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RESUMO

Interagdes do estradiol e da progesterona circulantes na responsividade pituitaria ao

GnRH e nas mudancas da area endometrial

As mudancas na progesterona (P4) e estradiol (E2) circulantes durante o proestro
produzem alteracGes dindmicas na funcdo endometrial e na liberacdo das gonadotrofinas pela
adenohipofise. Efeitos independentes e combinados da P4 e do E2 no endométrio e
adenohipdfise foram avaliados. No Exp.1, foi elaborado um modelo de proestro usando
apenas hormonios exdgenos a partir da remogao do CL e foliculos > 5 mm seguido por
remocdo gradual de dois dispositivos intravaginais contendo P4 durante 18 h e tratamento
com doses crescentes de benzoato de estradiol (BE) durante 48 h para mimetizar o proestro,
usando AltoE2 (n = 9) ou BaixoE2 (n = 9). Reducdo da P4, aumento do E2, e aumento da area
endometrial (AE) simularam valores similares ao proestro em vacas do grupo AltoE2, o qual
foi usado subsequentemente. No Exp. 2 foi realizado um arranjo fatorial 2x2 contendo:
AltoE2&BaixaP4 (n = 11); AltoE2&AltaP4 (n = 11); BaixoE2&AltaP4 (n = 11);
BaixoE2&BaixaP4 (n = 10). Apds 48 h do inicio dos tratamentos com BE, foi avaliada a
liberagdo de LH e FSH apos desafio com GnRH. As varidveis foram analisadas usando o
PROC MIXED do SAS e area sob a curva (AUC) foi calculada com MESS. A AE aumentou
durante 18 h apenas nas vacas HighE2&LowP4. Para FSH, animais do AltoE2 apresentaram
maior AUC e FSH no pico apdés GnRH comparados aos grupos BaixoE2, com efeitos
negativos discretos da AltaP4. Para LH, concentracdo ao pico e AUC foram 2 vezes maiores
nas vacas de AltoE2 comparados a BaixoE2, com AltaP4 reduzindo essas variaveis em uma
proporcdo similar quando comparado aos grupos de BaixaP4. Assim, méximas mudancas no
Gtero e na adenohipdfise durante o proestro dependem de ambos, BaixaP4 e AltoE2, mas E2 e
P4 apresentam diferentes acdes. Alteraces no endométrio dependem de BaixaP4 e AltoE2,
enquanto que a liberacdo de FSH induzida por GnRH depende primariamente de AltoE2, e a
liberacdo de LH induzida por GnRH é independentemente aumentada pelo AltoE2 ou
reduzida pela AltaP4.

Palavras-chave: FSH, LH, Proestro, Utero
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ABSTRACT

Interactions of circulating estradiol and progesterone on pituitary responsiveness to

GnRH and changes in endometrial area

Changes in circulating progesterone (P4) and estradiol (E2) during proestrus produce
dynamic changes in endometrial function and pituitary release of gonadotropins. Independent
and combined effects of P4 and E2 on endometrium and pituitary were evaluated. In Exp.1,
an exogenous hormone model of proestrus was created by removal of CL and follicles >5 mm
followed by gradual removal of intravaginal P4 implants during 18h and treatment with
increasing doses of estradiol benzoate during 48h to mimic proestrus using HighE2 (n=9) or
LowE2 (n=9). Decreased P4, increased E2, and increased endometrial area (EA) simulated
proestrus values in HighE2 cows and this was used subsequently. Experiment 2 used a 2x2
factorial design with: HighE2&LowP4 (n=11); HighE2&HighP4 (n=11); LowE2&HighP4
(n=11); LowE2&LowP4 (n=10). At 48h, GnRH-induced LH and FSH release was
determined. Variables were analyzed using PROC MIXED of SAS and AUC calculated with
MESS. The EA increased dramatically during 48h only in HighE2&LowP4 cows. For FSH,
HighE2 cows had greater AUC and FSH peak after GnRH than LowE2 groups, with mild
negative effects of HighP4. For LH, concentration at peak and AUC were 2-fold greater in
HighE2 compared to LowE2 groups, with HighP4 reducing in a similar proportion compared
to LowP4 groups. Thus, maximal changes in uterus and pituitary during proestrus depend on
both LowP4 and HighE2 but E2 and P4 have different actions. Changes in endometrium
depend on LowP4 and HighE2, whereas GnRH-induced FSH secretion primarily depends on
HighE2, and GnRH-induced LH secretion is independently increased by HighE2 or reduced
by HighP4.

Keywords: FSH, LH, Proestrus, Uterus
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1 INTRODUCTION

The dramatic changes in circulating steroid concentrations throughout the estrous
cycle have been well-characterized in many different species including various breeds of
cattle [1-3]. Circulating estradiol (E2) concentrations are dependent upon the E2 precursor
production by the theca cells followed by the aromatization by the granulosa cells from the
ovarian follicles in a process that is termed the two-cell, two-gonadotropin model of E2
synthesis [4]. Following the LH surge and ovulation, the follicular granulosa and thecal cells
become the large and small steroidogenic luteal cells, respectively, with greatly increased
circulating progesterone (P4) during the luteal phase and pregnancy, due to induction of the
P4 synthesis pathways in these cells [5, 6]. The proestrous period is the time of the most
dynamic changes in steroid hormone concentrations. There is a decrease in circulating P4
from peak to nadir concentrations occurring during a 24-32 hour period with a contrasting
increase in circulating E2 from minimal to peak concentrations during a 48-72 hour period
[7]. Thus, the hormonal milieu changes from a P4-dominated to an E2-dominated
environment during a two-day interval. These dynamic changes in circulating steroid
hormones have marked consequences for the physiology of a variety of different tissues,
including the uterus and anterior pituitary gland.

