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RESEARCH ARTICLE

Role of preovulatory concentrations of estradiol on timing of conception and
regulation of the uterine environment in beef cattle
George A. Perry a, Robert A. Cushmanb, Brandi L. Perrya, Amanda K. Schiefelbeina, Emmalee J. Northropa,
Jerica J.J. Richa, and Stephanie D. Perkinsa

aDepartment of Animal Science, South Dakota State University, Brookings, SD, USA; bUSDA-ARS U.S. Meat Animal Research Center, Clay
Center, NE, USA

ABSTRACT
The ability to induce ovulation with an injection of GnRH facilitated the development of fixed-time
artificial insemination (AI) protocols. However, animals that exhibit estrus prior to fixed-time AI
have greater pregnancy success. Thus, the objectives of the present experiments were to deter-
mine the impact of estrus expression prior to fixed-time AI on timing of conception and to
characterize the role of preovulatory estradiol in regulating changes in expression of uterine
genes. In experiment 1, data were collected from 4,499 beef cows inseminated by fixed-time AI in
31 different herds. Animals that did not conceive to AI but exhibited estrus before timed-AI were
more likely to conceive during cycle 1 after AI, and overall conceived earlier in the breeding
season compared to animals that did not exhibit estrus. In experiment 2, beef cows were
synchronized using a fixed-time AI protocol. Uterine horn biopsies and blood samples were
collected on Day 0, 5, 10, or 16. Concentrations of estradiol on Day 0 did not influence expression
of progesterone receptor, ER beta, or oxytocin receptor. Increased concentrations of estradiol
on Day 0 increased expression of ER alpha from Days 0 to 5 of the estrous cycle. Furthermore,
cows with increased concentrations of estradiol on Day 0 had increased expression of inhibin beta
A, and uterine milk protein precursor. Thus, animals that do not exhibit estrus prior to fixed-time
AI had decreased breeding season pregnancy success and conceived later in the breeding season,
and preovulatory concentrations of estradiol likely play a major role in this establishment of
pregnancy, not only directly by regulating uterine gene expression, but also indirectly throughout
the subsequent estrous cycle.

ARTICLE HISTORY
Received 24 July 2019
Revised 2 October 2019
Accepted 3 November 2019

KEYWORDS
Estradiol; uterus; gene
expression; conception

Introduction

Fixed-time AI (FTAI) protocols have been developed to
eliminate the need for estrous detection, greatly decreas-
ing labor requirements and increasing the number of
cows inseminated by AI. These protocols are possible
since gonadotropin-releasing hormone (GnRH) is cap-
able of inducing ovulation regardless of estrus expres-
sion or the corresponding rise in estradiol (Ryan et al.
1998). However, induction of ovulation without expres-
sion of estrus has been reported to have decreased con-
ception rates (Bridges et al. 2012a; Whittier et al. 2013;
Hill et al. 2014) likely from inadequate estrogen concen-
trations to properly regulate the uterine environment for
subsequent sperm transport and gamete-conceptus sur-
vival (Perry and Perry 2008a, 2008b). Thus, cows that
did not exhibit standing estrus around the time of
GnRH-induced ovulation (± 24 h) had decreased con-
centrations of estradiol at AI and decreased pregnancy
success compared to cows that did exhibit estrus (Perry

et al. 2005, 2007; Richardson et al. 2016). Research by
Atkins et al. (2013) and Jinks et al. (2013) reported that
estradiol concentrations at GnRH-induced ovulation (d
0; time insemination would occur) affected pregnancy
success of embryo recipient cows independent of pro-
gesterone concentrations on d 7. Among donor cows,
increased concentrations of estradiol on d 0 tended to
improve embryo quality and viability without affecting
embryo stage (Jinks et al. 2013).

During the estrous cycle, the endometrium under-
goes changes in composition and differentiation sta-
tus. These changes are mainly regulated by estradiol,
progesterone, and oxytocin (Spencer et al. 2004), and
expression of uterine oxytocin and steroid receptors
change throughout the estrous cycle (Robinson et al.
2001). Thus, the uterine environment changes dyna-
mically during the estrous cycle, and this environment
plays a vital role in maternal recognition of preg-
nancy, elongation, and attachment through secretion
of nutrients, growth factors, immunosuppressive
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agents, enzymes, and ions that are necessary for
proper embryonic growth and development (Geisert
et al. 1992; Gray et al. 2001). More specifically,
whether or not an animal was exposed to elevated
concentrations of estradiol has been reported to
impact gene expression within the endometrium
(Bridges et al. 2012b). Estradiol-induced expression
of endometrial receptors, production of uterine pro-
teins (Bartol et al. 1981), and also influenced the
expression of many genes involved in uterine extra-
cellular matrix remodeling (Bauersachs et al. 2005).
Bridges et al. (2012b) determined nuclear progester-
one receptors in the deep glandular epithelium and
mRNA abundance of ERα in the uterine epithelium
was decreased among animals that had decreased pre-
ovulatory estradiol concentrations compared to ani-
mals that were exposed to elevated estradiol
concentrations during the preovulatory period on
d 15 after insemination. On d 19 after insemination,
Davoodi et al. (2016) reported that genes associated
with maternal immune system suppression (IGLL1,
CXCL10, MX2, SLPI), attachment between the endo-
metrium and conceptus (MMP19, MYL12A), and CL
maintenance (OXT, COX2, FPr, CYP11A, BAX) were
favorably expressed in cows that exhibited estrus near
the time of AI.

