduced circulating P, levels (21). However,
the mechanistic details of estrogen/ESR1 mediated con-
trol of embryo transport through the isthmus as well as a
confounding factor from disrupted P, levels remain to be
investigated. Future studies will address (i) whether a lack
of appropriate P, levels is the sole source of the embryo
transport defect in Pgr®Esr1KO females, (ii) the cause
of P, deficiency in Pgr“Esr1KO mice, and (iii) whether
the development of pre-implantation embryos at 1.5,2.5,
and 3.5 dpc is affected by the reduction of circulating P,.

In mammals, the epithelial layer of the isthmus con-
sists mostly of secretory cells with fewer ciliated cells

compared to the ampullary region (23-25). It is postu-
lated that embryo transport in the oviduct is controlled
by two major physiological responses: (i) ciliary activity
and (ii) muscle contractility (26, 27). These responses
are responsible for generating oviductal fluid flow
through ciliary beating and muscle contractions but also
play a role in sperm migration and fertilization (28, 29).
Our previous observation was that a loss of ESR1 in the
epithelial cells of the entire length of the oviduct caused
an overall decrease in ciliary beat frequency (20). In the
present study, the deletion of Esr1 was restricted to the
isthmic region and not the ampulla where the ciliated
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Figure 5. Deletion of ESR1 from uterine tissue causes increased apoptosis and uterine collagenous content. (A) Immunohistochemistry of TUNEL at
3.5 dpcin Esr1” and Pgr-®Esr1KO uteri (n = 3-5 mice/genotype). Representative images are shown. Scale bars = 100 um and 20 pm for top and
bottom panels, respectively. (B) Birc7a transcript in Esr1”" and Pgr<"Esr1KO uteri at 3.5 dpc (n = 5-8 mice/genotype). Each data point represents
one biological replicate. *P < .05, significantly different from Esr1”; unpaired 2-tailed Student’s t-test. (c) Masson’s trichrome staining of Esr1%

and Pgr"®Esr1KO uteri at 3.5 dpc. Blue staining indicates collagen and connective tissues. Pink and red staining indicate keratin and muscle fibers
(n = 3-5 mice/genotype). Scale bars = 100 pm. Representative images are shown.

epithelial cells are abundant. Therefore, the expression
of ESR1 remains intact in the ciliated epithelial cells of
the ampullary region. Thus, it seems unlikely that im-
paired embryo transport observed in PgrEsr1KO fe-
male mice results from changes in ciliary function.

The action of steroid hormones on oviduct contract-
ility appears to be species-specific. In rabbits, estrogen
treatment decreases the contractility of the oviduct (30).
In cows, estrogen treatment increases the levels of pros-
taglandin and endothelin, which could, in turn, stimulate
the contraction of the oviductal muscle layer (31-33).
It is possible that estrogen directly modulates oviductal
muscle contraction through production of prostaglan-
dins and endothelins (31-33). However, direct mech-
anistic action of ESR1 regulation of oviductal muscle
contraction remains unclear. Nevertheless, the reduced
contractile function of the muscle cells could lead to a
retention of embryos inside the oviduct. This phenom-
enon is called tube-locking (34) due to an exogenous
pharmacological estrogen, which was observed in sev-
eral species including guinea pig, hamster, mouse, and
rabbit (34). These findings indicate that the action of es-
trogen through ESR1 in the oviduct has to be fine-tuned
to precisely govern embryo transport from the oviduct
to the uterine lumen via the regulation of muscle con-
traction in the isthmic region. P,, through PGR, induces
muscle contraction in the oviduct of the rabbit (30).
Microarray data from oviductal tissues of Pgr knockout

mice showed that levels of several genes with functional
annotation of muscle contractility were aberrantly ex-
pressed in the oviduct of Pgr knockout mice (35). Since
estrogen controls the expression of PGR in the female
reproductive tract (36), it is also possible that estrogen
modulates its oviductal contractility through the regula-
tion of P,/PGR-mediated signaling.

In addition to effects on oviductal function, we also
found that partial deletion of Esr1 in the pituitary gland
disrupted the HPG axis and induced an elevation of LH
levels, which is in agreement with findings from previous
studies (19). Laws et al demonstrated that, in addition to
elevated LH levels, serum P, as well as E, and testosterone
at 6 months old were significantly higher in Pgr“Esr1KO
compared to control littermates (19). Elevated levels of
steroids are likely due to a lack of estrogen-mediated
negative feedback in the pituitary causing an overstimu-
lation of ovarian cells by LH resulting in an increased
steroidogenesis. Our laboratory also reported that the
formation of hemorrhagic ovarian cysts is due to a high
circulatory level of LH (37). However, we found that
Pgr“Esr1KO female mice could be stimulated with
exogenous gonadotropins to induce ovulation at levels
comparable to control littermates at 5 to 8 weeks of age,
prior to the presence of hemorrhagic cysts, whereas the
previous ERKO mouse model showed defective ovu-
lation (38). In agreement with this, CL numbers at 3.5
dpc in Pgr“Esr1KO were equivalent to that of controls
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Figure 6. Loss of E,-induced uterotrophic response in adult ovariectomized females lacking ESR1 expression. (A) Uterine weight (mg/100 g