The dramatic effects of ovarian hormones on endometrial morphology were first
described in the early 1900s [8] with current studies focused on the molecular actions of E2
and P4 in the uterus [9]. Using ultrasonography, substantial oscillations in endometrial
thickness (ET) have been described throughout the cycle of several species including bovine
[10] and primates [11]. In humans, there is an increase in endometrial area (EA) from 50-
150% relative to DO of the cycle (day of the highest LH concentration) that occurs during the
follicular/proliferative phase of the menstrual cycle when circulating P4 is low and E2 is
elevated. In contrast, there is a corresponding reduction in EA during the luteal phase when
circulating P4 concentrations are increasing [12]. Similarly in cattle, ET increases during the
follicular or proestrous phase when circulating P4 is decreasing and E2 is increasing, whereas
ET is lower during the luteal phase when P4 is elevated [10]. Souza et al. [13] evaluated ET in
the uterine horns during an induced proestrus and observed dramatic changes in ET during a
48 hour period as circulating P4 decreased and E2 increased. Nevertheless, no previous study
was designed to differentiate the role of decreasing P4 separately from the role of increasing

E2 in the endometrial changes that occur during proestrus.
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In addition to the uterine actions, ovarian steroids have effects on many other tissues
including the anterior pituitary gland, regulating the gonadotropins secretion. Studies in both
beef and dairy cattle and using either Bos taurus or Bos indicus breeds have demonstrated a
dramatic reduction in the GnRH-induced LH surge in the presence of high circulating P4,
compared to a lower P4 environment [14-17]. However, the distinct effects of ovarian steroids
on GnRH-induced LH or FSH release were confounded in these previous studies because
high circulating P4 environments were also marked by low circulating E2. Conversely, the
low circulating P4 environments with the greatest response to GnRH treatment also had
elevated circulating E2. Previous studies using cultured pituitary cells [18] or laboratory
rodents [19] have suggested differential effects of E2 and P4 on pituitary release of
gonadotropins, however these distinct effects of E2 and P4 on pituitary gonadotropin release
have not yet been clearly differentiated during in vivo manipulative studies.

The long-term goal of this research is to understand the physiological actions of
ovarian steroids on steroid-responsive reproductive tissues. For this specific study, we chose
to evaluate the effects of physiologic concentrations of P4 and E2 on the uterus and anterior
pituitary gland. To have a consistent physiologic model, we first developed a program treating
cows with exogenous hormones that produced changes in circulating E2 and P4
concentrations that simulated the changes that occur during the bovine proestrous period
(Experiment 1). This model was then used to determine the independent and interactive roles
of circulating E2 and P4 on the steroid-induced changes in the endometrium and anterior
pituitary during proestrus. Endometrial thickness and area (ET and EA) were used as a proxy
for steroid-induced changes in uterine function since it has been shown to dramatically change
during proestrus and it can be accurately monitored on a frequent basis using transrectal
ultrasound. To monitor steroid-induced changes in anterior pituitary function, a GnRH
challenge was performed and the dynamic changes in circulating FSH and LH concentrations
were monitored. Therefore, the main objective of Exp. 1 was to develop a proestrus-like
model of the changes in circulating E2 and P4 using only exogenous hormonal treatments.
The main objective of Exp. 2 was to determine the independent and combined roles of the
increase in circulating E2 and the decrease in circulating P4 on three physiologic changes that
occur during proestrus, increased EA and increased GnRH-induced LH and FSH secretion.
Our first hypothesis was that both the decrease in P4 and the increase in circulating E2 would
be required for complete proestrus-type responses in all three physiologic responses. Our
second hypothesis was that the relative roles of changes in E2 and P4 would vary for the three

different physiologic measures. The bovine model was used since it has previously been
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utilized as an excellent animal model for the proestrus period [13], optimal changes in
circulating steroids during proestrus have been found to correlate with fertility in cattle [20],
and techniques have been well validated for frequent evaluation of endometrial (transrectal
ultrasonography) and pituitary (blood sampling after GnRH challenge) functions that

dramatically change during proestrus.
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2 MATERIAL AND METHODS

In order to study the influence of circulating P4 and E2 on EA and pituitary
responsiveness to GnRH, two sequential experiments were developed. In the first study we
developed a proestrus-like protocol using only exogenous hormones. Based on the results
from this experiment, in the subsequent study we developed four distinct hormonal
environments by combining different circulating E2 and P4 concentrations. These studies
were conducted from October of 2017 to July of 2018 at the University of Sdo Paulo,
Piracicaba, SP, Brazil. All procedures were approved by the Animal Research Ethics
Committee of Escola Superior de Agricultura “Luiz de Queiroz” (CEUA - 2017.5.1619.11.5).
Nonlactating and nonpregnant multiparous Holstein cows were used in both experiments and
were kept on pasture (Cynodon ssp.) with haylage (Cynodon dactylon) supplementation twice

a day and with free access to water and mineral salt.

2.1 Experiment 1
2.1.1 Proestrus protocol

A total of 18 cows (BCS: 3.43 + 0.12; scale: 1 to 5 [21]) were used to develop a
hormonal milieu similar to proestrus using only exogenous hormones. In order to have all
cows at a similar hormonal status at the first day of the proestrus-protocol, cows were
presynchronized using an intravaginal P4 implant (1g P4, Repro neo, GlobalGen Vet Science,
Jaboticabal, SP, Brazil) and treatment with 2 mg estradiol benzoate (EB) i.m. (Syncrogen,
GlobalGen Vet Science). Seven days later (DO) the implant was removed and the proestrus
protocol was initiated (Figure 1). Thus, on DO two intravaginal implants (2g P4 each, Repro
sync, GlobalGen Vet Science) were inserted and 0.526 mg cloprostenol sodium (PGF;
Induscio, GlobalGen Vet Science) i.m. was administered. A second treatment with PGF was
performed 24 hours later. On D4 and DS all follicles > 5 mm were aspirated (ASP) in order to
remove the endogenous source of E2. On D5, after ASP, cows were randomly assigned to two
groups: LowE2 vs. HighE2. The total dose of EB (0.4 mg for LowE2; 0.8 mg for HighE2)
was distributed into eight increasing i.m. injections 6 hours apart (LowE2: 0.02; 0.02; 0.04;
0.04; 0.06; 0.06; 0.08; 0.08 mg; HighE2: 0.04; 0.04; 0.08; 0.08; 0.12; 0.12; 0.16; 0.16 mg) to
mimic the gradual increase of E2 throughout proestrus. The first EB treatment was performed
on D5 after ASP. The EB was diluted in sterilized filtered peanut oil (provided by GlobalGen
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Vet Science) to achieve the concentration of 0.04 and 0.08 mg/mL, for the LowE2 and
HighE2 treatments, respectively. Gradual reduction of circulating P4 concentration was
provided by removing the first implant on D5 concomitant to the first EB treatment and

removing the second one 18 hours later.