In addition, the timing of changes in the uterine
environment is of critical importance to embryo survi-
val. Estradiol has been reported to play a direct role in
the regulation of the biological clock in the uterus
(Nakamura et al. 2005). A number of transgenic
mouse models have implicated members of the circa-
dian clock genes in proper mammalian reproductive
function (Kennaway 2005; Boden and Kennaway
2006). In cattle, synchrony between a transferred
embryo and the uterus must be ± 24 h for proper
embryo attachment to occur (Hasler 2001). Thus from
these studies, we hypothesized that endogenous preo-
vulatory estradiol concentrations regulate the uterine
clock during the subsequent estrous cycle, and is neces-
sary for proper fertilization and early embryonic survi-
val. Therefore, the objectives of the present experiments
were to determine the impact of estrus expression prior
to fixed-time AI on timing of when cows conceive
during the breeding season, and to characterize the
role of estradiol at time of GnRH-induced ovulation
in regulating changes in uterine expression of hormone
receptors (estradiol receptor alpha, estradiol receptor
beta, progesterone receptor, and oxytocin receptor)
and uterine proteins that might initiate down-stream
effects on uterine function and pregnancy success (per-
iod 1, proenkephalin-A, inhibin beta A, and uterine
milk protein precursor).

Results

Experiment 1 – Timing of conception

Animals that exhibited estrus before fixed-time AI had
increased (P < 0.01) pregnancies to AI (64 ± 1.3% vs
45 ± 1.6%, respectively; n = 4,499) and increased preg-
nancies during the entire breeding season (93 ± 0.7% vs
89 ± 1.1%, respectively; n = 4,499) compared to animals
that did not exhibit estrus. There was a tendency for age/
parity (P < 0.09) on pregnancies to AI or on pregnancies
during the entire breeding season. With heifers tending
(P = 0.08) to have greater pregnancies to AI cows
(57 ± 5.3% and 54 ± 5.1%, respectively), but cows tended
(P = 0.07) to have greater pregnancies during the breeding
season compared to heifers (92 ± 1.0% and 90 ± 1.2%,
respectively). However, days postpartum did impact
initial pregnancies to AI (P = 0.01; cows that were 60
days postpartum or less had decreased AI pregnancies
compared to cows that were 80 or 100 days postpartum),
but days postpartum had no impact on animals conceiv-
ing during the breeding season (P = 0.71). Body condition
score at AI had no impact on pregnancies to AI (P = 0.11),
but did impact pregnancies during the entire breeding
season (P = 0.02); cows that were a condition score 4 had
decreased success (86.3 ± 2.5%) compared to cows in
a condition of 5 or 6 (92.1 ± 2.4% and 93.0 ± 2.5%,
respectively). Of the animals that did not conceive to
fixed-time AI but did conceive during the breeding season
(n = 1,116), expression of estrus before fixed-time AI
resulted in animals conceiving earlier in the breeding
season (P < 0.01; d 36 ± 1) compared to animals that
did not exhibit estrus before fixed-time AI (day 41 ± 1).
Age/parity also influenced when animals conceived dur-
ing the breeding season with heifers conceiving earlier
than cows (P = 0.01; day 35 ± 1.3 and 39 ± 0.6; respec-
tively). There was no estrus expression by age interaction
(P = 0.83). Furthermore, timing of conception during the
breeding season was not influenced by days postpartum
(P = 0.25) or body condition score (P = 0.28; n = 704).
There was no difference (P = 0.74) in embryonic loss
between groups (2.3 ± 0.3% and 2.1 ± 0.4% for estrus
and no estrus, respectively).

When only animals that did not conceive to
fixed-time AI were evaluated there was an impact
of exhibiting estrus before fixed-time AI on the
percentage of animals that conceived during cycle
1 (P < 0.01; days 10 to 31 of the breeding season;
n = 1577). More animals that exhibited estrus before
fixed-time AI conceived during the first return to
estrus (days 10 to 31 of the breeding season) com-
pared to animals that did not exhibit estrus before
fixed-time AI (P < 0.01; 58 ± 9% vs 38 ± 7%).
Furthermore, age had a significant impact on
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conceiving during this first return to estrus (P <
0.01), with a greater percentage of heifers conceiving
in cycle 1 compared to cows (39 ± 2% vs 30 ± 2%).
However, there was no estrus by age interaction
(P = 0.18). During the second (days 32 to 53; n =
1063) and third (days 54 to 75; n = 612) cycles of
the breeding season there was no effect of estrus
(P > 0.57; 72.6 ± 10.1% vs 78.0 ± 8.5% and 64.5 ±
17.6% vs 75.0 ± 16.5% for no estrus and estrus
within cycle 2 and 3, respectively), age (P > 0.82),
or an estrus by age interaction (P > 0.24). During
the fourth (after day 75; n = 510) cycle of the
breeding season a greater percentage of animals
that did not exhibit estrus before the start of the
breeding season conceived (P = 0.02; 15 ± 2% vs 9 ±
2% for no estrus and estrus, respectively). But, there
was no effect of age (P = 0.65) or an estrus by age
interaction (P= 0.55).

Experiment 2

Circulating concentrations of estradiol on Day 0 (P <
0.001) were greater in estrus cows compared to non-
estrus cows (Figure 1). There was also a significant
impact of preovulatory estradiol (P = 0.03), time (P <
0.01), and a preovulatory estradiol by time interac-
tion (P < 0.01) on circulating concentrations of pro-
gesterone. Concentrations of progesterone did not
differ (P > 0.13) between treatments on Day 0, 5,
or 10 but were greater (P < 0.001) on Day 16 in
estrus cows compared to non-estrus cows (Figure 2).