body weight), (B) newly synthesized DNA indicated by EdU incorporation, and (C) cell proliferation indicated by Ki67 immunohistochemistry

in ovariectomized females treated with vehicle (100 pL sesame oil) or E, (0.25 pg/mouse) for 24 h prior to collection (n = 3-4 mice/genotype/
treatment). **** P < .0001, significantly different from vehicle within the same genotype; unpaired 2-tailed Student’s t-test. ns; not significantly
different from vehicle within the same genotype group. Hoechst indicates DNA staining. (D) Gene expression (Mad2/1, KIf9, Nr4a1, Igfbp5,

Igfbp3, and Txnip) in Esr1”" and Pgr™®Esr1KO uteri 24 h after treatment with Vehicle, or E, (n = 3-6 mice/genotype/treatment). *, **, *** and
**x%p < 05,0.01, 0.001, and 0.0001, significantly different from vehicle treatment within the same genotype group. ns; not significantly different
from vehicle within the same genotype group. Each data point represents one biological replicate.

when experiments were performed at 5 to 8 weeks old,
suggesting that the development of CL was not affected
at this age. However, a significant reduction of P, levels
in PgrEsr1KO indicates that CL function was dis-
rupted. It is expected that CL development should not
be disrupted in Pgr“Esr1KO females, as ESR1 is ex-
pressed exclusively in the theca cells of the ovary (39)
while Cre-recombinase activity driven by Pgr promoter
should be active in the preovulatory granulosa and the

luteal cells (6). Therefore, the presence of Cre and LoxP
does not overlap; as such, folliculogenesis and granulosa
cell differentiation to luteal cells should not be affected.
Circulatory levels of E, at 3.5 dpc were not significantly
different in Pgr“"Esr1KO compared to that of controls
but trended toward an elevation. This is likely due to the
fact that the E, level in one of the control animals was at
16 pg/mL. Therefore, it is possible that serum E, levels
will be significantly higher if the number of animals in
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from the global deletion of Esr7 was not depicted in the diagram as the mice are unable to mate or ovulate and the oviductal function of ESR1 was
not evaluated. Abbreviations: dpc, days post coitus; ESR1, estrogen receptor a.

Antibody Table 1

Species
Manufacturer, Catalog No., Raised in;
Peptide/Protein  Name of and/or Name of Individual Monoclonal or Dilution
Target Antibody Providing the Antibody Polyclonal Used RRID
ESR1 (for IHC Estrogen Receptor  Thermo Fisher Scientific Cat# MA5- Mouse; 1:200  AB_10986080
analysis) alpha (1D5) 13191 monoclonal
ESR1 (for Western  ER alpha (MC-20)  Santa Cruz Biotechnology Cat# sc-542  Rabbit, 1:650 AB_631470
blotting) monoclonal
Ki67 Purified mouse BD Pharminogen Cat #550 609 Mouse; 1:100  AB_393778
anti-Ki67 monoclonal
B-Actin Anti-beta-Actin Sigma-Aldrich Cat# A2228 Mouse; 1:2000 AB_476697
monoclonal

Pgr“Esr1KO group increased, which would be due to
a defective feedback regulation of E, levels due to a dis-
ruption of the previously described HPG axis instead
of a local defect for E, production in the Pgr“"Esr1KO
ovaries.

In conclusion, our main observations resulting from
studies using the Pgr“Esr1KO mouse model highlight
the necessity of estrogen signaling through ESR1 in
oviduct function during embryo transport, likely via a
direct regulation of estrogen signal or indirectly through
P,/PGR action in the isthmic region. In humans, ectopic
or tubal pregnancy, caused by embryo retention and

attachment within the Fallopian tubes, is one of the
leading causes of maternal death due to severe internal
bleeding (40). Although tubal ectopic pregnancy would
appear to be restricted to primates (41), our studies sup-
port clinical findings that the expression of ESR1 was
decreased or absent in the Fallopian tubes from pa-
tients with ectopic pregnancy (42, 43). Accordingly, our
findings have the potential to provide a better under-
standing for the etiology of ectopic pregnancy and spe-
cifically, why the embryo is retained and implants in the
Fallopian tube instead of the uterine wall.
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