| Proestrus Model | High vs. Low

PGF2a Asp _EB 6h/d2h
EB J I | wvvvvvve
I 2¢ P4 implant | 18h
1g P4 implant 2g P4 implant |
77 | | | 1
D-7 D0 D1 D4 D5 D6 D7

( us-ErT_ ]
( BSevery6h |

Figure 1. Schematic representation of experiment 1 procedures. Presynchronization: D-
7: 2 mg estradiol benzoate (EB) i.m. and one intravaginal implant containing 1 g
progesterone (P4). Proestrus model: DO: 1 g implant withdrawal; insertion of two implants
containing 2 g P4 each; 0.526 mg cloprostenol sodium i.m. (PGF2a); D1: second dose of
PGF2a; D4: follicular aspiration (ASP) of all follicles > 5 mm. D5: second ASP; one P4
implant was removed; second implant was removed 18 hours later; from D5 to 42 hours
later EB was administered every 6 hours in the HighE2 group (n = 9; 0.04; 0.04; 0.08;
0.08; 0.12; 0.12; 0.16; 0.16 mg) and Low E2 group (n = 9; 0.02; 0.02; 0.04; 0.04; 0.06;
0.06; 0.08; 0.08 mg); US - ET: Transrectal ultrasound examination on D5 and 12, 24, and
48 hours later for endometrial thickness. BS: Blood samples for estradiol (E2) every 6
hours just before each EB treatment and 6 hours after the last treatment; for P4 at 0, 12,
18, 24, 30, and 48 hours after the first P4 implant removal.

2.1.2 Endometrial dynamics

Endometrial dynamics were evaluated just after ASP and before the first EB
treatment on D5 and 12, 24, and 48 hours later using the technique previously described [13].
Briefly, a 7.5 MHz linear-array transducer (Medison, Sonoace PICO, Seoul, Korea) was
placed transrectally ~2 cm from the uterine bifurcation in order to generate a transversal
image of the uterine horn. Then, the image was frozen and saved, one uterine horn at a time.
Later, saved images were analyzed in the ultrasound machine. Endometrial thickness
corresponded to the distance from endometrial lumen to the endometrium/myometrium
interface. Both uterine horns were measured and the average value was used to calculate the
EA, considering the endometrial image as a circle (nXR2; R [radius] was the ET). All

ultrasound examinations were performed by the same technician.
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2.1.3 Blood sample collection and hormone assay:

Blood samples were collected by coccygeal venipuncture into heparinized evacuated
tubes (Vacutainer; 9 mL, Becton Dickinson, Franklin Lakes, NJ, EUA) for later E2 and P4
analyses. Tubes were centrifuged at 1,700 x g at 40C for 15 minutes and plasma samples
stored at -20° C until assayed. For P4, samples were taken on D5 just before the first implant
removal and 12, 18, 24, 30, and 48 hours later. From D5 to D7 blood samples were collected
every 6 hours just before each EB treatment (0 to 42 hours) and 6 hours after the last
treatment for E2 analyses. Concentrations of P4 were determined using a solid phase
radioimmunoassay (RIA) kit (ImmuChem Progesterone Coated Tube, MP Biomedicals, Santa
Ana, CA, EUA) according to the manufacturer’s instructions, except for times of incubation,
as described by Melo et al. [22]. Plasma E2 was evaluated by a hand-made RIA [23] with
some modifications [24]. Sensitivity, and intra- or inter-assay coefficients of variation for P4
assay were 0.01 ng/mL, 8.2 and 5.5%, respectively. For the E2 assay, the coefficients of
variation were < 5% and the sensitivity was 0.05 pg/mL.

2.2 Experiment 2:
2.2.1 Hormonal protocol and endometrial dynamics:

In order to study the influence of circulating P4 and E2 concentrations on EA and
pituitary responsiveness to GnRH, 43 cows were randomized into four treatment groups using
a 2X2 factorial experimental design: HighE2&LowP4 (n = 11); HighE2&HighP4 (n = 11);
LowE2&HighP4 (n = 11); LowE2&LowP4 (n = 10). All groups received similar treatments as
described in experiment 2 from D-7 to D5 (D-7: 2 mg EB and 1g P4 implant; DO: 1g P4
implant withdrawal, 0.526 mg PGF and two 2g P4 implants insertion; D1: 0.526 mg PGF; D4
and D5: ASP). On D5, groups with low P4 (HighE2&LowP4 and LowE2&LowP4) had one
implant removed and 18 hours later the second implant was removed (same as done in
experiment 1). In the high P4 groups, both P4 implants were maintained. The EB treatments
were performed as described in the HighE2 (0.8 mg of EB) group from experiment 1 from D5
to D7 in both the HighE2&LowP4 and HighE2&HighP4. Groups with low E2 did not receive
EB treatments. On D7, after the last ET evaluation and blood collection for E2 and P4, all
cows were treated with 8.4 ug buserelin acetate (GnRH; Maxrelin, GlobalGen Vet Science).