Hormone receptors

There were no differences (P = 0.74) in expression
of progesterone receptor between estrus (8.7 ± 0.7)
and non-estrus (8.3 ± 0.7) cows. There was an effect
of day (P < 0.01; Figure 3). Overall, expression was
similar (P = 0.25) on Day 0 (13.9 ± 1.1) and Day 5
(12.2 ± 1.1), then decreased (P < 0.01) to Day 10
(5.8 ± 1.0) and tended to further decrease (P = 0.07)
to Day 16 (2.2 ± 1.4). When separating treatment-by
-day, expression in estrus cows was similar between
days 0 and 5 (P = 0.89) and then decreased
(P < 0.01) to days 10 and 16 which were similar
(P = 0.20). Among non-estrus cows, expression was
similar between days 0 and 5 (P = 0.16) and then
decreased (P = 0.01) to days 10 and tended
(P = 0.08) to further decreases to day 16.
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Figure 1. Circulating concentrations of estradiol on Day 0 of the
estrous cycle for cows in the estrus and non-estrus groups.
abP < 0.01.
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Figure 2. Circulating concentrations of progesterone on Days 0, 5, 10, and 16 of the estrous cycle for cows in the estrus and non-
estrus groups. Points having different superscripts are different (P < 0.03).
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Expression of ER alpha did not differ (P = 0.72)
between estrus (13.7 ± 1.6) and non-estrus (12.9 ± 1.7)
cows. There was an effect of day (P < 0.01; Figure 4), with
expression being greater on Day 5 (21.9 ± 2.4) compared
to Day 0 (P = 0.02; 13.1 ± 2.5), Day 10 (P = 0.04;
15.0 ± 2.2), and Day 16 (P < 0.01; 3.3 ± 3.1).
Furthermore, expression was similar (P = 0.56) between
Days 0 and 10, and both were greater (P < 0.02) than Day
16. Expression of ER alpha in estrus cows increased
from Day 0 to 5 (P < 0.01), then decreased from day 5
to 10 (P = 0.01) and tended (P = 0.06) to further decrease
to day 16. Among non-estrus cows, expression remained
similar from Day 0 to day 5 and 10 (P > 0.58) but then
decreased to day 16 (P < 0.03; Figure 4). Furthermore,
expression tended to differ between estrus cows and non-
estrus cows on day 5 (P = 0.10).

Expression of ER beta did not differ (P = 0.28)
between estrus cows (7.1 ± 1.0) and non-estrus cows
(5.5 ± 1.1). There tended (P = 0.06) to be a day effect
with increased expression on Days 0 (6.2 ± 1.6; P =
0.09), 5 (7.5 ± 1.5; P = 0.04), and 10 (9.6 ± 1.4; P < 0.01)
compared to Day 16 (1.9 ± 2.0; Figure 5), and expres-
sion tended (P = 0.08) to differ between estrus cows
and non-estrus cows on day 5.

Expression of oxytocin receptor did not differ
(P = 0.12) between estrus cows (4.8 ± 0.5) and non-
estrus cows (3.7 ± 0.4). There was an effect of day
(P < 0.01) with expression decreasing (P < 0.01)
from Day 0 (9.6 ± 0.7) to Day 5 (4.2 ± 0.7) and further
decreasing to Day 10 (1.5 ± 0.6) and Day 16 (1.7 ± 0.9).
There were no days that expression differed between
treatments (P > 0.0.25; Figure 6).
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3.2 Uterine proteins

Expression of Period 1 was increased (P = 0.03) in estrus
cows (11.9 ± 1.4) compared to non-estrus cows (7.6 ±
1.3). Furthermore, there was an effect of day, expression
was increased on Days 5 (13.1 ± 2.0) and 10 (13.9 ± 1.9)
compared to Day 0 (P < 0.01; 4.8 ± 2.1). Expression
on Day 16 (7.2 ± 2.6) tended to be decreased compared
to Day 10 (P = 0.08) and Day 5 (P= 0.10) but was similar
to Day 0 (P = 0.47; Figure 7). Among estrus cows, expres-
sion increased (P = 0.01) from day 0 to 5, and remained
elevated from day 5 to 10 to 16 (P > 0.38). Among non-
estrus cows expression was similar between day 0 and 5 (P
= 0.17), and 5 and 10 (P = 0.31), but was increased on day
10 compared to day 0 (P = 0.03) and 16 (P = 0.04).
Furthermore, expression tended (P = 0.09) to be greater
in estrus cows on day 5 compared to non-estrus cows.

Expression of proenkephalin-A did not differ (P = 0.27)
between estrus cows (10.7 ± 3.6) and non-estrus (4.9 ± 3.6).

However, there was an effect of day (P = 0.02), expression
was not detected on Day 0, but increased (P < 0.01)
from Day 5 (4.6 ± 5.3) to Day 10 (21.6 ± 4.9), then tended
to decrease (P = 0.09) from Day 10 to Day 16 (5.1 ± 6.8).
Among estrus cows, expression increased from day 5 to 10
(P = 0.02) and tended to decrease to day 16 (P = 0.09).
However, among non-estrus cows expression did not
change between any days (P > 0.18), but expression tended
(P = 0.07) to be decreased on day 10 among non-estrus
compared to estrus cows (Figure 8).

Expression of inhibin beta A was greater (P = 0.01) in
estrus cows (2.7 ± 0.4) compared to non-estrus (1.0 ± 0.4)
cows. Furthermore, there was an effect of day (P < 0.01),
with expression being increased on Day 0 (6.1 ± 0.6) com-
pared toDays 5 (0.5 ± 0.6), 10 (0.4 ± 0.6), and 16 (0.5 ± 0.8).
There was also an estrus by day interaction (P < 0.01).
Expression was greater (P < 0.01) in estrus cows compared
to non-estrus cows on Day 0, but did not differ between
treatments on Day 5, 10, or 16 (Figure 9).
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Expression of uterine milk protein precursor was
greater (P = 0.03) in estrus cows (3.4 ± 0.8) compared
to non-estrus (0.9 ± 0.8) cows. There was also a day
effect (P = 0.03), with expression decreased (P < 0.01)
from Day 0 (7.9 ± 1.1) to Days 5 (0.03 ± 1.2), 10
(0.4 ± 1.1), and 16 (0.7 ± 1.5). Furthermore, there was
an estrus by day interaction (P = 0.01), with expression
increased on Day 0 among estrus cows compared to the
rest of the estrous cycle, but expression was similar
among all days of the cycle in non-estrus cows
(Figure 10).

Discussion

Estradiol plays a pivotal role in initiation of standing
estrus and the ovulatory cascade (see review Allrich
1994). It has also been reported to play a direct role
in the regulation of the biological clock in the uterus

(Nakamura et al. 2005). In the present study, more
animals that exhibited standing estrus prior to fixed-
time AI conceived to AI. This is similar to previous
studies that have reported expression of estrus prior to
fixed-time AI directly affected pregnancies per AI
(Richardson et al. 2016). Interestingly, not only did
more animals that exhibited estrus prior to fixed-time
AI conceive to AI, but more of these animals conceived
during the breeding season and they conceived earlier
in the breeding season. This indicates that the preovu-
latory rise in estradiol may be critical to the timing of
changes that occur in the uterus, and induction of
ovulation without expression of estrus may require
additional time to correct the timing in the uterus.

In ovariectomized cows, treatment with estradiol was
required before progesterone treatment to inhibit an oxy-
tocin-induced release of PGFM (Kieborz-Loos et al.
2003), and estradiol production by preovulatory follicles
has also been correlated with the number of progesterone
receptors present in the uterine endometrium (Zollers
et al. 1993). In the present study, circulating concentra-
tions of estradiol on d 0 were greater in animals that
exhibited estrus compared to animals that did not.
Furthermore, it appears that animals that did not exhibit
standing estrus experienced earlier regression of the cor-
pus luteum than animals that exhibited estrus as circulat-
ing concentrations of progesterone were decreased on day
16 among animals that did not exhibit estrus. Up-
regulation of the oxytocin receptors plays a vital role in
initiating luteal regression (McCracken et al. 1999).
Transcript abundance of oxytocin receptor did not differ
between estrus and non-estrus cows, and, therefore, likely
is not the main factor resulting in the decrease in circulat-
ing progesterone on day 16 in non-estrus cows or in
previously reported differences in fertility between estrus
and non-estrus cows. Transcript abundance did follow
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a normal pattern in both groups with decreased expres-
sion from Day 0 to Day 5 and then continued to decrease
to Day 10 and Day 16. Abundance of oxytocin receptor
mRNA in luminal epithelium and superficial glands was
elevated prior to Day 6 but during Days 6 to 16, oxytocin
receptor transcript was not detectable or very lowly abun-
dant (Robinson et al. 2001). Similarly staining for the
oxytocin receptor was greatest during metestrus (Days 1
to 6), then decreased during diestrus (Days 7 to 16), but in
contrast to the present study and other studies looking
a transcript abundance protein increased onDay 16 of the
estrous cycle (Kimmins and MacLaren 2001).

The timing of changes in the uterine environment
are of critical importance to embryo survival. In cattle,
synchrony between a transferred embryo and the uterus
must be ± 24 hr (Hasler 2001), and ovarian estradiol
plays an important role in establishing the timing of
uterine receptivity (Ozturk and Demir 2010). During
the estrous cycle, changes occur in the endometrium
regarding its composition and differentiation status.
These changes are mainly regulated by estradiol, pro-
gesterone, and oxytocin (Spencer et al. 2004), and tran-
script abundance of uterine oxytocin and steroid
receptors (estradiol receptor alpha and nuclear proges-
terone receptor) change throughout the estrous cycle
(Robinson et al. 2001).

In the present study, transcript abundance of ER
alpha was greater on Day 5 compared to Days 0, 10,
and 16 among estrus cows, but transcript abundance
was similar on Days 0, 5, and 10 among non-estrus
cows, whereas transcript abundance of ER beta was
similar between estrus and non-estrus cows throughout
the estrous cycle. From these results, there is very little
evidence to suggest changes in transcription of ER
alpha or ER beta are responsible for the observed
improved fertility associated with estrus animals. This
seems logical because there was no difference at Day 0,
and it can be assumed that estradiol acting through its
receptors would have set in motion down-stream path-
ways by the later stages of the estrous cycle. Robinson
and co-workers (2001) reported fluctuations in abun-
dance of ER alpha mRNA throughout the estrous cycle
with transcript abundance elevated on the day of estrus,
decreasing on Day 2, increasing again during the early
luteal phase, then decreasing during the mid- to late
luteal phase before increasing again on Day 20 of the
estrous cycle. Immunostaining for ER alpha in uterine
epithelium and stroma throughout the estrous cycle
revealed that the protein was in greatest quantities
early in the estrous cycle and decreased during the
early luteal phase (Robinson et al. 2001; Martin et al.
2008). An increase in protein was observed on Days 10
to 14 in luminal epithelium but was not seen in