The EA was evaluated as described in experiment 1, following the same schedule (Figure 2).
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Figure 2. Schematic representation of experiment 2 procedures. All cows were submitted

to the same presynchronization protocol described on experiment 1 (not shown). From DO
to D5 the procedures were similar for all groups. DO: insertion of two intravaginal
implants containing 2g progesterone (P4) each; 0.526 mg cloprostenol sodium (PGF2a);
D1: second dose of PGF2a; D4: follicular aspiration (ASP); D5: second ASP; cows were
randomized into four groups. LowE2&HighP4: no further treatments; HighE2&HighP4:
estradiol benzoate (EB) every 6 hours for 42 hours (0.04; 0.04; 0.08; 0.08; 0.12; 0.12;
0.16; 0.16 mg); HighE2&LowP4: one implant was removed on D5, followed by the
removal of the second implant 18 hours later, EB every 6 hours for 42 hours (0.04; 0.04;
0.08; 0.08; 0.12; 0.12; 0.16; 0.16 mg); LowE2&LowP4: one implant was removed on D5,
followed by the removal of the second implant 18 hours later. US — ET: Transrectal
ultrasound examination on D5 and 12, 24, and 48 hours later for endometrial thickness
(ET). BS: Blood samples for estradiol (E2) every 6 hours just before each EB treatment
and 6 hours after the last treatment; for P4 at 0, 18, 30, and 48 hours after the first P4
implant removal. GnRH challenge: on D7 (after last ET evaluation) 8.4 pg buserelin
acetate (GnRH) was administrated i.m.; BS just before and 0.5, 1, 2, 3, 4, 5, and 6 hours
after GnRH.

2.2.2 Blood samplings and hormonal analysis:

Blood sample collection followed the procedures described in experiment 1. For P4
analyses, samples were collected on D5, just before the first P4 implant removal and 18, 30,
and 48 hours later. For E2 analyses, samples were collected every 6 hours from D5 to D7 just
before the EB treatments and 6 hours after the last EB treatment. Samples for LH and FSH
analyses were collected from the jugular vein just before the GnRH treatment and 0.5, 1, 2, 3,
4,5, and 6 hours after GnRH treatment. Plasma P4 and E2 concentrations were determined as
described in experiment 1. Sensitivity, intra- and inter-assay coefficients of variation for the
P4 assay were 0.01 ng/mL, 5.4 and 8.7%, respectively. For the E2 assay, the sensitivity, intra-
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and the inter-assay coefficients of variation were 0.05 pg/mL, 15.0% and 19.0%, respectively.
The LH and FSH analyses were performed by RIA [25, 26] with some modifications for FSH
[27] and for LH [28]. Sensitivity, and intra- and inter-assay coefficients of variation for LH
were 0.07 ng/mL, 8.2 and 12.6% and for FSH 0.02 ng/mL, 11.3 and 9.4%, respectively.

2.2.3 Statistical analyses

All continuous data were analyzed with the MIXED procedure of Statistical Analysis
System (SAS, Version 9.4 for Windows, SAS Institute Inc., Cary, NC). All data were tested
for normality of studentized residuals using the UNIVARIATE procedure of SAS according
to the Shapiro-Wilk test. The homogeneity of variances was evaluated with the Levene test
using the Hovtest and Welsh methods. Non-normally distributed data were transformed to
logarithm, square root, or inverse scale before analysis if residual distribution was improved.
In addition, outliers were removed when necessary. Nonparametric analysis was performed
with the Wilcoxon test using the NPARIWAY procedure of SAS when data did not
normalize even after transformation.

Hormonal concentrations and EA throughout time in experiment 1 were analyzed
using the MIXED procedure as repeated measures using time as the repeated statement. The
model included effects of group, time, and group*time interaction. In order to evaluate E2 and
P4 concentrations generated by the treatments (high or low), comparisons between high E2
(HighE2&LowP4 and HighE2&HighP4) vs. low E2 (LowE2&LowP4 and LowE2&HighP4)
and high P4 (HighE2&HighP4 and LowE2&HighP4) vs. low P4 groups (HighE2&LowP4
LowE2&LowP4) were performed. For these analyses, the model included effects of group
(high vs. low), time, and group*time interaction.

Area under the curve (AUC) was calculated for FSH and LH from experiment 2
using the package called “MESS”, which can be used through the statistical software R (R
Core Team, 2016). To calculate the AUC a spline interpolation was used, and the numerical
integral was calculated for each mathematical function. Then, AUC, concentration at peak and
time of the peak for LH and FSH were evaluated by factorial analysis using the PROC
MIXED. The final model included E2 effect, P4 effect, and E2*P4 interaction. An additional
analysis was performed in order to evaluate the total change in EA by removing the basal

from the maximal area for each cow. Then, the same factorial analysis was applied.
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For LH and FSH concentrations and EA measurements changes over time
(experiment 2), data were analyzed as repeated measures using time as the repeated statement
in the factorial analysis. The final model was composed by E2 effect, P4 effect, time, and
their interactions. The covariance structure selected was the unstructured (UN), which
provided the best adjustment for the analyses based on the lowest value of corrected Akaike’s
information criterion. In order to present, in a different way, the effects of high or low E2/P4
on LH and FSH concentrations over time, an additional analysis was performed, in which the
four treatments (HighE2&LowP4 vs. HighE2&HighP4 vs. LowE2&LowP4 vs.
LowE2&HighP4) were compared. For this analysis, the model included effects of treatment,
time, and treatment*time interaction.

Tukey honest significant difference post hoc test was performed to determine
differences. Significant differences were declared when P < 0.05, whereas tendencies were

considered when 0.10 > P > 0.05. Data are presented as means + SEM.
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3 RESULTS

3.1 Experiment 1

The E2 concentration was greater for HighE2 compared to LowE2 at 42 (5.6 + 0.8
vs. 3.0 £ 0.3 pg/mL) and 48 hours (6.8 £ 0.6 vs. 2.9 + 0.5 pg/mL) after first EB treatment
(Figure 3A). The HighE2 group had a detectable increase in E2 concentrations after 18 hours,
whereas an increase in circulating E2 was only detected after 36 hours in the LowE2 group. In
addition, E2 concentration at peak was greater for the HighE2 than for the LowE2 group (7.2
+ 0.5 vs. 3.5 £ 0.4 pg/mL). Thus, the higher dose was selected to be used in the subsequent

experiment.
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Figure 3. Means + SEM of estradiol (E2; panel A) and progesterone (P4; panel B)
concentrations and endometrial area (EA; panel C) from experiment 1. LowE2 group (n =

9; estradiol benzoate [EB] total dose 0.4 mg) is represented by the continuous line with
solid circles and the HighE2 group (n = 9; EB total dose 0.8 mg) by the dashed line with
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solid squares. For E2, different letters ¢% ° " mean difference (P < 0.05) through time
within the same group and the symbol (*) means difference between groups. For P4 @
and ET @9 different letters denote difference (P < 0.05) between groups.