superficial glands or deep glands (Robinson et al.
2001) and was lowest during the late luteal phase in
all cell types (Robinson et al. 2001; Martin et al. 2008).
Both ER alpha and ER beta bind estrogen and the same
estrogen response elements and can form either homo-
dimers of heterodimers (Saunders 1998). However, ER
beta binds estradiol with a lower affinity than ER alpha
(Kuiper et al. 1996, 1997), and Brandenberger and co-
workers (1997) have reported ER beta transcripts in
human uterine tissue but at a decreased abundance
compared to ER alpha.

Cows that had a normal length luteal phase had
greater preovulatory concentrations of estradiol com-
pared to cows that experienced a short luteal phase
(Sheffel et al. 1982; Garcia-Winder et al. 1986;
Garverick et al. 1988; Braden et al. 1989), but exogen-
ous estradiol increased uterine progesterone receptors
(Zelinski et al. 1980) and permitted progesterone to
coordinate the timing of prostaglandin F2α secretion
(Zollers et al. 1993). Therefore, estradiol may not only
have a direct effect on regulating the uterine environ-
ment but may also have an indirect role by regulating
response to progesterone through regulation of the
progesterone receptor. In the present study, all cows
had a normal length estrous cycle (based on expression
of estrus) and there were no differences in transcript
abundance of progesterone receptor between estrus and
non-estrus cows. Therefore, previously reported differ-
ences in fertility between estrus and non-estrus cows is
likely not regulated through changes in transcript
abundance of progesterone receptor. This seems logical
since changes in progesterone receptors have been
reported to be associated with short estrous cycles,
and the decrease in transcript abundance from Days 0
and 5 to Days 10 and 16 are similar to previous
reported changes. Kimmins and MacLaren (2001)
reported that transcript abundance of progesterone
receptor mRNA reached maximum concentrations by
metestrus (Days 1 to 6) and were down-regulated dur-
ing diestrus (Days 7 to 16). Similarly, abundance of
progesterone receptor mRNA in the subepithelial
stroma was elevated on Days 0 to 6 of the estrous
cycle before decreasing through Day 15, and abundance
in the superficial glands was increased from Day 0
to Day 8 before decreasing through Day 15 (Robinson
et al. 2001). Similarly, immunostaining for progester-
one receptor in the uterine stroma showed similar
intensity on Days 0 and 5 but then intensity decreased
on Days 9 and 13 of the estrous cycle before increasing
again on day 19 (Martin et al. 2008), indicating tran-
script abundance and protein abundance are associated.

Estradiol has been reported to have a direct impact
on oviductal secretion of glycoproteins (Buhi 2002) and
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in the regulation of the uterine biological clock
(Nakamura et al. 2005). This has been demonstrated
through a number of transgenic mouse models. These
models have implicated members of the circadian clock
gene family in the proper regulation of mammalian
reproductive function (Kennaway 2005; Boden and
Kennaway 2006). Chappell et al. (2003) reported that
under-expression of the CLOCK gene resulted in mice
that had prolonged estrous cycles and decreased litter
size. Under-expression of Bmal1 resulted in prolonged
estrous cycles and decreased progesterone secretion
(Ratajczak et al. 2009). Mice that had either the
Period 1 or Period 2 gene knocked out had very few
reproductive abnormalities at a young age, but when
they became older they had increased incidence of
anestrus and some reduction in litter size compared
to wild type controls (Pilorz and Steinlechner 2008).
In the present study, expression of Period 1 was
increased among estrus cows compared to non-estrus
cows. From these changes in uterine transcript abun-
dance along with data from other studies, it could be
concluded that the circadian clock genes may influence
reproductive function in ruminants through effects on
the uterus and the estrous cycle. He et al. (2007)
reported effects of steroid treatments on uterine
Period 1 mRNA levels in ovariectomized mice.
Estradiol stimulated Period 1 mRNA transcription in
the uterine stroma, luminal epithelium, glandular
epithelium, and myometrium, while progesterone only
stimulated Period 1 mRNA transcription in the uterine
stroma, luminal epithelium, and glandular epithelium.
Thus, it is clear that ovarian steroids influence Period 1
mRNA transcript abundance in the uterus; however,
the implications for mammalian fertility are unclear.

Uterine milk protein (SERPINA14) is known to be
produced in the endometrium of ruminants during
pregnancy and is likely involved in nutrition of the
embryo/fetus, growth of the embryo/fetus, and sup-
pression of the maternal immune system (Ing and
Roberts 1989). Transcript abundance in the bovine
uterus as determined by Real-time RT-PCR was up-
regulated after stimulation with estradiol (Ulbrich
et al. 2009). In the present study, transcript abun-
dance was increased on the day of estrus among
estrus cows but did not change across days of the
cycle among non-estrus cows. Similarly, detection of
the protein revealed increased protein concentrations
on the day of estrus and was localized to the gland-
ular epithelium (Ulbrich et al. 2009). Furthermore,
transcript abundance was reported to be the greatest
on the day of estrus, then decreased during the mid-
luteal phase, but was again increased on Day 18 in
pregnant cows compared to controls (Ulbrich et al.