As expected, there was no effect of group (P = 0.16) for P4 concentration but a time
effect was present (P < 0.0001). As shown in Figure 3B, a clear decrease was observed after
removing the first implant (time O to time 12; from 2.6 + 0.3 to 1.5 + 0.2 ng/mL) and the
second implant (time 18 to time 24; from 1.5 £ 0.0 to 0.2 £ 0.0 ng/mL). Circulating P4
concentrations were relatively constant between 12 and 18 hours (one P4 implant present) and
between 24 and 48 hours (no P4 implants present).

Although the EA did not differ between groups, it increased over time. At 12, 24, and
48 hours after the first EB treatment, the EA was ~1.2, ~2, and ~2.5 fold greater compared to
time 0, respectively (Figure 3C). In addition, all cows (9/9) from the HighE2 group expressed

estrus compared to 66.7% (6/9) of the cows from the LowE2 group.

3.2 Experiment 2

Circulating P4 concentrations did not differ within the P4 treatment groups for Low
(HighE2&LowP4 and LowE2&LowP4; P = 0.72) or High (HighE2&HighP4 and
LowE2&HighP4; P = 0.36) P4 treatments. Therefore, the results for P4 concentration from
these groups were combined (Figure 4B). As expected, the LowP4 groups had decreases in
circulating P4 throughout the protocol, as previously observed in experiment 1, whereas the
HighP4 groups maintained elevated P4 concentrations (Figure 4B). In addition, the two
groups treated with HighE2 had similar circulating E2 and were combined in subsequent
analyses, as were the two groups assigned to LowE2 and their results were combined (Figure
4A). As expected, from 12 hours to the end of the analysis (48 hours) HighE2 groups had
circulating E2 greater compared to LowE2 groups (P < 0.0001).
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Figure 4. Means £ SEM of estradiol (E2; Panel A) and progesterone (P4; Panel B)
concentrations from experiment 2. For E2 the results are comparing HighE2
(HighE2&LowP4 and HighE2&HighP4) vs. Low E2 (LowE2&HighP4 and
LowE2&LowP4) groups; whereas for P4 results are comparing HighP4 (HighE2&HighP4
and LowE2&HighP4 combined) vs. LowP4 (HighE2&LowP4 and LowE2&LowP4
combined) groups. High steroid groups (n = 22) are represented by open squares and the

Low steroids (n = 21) by solid circles. The dotted line containing the symbol (*) means
difference (P < 0.05) between groups.

For EA there was a significant interaction of P4 with E2, with the increase in EA
occurring only in the group with both high E2 concentrations combined with low P4
concentrations (Figure 5B and 5C). At 24 and 48 hours the EA from HighE2&LowP4 was
greater than HighE2&HighP4 (Figure 5B) and LowE2&LowP4 (Figure 5C). Furthermore, no
changes were detected in low E2 groups (Figure 5A) and high P4 groups (Figure 5D). In an
additional analysis performed by calculating the numeric change from basal to maximal area,

this interaction was also present, with low P4 having a change ~14 fold greater than high P4
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only in the presence of high E2, whereas high E2 had a change almost 4 fold greater than low

E2 but only during low P4 concentrations (Figure 6).
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Means = SEM for endometrial area (EA) normalized for the time of first

estradiol benzoate (EB) treatment from experiment 2. Panel A: effect of progesterone [P4;
low (n =10 vs. high (n = 11)] in a low estradiol (E2) milieu. Panel B: effect of P4 [low (n
=11) vs. high (n = 11)] in a high E2 milieu. Panel C: effect of E2 [low (n = 10) vs. high (n
= 11)] in a low P4 milieu. Panel D: effect of E2 [low (n = 11) vs. high (n = 11)] in a High
P4 milieu. Low steroid concentrations are represented by the black squares and high
steroid concentrations by the open circles. EA was affected by P4 (P < 0.0001), time (P =
0.002), P4 by time interaction (P = 0.009) and P4 by E2 interaction (P = 0.0007), but not
by E2 (P = 0.93) and E2 by time interaction (P = 0.07). Symbol (*) means difference (P <

0.05) between groups within time.
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Figure 6. Total change on endometrial area (EA) from basal to maximum area from
experiment 2. In each data set it is represented separately the effect of progesterone (P4;
low vs. high) under low and high estradiol (E2) concentrations and the effect of E2 (low
vs. high) under low and high P4 concentrations. Low steroid concentrations are
represented by black bars and high steroid concentrations by the grey bars. EA was
affected by E2 (P = 0.005), P4 (P < 0.0001) and E2 and P4 interaction (P < 0.0001). @
")Different letters mean difference (P < 0.05) between low and high P4 under high E2
environment, or ® ¥ difference (P < 0.05) between low and high E2 under low P4
environment.

The FSH concentration at peak was affected by E2 (P < 0.0001) and P4 (P = 0.02)
concentrations, with a strong positive effect of high E2, which had a peak 1 ng/mL greater
than low E2 groups (2.0 + 0.20 vs. 1.0 £ 0.10 ng/mL), and a mild negative effect of high P4,
which had a peak only ~0.5 ng/mL lower than low P4 groups (1.2 + 0.12 vs. 1.8 £ 0.24
ng/mL). This positive effect of high E2 concentration was even more evident in the AUC (P <
0.0001), while only a tendency (P = 0.06) was observed for the negative effect of high
circulating P4 (Table 1). In addition, cows treated with high E2 had an earlier (P = 0.03) FSH
peak than low E2, with no effect of P4 (P = 0.45; Table 1). The effects of E2 and P4 on the
timing and magnitude of the GnRH-stimulated FSH concentrations is graphically shown in
Figure 7. At time 0 FSH concentrations were similar for low and High E2 cows but after
GnRH treatment there was an effect of E2 treatment, time, and an estradiol by time interaction
with FSH being greater at all times after time 0 for high compared to low E2 (Figure 7A).
Moreover, there was an effect of P4, time, and a P4 by time interaction with High P4 cows
having lower FSH concentrations at 1 hour and a tendency at 2 hours compared to low P4
cows (Figure 7B). There was no E2*P4 interaction (P = 0.64). Then, an additional analysis

was performed, comparing the groups by time (Figure 8). The circulating FSH concentrations
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were similar at time 0 and 0.5 hour followed by significant effects of group (P < 0.0001), time
(P < 0.0001), and a group*time interaction (P < 0.0001). Groups with HighE2
(HighE2&LowP4 and HighE2&HighP4) had a much greater increase in circulating FSH
throughout time compared to the two LowE2 groups (LowE2&LowP4 and LowE2&HighP4).
Therefore, for most times analyzed and for most measures of GnRH-stimulated FSH
secretion, the E2 effects were much greater compared to the minor P4 effects.
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Results (means = SEM) of circulating FSH and LH concentration at peak, time of peak and area under the curve (AUC) after
buserelin acetate treatment in nonlactating Holstein cows (n = 43) under different steroid concentrations from experiment 2.

High E2 Low E2 P - value
LowP4 HighP4 LowP4 HighP4 .
(n = 11) (n=11) (n = 10) (n=11) E2 P4 E2*P4
Peak 24+0.35 1.6+0.11 1.1+0.13 0.8+0.14 <0.0001  0.02 0.29
(ng/mL)
FSH (Tr;]rlnne) toPeak 1091410901  130.9+7.32 144.0+9.80  136.4 +8.45 0.03 0.45 0.12
'(Anl;f): 7.3 +0.89 5.9 + 0.40 3.9+0.36 3.0 +0.39 <0.0001  0.06 0.69
Peak
122 +157 81+1.35 7.2 +1.43 2.6 +0.43 00002  0.001 0.85
(ng/mL)
LH (Tr:]rlnne) ofPeak  1091+1091  120.0+ 0.00 1380+ 917  147.3+12.44 0.005  0.29 0.93
AUC 36.9+510  19.9+2.35 10.4 4 2.72 8.3 +0.93 <0.0001 <0.0001  0.36

(ng’)
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Figure 7. Means £ SEM of the main effects of estradiol [E2; Panel A; low (n = 21) vs.
high (n = 22)] and progesterone [P4; Panel B; low (n = 21) vs. high (n = 22)] on FSH
release normalized for the time of buserelin (GnRH) treatment from experiment 2. Time 0
corresponds to the time just before GhnRH administration. Low steroid concentrations are
represented by the black squares and high steroid concentrations by the open circles.
Symbol (*) means difference (P < 0.05) or tendency (*; 0.05 < P < 0.1) between groups
within time.
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Figure 8. Means + SEM of circulating FSH concentration normalized for the time of

buserelin (GnRH) treatment in cows under different hormonal milieu from experiment 2.
Time 0 corresponds to the time just before GnRH administration. HighE2&Low P4 (n =
11) is represented by solid circles, LowE2&HighP4 (n = 11) by solid squares,
HighE2&HighP4 (n = 11) by open squares and LowE2&LowP4 (n = 10) by open circles.
@oDjfferent letters mean difference (P < 0.05) among groups in each hour.

The LH concentrations at peak and the AUC were markedly affected by E2 and by
P4 with comparable effects for each hormone. For example, the High E2 cows had a peak of
LH ~5 ng/mL greater than the low E2 groups (10.2 + 1.11 vs. 4.8 + 0.87), while peak LH was
~4.5 ng/mL lower in the High P4 groups compared to the low P4 groups (5.4 £ 0.91 vs. 9.9 +
1.18). The time to the LH peak was only affected by E2 (P = 0.005) and not by P4 (P = 0.29)
with average time to the LH peak about 30 min earlier in the HighE2 than LowE2 treatments
(Table 1). The inhibitory effect of high P4 and the stimulatory effect of E2 on the LH profile
after GnRH treatment were of a similar magnitude with HighE2 having greater LH than
Lowe2 from 30 minutes until 5 hours after GnRH and HighP4 having lower LH
concentrations than LowP4 at all sampling times (Figure 9). Because there was no E2*P4
interaction (P = 0.64), as seen for FSH, an additional analysis was performed, comparing the
groups by time (Figure 10). The basal concentrations of LH (time O before GnRH) was
greater for the LowP4 compared to HighP4 groups (0.7 £ 0.1 vs. 0.3 £ 0.1 ng/mL). After
GnRH treatment, the HighE2&LowP4 had the greatest increase in circulating LH with more
than a 10-fold increase, the HighE2&High P4 and LowE2&LowP4 groups were similar, but

with an intermediate response for more than a 6-fold increase, and the LowE2&HighP4 group



32

was much lower with a minimal increase in circulating LH after GnRH treatment. Thus, the
LH release after GnRH treatment was influenced by both circulating P4 and E2

concentrations with similar effects of each hormone.
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Figure 9. Means + SEM of the main effects of estradiol [E2; Panel A; low (n = 21) vs.
high (n = 22)] and progesterone [P4; Panel B; low (n = 21) vs. high (n = 22)] on LH
release normalized for the time of buserelin (GnRH) treatment from experiment 2. Time 0
corresponds to the time just before GnRH administration. Low steroid concentrations are
represented by the black squares and high steroid concentrations by the open circles.
Symbol (*) means difference (P < 0.05) between groups within time.
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Figure 10. Means = SEM of circulating LH concentration normalized for the time of
buserelin (GnRH) treatment in cows under different hormonal milieu from experiment 2.
Time 0 corresponds to the time just before GnRH administration. HighE2&Low P4 (n =
11) is represented by solid circles, LowE2&HighP4 (n = 11) by solid squares,
HighE2&HighP4 (n = 11) by open squares and LowE2&LowP4 (n = 10) by open circles.
@C)Djfferent letters mean difference (P < 0.05) among groups in each hour. *LH
concentration at 0 hour: for groups with low P4 (HighE2&LowP4; LowE2&LowP4) LH
was higher than for groups with high P4 (HighE2&HighP4; LowE2&HighP4). # LH
concentration at 6 hours: HighE2&LowP4 was similar to LowE2&LowP4, but higher than
the others; HighE2&HighP4 was similar to LowE2&HighP4 and to LowE2&LowP4;
LowE2&LowP4 was higher than LowE2&HighP4.
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4 DISCUSSION