2009). Thus, the different profiles of uterine milk
protein across the resultant estrous cycle estrus and
non-estrus cows suggests that the timing of uterine
events in the non-estrus animals may not be func-
tioning properly to support proper embryo develop-
ment and survival.

At estrus there is also an up-regulation of several
genes involved in remodeling of the extracellular
matrix (Bauersachs et al. 2005), and changes in tran-
script abundance of inhibin beta A subunit (a mem-
ber of the TGF-beta signaling pathway) in the bovine
intercaruncle area suggests it is involved in coordi-
nating endometrial remodeling (Ishiwata et al. 2003).
The TGF-beta superfamily is known to be involved in
changes in the endometrium, development of the
placenta, and maintenance of the pregnancy (Jones
et al. 2006). In the present study, inhibin beta
A subunit was up-regulated in estrus cows compared
to non-estrus cows and expression was greater in
estrus cows on Day 0 compared to non-estrus cows.
Similarly, Bauersachs and co-workers (2005) reported
the inhibin beta A subunit was produced during
estrus.

Proenkephalin-A is the precursor of several indi-
vidual enkephalins (Marx 1983). Transcript abun-
dance of proenkephalin-A has been reported to
increase fourfold during pregnancy in the rat uterus
(Jin et al. 1988), and was increased by exposure to
progesterone and decreased by exposure to RU486
(Cheon et al. 2002). Similarly, Jin and co-workers
(1988) reported that expression in the rat uterus
was greatest at metestrus and diestrus. In the current
study, proenkephalin-A mRNA was not detected
on Day 0 and was not different between treatments.
However, expression increased from Day 5 to Day
10, then decreased to Day 16 of the cycle. This again
supports the hypothesis that the uterus in the non-
estrus animals may not be functioning properly to
support proper embryo development and survival,
even among proteins that are regulated by
progesterone.

In summary, in the present study and in previous
studies cows that exhibit standing estrus around the
time of fixed-time insemination had increased preovu-
latory concentrations of estradiol (Perry et al. 2005,
2007; Perry and Perry 2008a, 2008b) and increased
pregnancy success (Perry et al. 2005, 2007) compared
to cows that did not exhibit standing estrus. Thus,
preovulatory concentrations of estradiol (expression of
estrus) played a major role in the establishment and
maintenance of pregnancy. This is supported by the
results of experiment 2, even though there were only
minor change in transcript abundance of estradiol
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receptors and no significant changes in transcript abun-
dance of progesterone receptor, preovulatory concen-
trations of estradiol impacted uterine proteins that are
known to be regulated by estradiol and progesterone
(Figure 11). Work by Bridges (2007) reported no
change in steady-state mRNA for the nuclear proges-
terone receptor but decreased staining intensity for the
progesterone receptor among cows with decreased pre-
ovulatory concentrations of estradiol compared to cows
with greater concentrations of preovulatory estradiol.
Therefore, preovulatory concentrations of estradiol
may not only have a direct effect on the uterine envir-
onment through estradiol receptors but also through
regulation of the progesterone receptor. Furthermore,
the timing of changes in expression of uterine milk
protein precursor, inhibin beta A, proenkephalin-A,
and Period 1 indicate that preovulatory concentrations
of estradiol can have a prolonged effect on the uterine
function and environment. This can be seen in the
present study with cows that exhibited estrus prior to
fixed-time AI not only having greater pregnancies per
AI, but the ones that did not to conceive to AI con-
ceived earlier during the subsequent breeding season
compared to cows that were induced to ovulate without
exhibiting estrus. Thus, preovulatory estradiol concen-
trations may impact fertility not only directly by reg-
ulating the uterine environment but also indirectly by

regulating response to progesterone through regulation
of the progesterone receptor.

Materials and methods

All procedures were approved by the South Dakota State
University Institutional Animal Care and Use Committee.

Experimental design – Experiment 1

Data were retrospectively collected from 4,499 animals
(Bos taurus beef animals ages 13 months to 13 years; n =
3041 cows and 1458 heifers) in 31 different herds. All
cows were postpartum lactating cows, and all heifers were
virgin heifers (13 to 16 months of age at the start of the
breeding season). Animals used in the study were mainly
cross-bred animals consisting of the breeds of Angus,
Hereford, Simmental, Charolais, Maine-Anjou, Red
Angus, Limousin, and Gelbvieh. All animals in this ana-
lysis were synchronized using an injection of GnRH (100
µg as 2mL of Factrel i.m.; Pfizer Animal Health, Madison,
NJ) at insertion of an intravaginal progesterone device
(Pfizer Animal Health, Madison, NJ) on day −9, an injec-
tion of prostaglandin F2α (PG; 25 mg as 5 mL of Lutalyse
i.m.; Pfizer Animal Health, Madison, NJ) at device
removal on day −2, and an injection of GnRH (100 µg
of Factrel i.m.; Pfizer Animal Health, Madison, NJ) at

Figure 11. Changes in uterine transcription abundance between cows that had elevated concentrations of estradiol prior to GnRH-
induced ovulation (estrus) and animal that did not (non-estrus) in relationship to the steroid profile of a normal estrous cycle. Solid
arrows indicate P < 0.05 dashed arrows indicate P < 0.10. (nd = not detected; nsd = no significant difference).
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time of AI on day 0. All studies had been conducted at
South Dakota State University between 2004 and 2019. At
time of CIDR removal, an estrus detection aid (EstroTect,
Rockway Inc, Spring Valley, WI) was applied to each
animal. Estrus response was recorded at time of AI
based on the amount of the scratch-off coating that was
removed. Animals with 50% or more of the coating
removed were considered to be in estrus, and animals
that were missing the estrus detection aid at time of
insemination were removed from the analysis.