This research has introduced a new model for studying the effects of the dramatic
changes in circulating E2 and P4 concentrations during proestrus on the dynamic modification
of the uterine endometrium by measuring EA by ultrasound and on two pituitary responses,
GnRH-stimulated LH and FSH secretion. The natural proestrus is marked by a decrease in
circulating P4 from peak to nadir concentrations during a 32 hour period and a gradual
increase in circulating E2 during a 48 h period. Our model removed the endogenous ovarian
sources of P4 and E2 and provided a pattern of treatments with exogenous P4 and E2 that
mimicked various aspects of the natural proestrous period. A nadir of circulating P4, < 0.01
ng/mL, was achieved during a 30 hour period, whereas circulating E2 increased from a nadir
to about 6 pg/mL during a 48 h period. This model produced estrus in all cows (experiment
1), a typical increase in uterine EA (experiment 1 and 2), and a typical proestrous increase in
GnRH-stimulated LH and FSH responsiveness (experiment 2). Thus, this animal model using
exogenous hormones seemed appropriate for studying the independent and combined effects
of the dramatic changes in circulating steroid concentrations during proestrus on uterine and
pituitary function.

The changes in ET have been previously examined in cattle using ultrasound [10, 13]
and the timing of our evaluations were based on a previous experiment that evaluated the
endometrium every 6 hours with gradual incremental changes (unpublished results) that were
also clearly observed in our data. In the present experiment we chose to calculate EA instead
of reporting only ET, as previously done, since we anticipated that it would be more
representative of the dramatic increase in uterine volume and thickness of the endometrium
that occurs during the proestrous period. In the present study, the decrease in circulating P4
and the increase in circulating E2 produced over a 2 fold enlargement of the endometrium
(average EA increase of 2.17-fold in the HighE2&LowP4 group in two experiments) during a
48 hour period. Results from previous studies can be compared to the present results by
conversion of measurements of uterine body thickness or ET to values of EA. A study during
the natural estrous cycle reported an increase of 1.6 fold within 72 hours [10] and a study
during an induced proestrus had a 1.8-fold increase in EA within 24 hours and maintenance of
the increased area during the following 3 days [13]. Any potential differences in timing or
magnitude of the increase in EA are likely to be explained by differences in ultrasound quality

and experimental model. A recent study compared the endometrial changes under natural and
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induced proestrus and reported a more rapid increase in endometrium size in the induced than
in the natural proestrus [29]. Our results appeared to be more similar to the natural proestrus,
with a gradual and constant increase in the size of the endometrium during a 48 h period
rather than the rapid increase followed by a plateau that has been reported during an induced
proestrus [13, 29]. It is likely that the more gradual changes in circulating E2 and P4 that are
produced during the exogenous hormone treatments in the present model are responsible for
the gradual changes in EA during the 48 period.

The present results demonstrated for the first time that the changes in the thickness of
the endometrium during the proestrous period are dependent upon the combination of high E2
and low P4, although these experiments did not allow determination of the cellular/molecular
mechanisms that underlie these physiological changes. We speculate that changes in
expression of uterine E2 and P4 receptors (ER and PR, respectively) may at least partially
explain the present results. Kimmins and MacLaren [30] treated ovariectomized cows with
exogenous E2 and P4 and evaluated endometrial mMRNA concentrations for ER and PR. Cows
treated with P4 alone or P4 + E2 had the lowest ER expression, whereas cows treated with E2
had the greatest ER mRNA. In addition, the cows that were not treated either with E2 or P4
had high ER and PR expression. By comparing these findings to our results, the lack of
change in E2 in the HighE2&HighP4 group may be due to low expression of ER in the
presence of high P4, whereas the LowE2&LowP4 group may have had high ER expression
but the lack of an increase in circulating E2 may have prevented an increase in EA.
Furthermore, the HighE2&LowP4 probably had the greatest ER expression and the increasing
E2 induced a dramatic increase in EA. Interestingly, in experiment 1 both doses of EB were
capable of inducing a similar increase in EA, suggesting that the endometrium had sufficient
responsiveness to respond similarly to lower and higher circulating concentrations of E2.
Future studies are needed to define the type of E2 and P4 receptors, either nuclear or plasma
membrane, that are involved in the EA response and the dynamics of the process including
the absolute E2/P4 concentrations that are needed to produce these changes and whether
fluctuations in circulating steroids are required for these actions. In a recent study, it has been
shown that the ER type 1 (ESR1) expression increases during proestus/estrus, while the ER
type 2 (ESR2) expression decreases, following a similar pattern as P4 receptors, for instance
(Milo C. Wiltbank, 2019, unpublished).

In addition, the precise changes in the endometrium that lead to the observed changes
in EA still need to be defined. The more than doubling in EA indicates a dramatic, rapid

increase in volume of the uterine horn that is unlikely to be explained by increases in cell
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number through mitosis or increases in the volume of endometrial cells due to the short time
intervals that are involved. It seems more likely that the increase in EA is due to vasodilation
and an increase in endometrial blood flow. Intravenous treatment of ewes with estradiol-17f3
increased blood flow to the uterus by more than 10-fold after 2 hours [31]. Partial blockade of
the E2-induced increase in uterine blood flow was achieved by treatment with L-NAME, a
potent and specific inhibitor of nitric oxide production [32]. Other potential vasodilatory
pathways have also been found to be regulated by E2 in the uterus. Future studies are needed
to define whether changes in EA are caused by increases in uterine blood flow and the
pathways involved in this induction. In addition, given the clear association of changes in ET
with fertility in lactating dairy cows [13], the role of increased endometrial blood flow and
increased EA in fertility need to be determined. Perhaps fertility can be increased in cattle or
other species by optimizing the increase in EA during proestrus.