At each location one technician thawed all straws of
semen and to minimize the effect of AI technician, each
technician inseminated a similar number of animals in
each group and used a similar number of straws from
each sire used at each location. Pregnancies to AI were
determined by a single transrectal ultrasonography
using fetal size to determine fetal age that occurred
between 28 and 72 days after AI. At each location,
there was a minimum of 7 days between artificial inse-
mination and introducing clean-up bulls to the herds to
allow for accurate aging of the fetus by transrectal
ultrasonography to determine AI sired pregnancies
from bull-sired pregnancies. Final pregnancy status
and day of conception was determined 30 to 45 days
after the end of the breeding season by transrectal
ultrasonography using fetal size (crown-rump length
or head diameter) to determine fetal age. All animals
were grouped as having conceived to AI, or into each of
the possible return estrous cycles (cycle 1 – days 10 to
31, cycle 2 – days 32 to 53, cycle 3 – days 54 to 75, and
cycle 4 – after day 75). Any animal in which a fetus was
found during the first pregnancy determination but
a fetus of the correct age was not present during
the second pregnancy diagnosis was determined to
have had embryonic loss. Similar to days to conception
days postpartum was also grouped into 20-day intervals
from calving to the day of AI, and animals were group
according to their age/parity into virgin replacement
heifers or cows (all animals that had calved and were
lactating).

Experimental design – Experiment 2

Cycling Angus and Angus Cross beef cows (n = 60) at the
South Dakota State University Beef Breeding Unit and
Cow-Calf Unit were treated with 100 µg GnRH on day
−9, 25 mg prostaglandin F2α on day −2, and 100 µg
GnRH on day 0. Blood samples were collected on days
0, 5, 10, and 16 by venipuncture of the Jugular vein into
10 mL EDTA (K2) Vacutainer tubes (Becton, Dickinson,
and Company) for determination of concentrations of
estradiol and progesterone. Blood samples were immedi-
ately placed on ice. Samples were centrifuged at 1,200 x g

for 30 min, and the plasma was harvested and frozen at
−20° C until analyzed by Radioimmunoassay. Ovulatory
follicle size was determined by transrectal ultrasonogra-
phy at time of the second GnRH injection (day 0).
Ovulation was confirmed by the disappearance of the
ovulatory follicle 48 h after the GnRH injection.
Animals that did not ovulate in response to the second
GnRH injection, did not have a normal length luteal
phase (>10 days), or exhibited estrus before d 0 of the
estrous cycle were removed from the study (n = 28).
Standing estrus was detected by visual observation with
the aid of EstroTect estrus detection patches (Rockway,
Inc., Spring Valley, WI). Animals that were detected in
standing estrus were classified as estrus animals and
animal that did not exhibit standing estrus were classified
as non-estrus animals.

Radioimmunoassays

Radioimmunoassay (RIA) were performed on plasma
samples to determine concentrations of progesterone
using an in house RIA methods described by Engel
et al. (2008). All samples were run in two assays with
internal controls of 0.8, 1.7, 3.2, 5.3, and 7.4 ng/mL.
Inter- and intra-assay CV were 6.02% and 4.52%,
respectively, and assay sensitivity was 0.4 ng/mL. In
order to characterize circulating estradiol, a single in
house RIA was performed using the methods described
by Perry and Perry (2008a). Internal controls of 4 and 8
pg/mL were included in the assay, and the intra-assay
CV was 5.42% with an assay sensitivity was 0.5 pg/mL.

Tissue collection

Two samples of uterine endometrium were collected
using a Jackson Uterine Biopsy instrument (Universal
Surgical Instruments and Better Surgical
Instrumentation) on day 0 (n = 10), 5 (n = 10), 10
(n = 12), or 16 (n = 10) as described by Bolzenius et al.
(2016). Briefly, the biopsy tool was closed and passed
through the vagina and cervix. When the site of biopsy
was reached (just prior to the curvature of the uterine
horn ipsilateral to the corpus luteum) the jaws of the
tool were then opened to collect the biopsy. The biopsy
tool then remained closed until the samples were com-
pletely clear of the animal. These time points corre-
spond to induced ovulation (day 0), 16 cell/early
morula-stage (day 5), hatching (day 10), and maternal
recognition of pregnancy (day 16). Cows were only
biopsied on a single day except that cows biopsied
on day 0 were also biopsied on day 16.
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RNA isolation and quantitative real-time PCR

Total cellular RNA was extracted from bovine uter-
ine tissue using TRI Reagent (Molecular Research
Center, Inc.) as described by Bolzenious et al.
(2016). After purification, RNA concentrations
were measured at 260 nm and 280 nm by spectro-
photometry, and all RNA samples were diluted to
10ng/μl with RNase/DNase Free Water (MP
Biomedicals), and concentration was determined by
spectrophotometry. A single-step SYBR Green reac-
tion was performed using the iScript One-step RT-
PCR Kit with SYBR Green (Bio-Rad Laboratories,
Inc.) and a Stratagene MX 3000P QPCR System. The
SYBR Green reaction was performed for genes with
the reverse transcription at 42°C for 30 min and 95°
C for 10 min to inactivate reverse transcription. For
all of the genes of interest, transcription was fol-
lowed by 40 cycles of 30 sec at 95°C for melting; 1
min at the annealing temperatures (Table 1); and 30
sec at 72°C for extension. Primers (Table 1) for
oxytocin receptor and estradiol receptor alpha and
beta were designed using Primer3 software (Rozen
and Skaletsky 2000) or were previously published
for GAPDH (Han et al. 2006), Period 1 (Cushman
et al. 2007), progesterone receptor (Connor et al.
2005), and uterine milk protein precursor (UTMP),
proenkephalin-A (PENK), and inhibin beta
a (Bauersachs et al. 2005). Briefly, primers had
amplification efficiencies of 1.02 to 1.45 and single-
product melting curves. All amplicons were con-
firmed for product size on a 2% agarose gel and
were verified for identity by sequencing (Iowa
State University Genomics Core).

Statistical analysis

All statistical analyses were conducted using SAS 9.2
(SAS Institute Inc., Cary, NC). For experiment 1, differ-
ences in Pregnancies to AI, pregnancies during the
breeding season, and embryonic loss between animals
that did and did not exhibit estrus prior to fixed-time AI
were determined using the GLIMMIX procedure in SAS.
The model included the influence of estrus expression,
age of the animal, and their interaction. Data were ana-
lyzed using a binomial distribution and a logit link. Herd
was included as a random variable, and thus the treat-
ment by herd interaction was used as the error term.
Cycle of the breeding season in which animal conceived
were analyzed using the mixed procedure of SAS. Using
the complete data set, the model included the influence
of estrus expression, age of the animal, and their inter-
action. In an analysis of a subset of the data set, the
model included influence of estrus expression, age of
the animal, body condition score at the start of the
breeding season, and/or days post calving (mature
cows only). Herd was included as a random variable,
and thus the treatment by herd interaction was used as
the error term. Data are reported as least square means ±
S.E.M., with significance declared at P < 0.05 and
a tendency declared at 0.05 < P < 0.15. When the
F statistic was significant (P < 0.05), mean separation
was performed using the Tukey-Kramer unprotected
test (Snedecor and Cochran 1989).

To determine the impact of estrus expression before
fixed-time AI on the percentage of animals that con-
ceived in each subsequent cycle, the percentage of ani-
mals that conceived during that cycle was calculated by
dividing the number of animals that conceived during

Table 1. Primer sequence, annealing temperature and reference for genes of interest.
Gene of interest Primer Sequence Annealing Temperature (°C) Reference

Estradiol Receptor α 5ʹ-GAATCTGCCAAGGAGACTCG-3ʹ
5ʹ-ATCATCTCTCTGGCGCTTGT-3’

55 *

Estradiol Receptor β 5ʹ-ACCTGCTGAATGCTGTGAC-3ʹ
5ʹ-GTTACTGGCGTGCCTGAC-3’

55 *

Nuclear Progesterone Receptor 5ʹ-CAGTGGTCAAGTGGTCTAAATC-3ʹ
5ʹ-TCTCCATCCTAGTCCAAATACC-3’

54 (Connor et al. 2005)

Oxytocin Receptor 5ʹ-CGTGCAGATGTGGAGTGTCT-3ʹ
5ʹ-CCTATCAGTCACAGCGTGGA-3’

55 *

Period 1 5ʹ-GGGCAAGGACTCAGAAAGAA-3ʹ
5ʹ-AGGCTCCATTGCTGGTAGAA-3’

58 (Cushman et al. 2007)

Proenkephalin-A 5ʹ-TCTGGAATGTGAGGGGAAAC-3ʹ
5ʹ-CTTCTTAGCAAGCAGGTGGC-3’

58 (Bauersachs et al. 2005)

Uterine milk protein precursor 5ʹ-ATATCATCTTCTCCCCCATGG-3ʹ
5ʹ-GTGCACATCCAACAGTTTGG-3’

58 (Bauersachs et al. 2005)

Inhibin β A 5ʹ-CGATGGGCAGAACATCATC-3ʹ
5ʹ-GTCTTCTTTGGACCGTCTCG-3’

58 (Bauersachs et al. 2005)

GAPDH 5ʹ-GATTGTCAGCAATGCCTCCT-3ʹ
5ʹ-GGTCATAAGTCCCTCCACGA-3’

61 (Han et al. 2006)

*Designed using Primer3 software (Rozen and Skaletsky 2000)

22 G. A. PERRY ET AL.



that cycles by the number of animals that were not
pregnant at the beginning of that cycle. Differences in
the percentage of animals that conceived during that
cycle between animals that did and did not exhibit
estrus prior to fixed-time AI were determined using
the GLIMMIX procedure in SAS. The model included
the influence of estrus expression, age of the animal,
and their interaction.

For experiment 2, plasma concentrations of estradiol
on the day of AI were analyzed as described by
Larimore et al. (2016) using the mixed procedure of
SAS. Relative expression of uterine milk protein pre-
cursor, inhibin beta A, proenkephalin-A, Period 1,
oxytocin receptor, progesterone receptor, and estradiol
receptor alpha and beta were analyzed using the
MIXED procedure of SAS with expression of GAPDH
as a covariate. The model included the independent
variables of treatment, day, and treatment by day. All
interactions were compared using the Tukey-Kramer
unprotected test. Data are reported as least square
means ± S.E.M., with significance declared at P < 0.05
and a tendency declared at 0.05 < P < 0.15.
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