In general, circulating E2 had a positive effect on LH and FSH release, whereas P4
seemed to be deleterious, particularly to LH release. The negative effects of P4 on LH release
after GnRH challenge in cattle have been previously described: during the estrous cycle [33,
34], using different doses of GnRH [16], using different GnRH analogues [35], and
comparing beef heifers to lactating beef cows [14]. Although most of these studies did not
evaluate circulating E2 concentrations, the GnRH challenges that were performed during
diestrus were likely to have both higher circulating P4 and lower E2 and the evaluations that
were done during low P4 were also likely to have increased circulating E2. The 4.6-fold
increase in LH found in our HighE2&LowP4 group were very similar to the 4.8-fold increase
in LH peak reported in Giordano et al. [16]. Similarly, treatment with E2 in the absence of P4
dramatically increases the responsiveness of the pituitary to GnRH treatment. Similar to our
results, beef heifers treated with 0.25 mg EB 12 hours before the GnRH challenge had an
increase in LH release, even if circulating P4 was high [15]. In anestrous ewes, prior EB
treatment increased the magnitude of the GnRH-induced LH surge [36], consistent with our
results. Even in primates a similar response has been observed with E2 inducing a dramatic
increase in pituitary responsiveness to GnRH as evidenced by constant GnRH pulses inducing
increasing LH secretion as circulating E2 increases [37, 38]. Although less studied, there is
also evidence that GnRH-induced FSH secretion is increased during the E2-dominated,
proestrous period compared to the P4-dominated, mid-estrous cycle [33]. The present

experimental design allowed definition for the first time, in vivo, of the independent and
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combined effects of the two circulating steroids, E2 and P4, on the GnRH-induced pituitary
secretion of the two gonadotropins, LH and FSH.

Due to the previously described relationship between number of GnRH receptors on
pituitary gonadotrophs and GnRH-induced LH secretion [39], we speculate our results could
be partially explained by increased circulating E2 stimulating pituitary GnRH receptor
expression, whereas greater circulating P4 could reduce or inhibit the E2-induced increase in
pituitary GnRH receptor expression. Indeed, E2 has been associated with increased GnRH
receptors in the pituitary gland of ewes [40], cows [41] and rats [42]. Conversely, increased
circulating P4 is associated with reduced pituitary GnRH receptors in vivo [43] and P4
treatment decreased GnRH receptor mRNA concentrations in cultured pituitary cells from
ewes [44]. An additional effect of P4 may be at the hypothalamic level, reducing the
frequency of GnRH pulses, as reported in ewes [45], which could explain the lower basal LH
(before GnRH treatment) concentrations in HighP4 compared to LowP4 groups. Furthermore,
intermediate responses to GnRH may relate to intermediate levels of GnRH receptors due to
potentially opposite effects of the two steroids on GnRH receptor expression. Inconsistent
with this speculation are the results in ovariectomized ewes supplemented with P4 combined
with E2 in which GnRH receptor mRNA was similar to ewes that were supplemented with P4
alone and GnRH receptors were lower when ewes only received E2 without P4 [46]. It seems
possible that some or much of the effects of ovarian steroids on pituitary responsiveness to
GnRH may be mediated through altering intracellular signal transduction pathways that are
induced by GnRH rather than simply altering numbers of GnRH receptors. The present model
allows a clearer delineation of the role of changes in GnRH receptors or downstream
pathways in the effects of steroids on pituitary LH and FSH secretion.

Another potential participant in E2 and P4 effects on GnRH-induced LH and FSH
secretion is the pituitary content of LH and FSH. Steroid-induced changes in LH and FSH
synthesis could lead to changes in pituitary gonadotropin concentrations and thereby alter
GnRH-induced LH or FSH release. However, treatment of ovariectomized ewes with P4 did
not alter the LH/FSH content of the pituitary gland [47]. In addition, the FSH/LH content in
bovine pituitary was reported to not greatly vary during the estrous cycle, although there was
a sharp reduction in pituitary LH on the day of the expected LH peak, with a restoration of
pituitary LH content by in the following day [48].

Taking the AUC results as an example, high E2 groups had, on average, almost a 2-
fold greater FSH release compared to low E2 groups, with E2 having very similar effects in

low or high P4 groups. On the other hand, the GnRH-induced LH release was stimulated in
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high E2 groups (AUC was 2 fold greater than low E2 groups) and was inhibited by high P4 by
a similar magnitude (AUC was 1.8 fold lower in high P4 than low P4 groups). Therefore, our
data suggest that FSH release after GnRH treatment is regulated primarily by circulating E2
whereas LH secretion is regulated equivalently by both circulating E2 and P4. This results is
somewhat puzzling, given the idea that LH and FSH are secreted from the same pituitary
cells, the gonadotrophs, and both are present in the same secretory vesicles that fuse with the
plasma membrane in response to GnRH stimulation [49]. Nevertheless, consistent with our
results, a previous study also reported a different pattern of FSH and LH release after GnRH
treatment in cows, especially after sequential GnRH treatments [33]. Further studies are
needed to understand how GnRH-induced FSH and LH release could be regulated
differentially by circulating E2 and P4. This could be important, for instance, for a better
understanding of some reproductive dysfunctions, as hypothalamic amenorrhea and
polycystic ovarian syndrome in women or follicular cysts in cows, and consequently leading
to a more effective treatment. The precisely timed animal model developed during the present
research could be useful in understanding these important biological questions.

In conclusion, an efficient proestrus-like animal model was developed using only
exogenous hormones and this model was used to evaluate the differential effects of steroid
hormones on three hormonally-regulated processes: the increase in endometrial size during
proestrus and the changes in GnRH-induced secretion of LH and FSH from the pituitary. It
seemed clear that the increase in EA during proestrus required both a decrease in circulating
P4 and an increase in circulating E2. The response of the pituitary gland was more
complicated with increasing E2 and decreasing P4 having equal and additive effects on
GnRH-induced secretion of LH from the pituitary, whereas GnRH-induced FSH secretion
from the pituitary was primarily related to the stimulatory effect of increasing E2 with
surprisingly small effects of P4 on FSH secretion. Thus, steroidal regulation of uterine and
pituitary function is multifaceted with distinct and complementary roles for the two steroids in
different tissues during the physiological changes that occur during proestrus. The
information derived from this research, as well as this animal model, may be useful for future
studies of the cellular and molecular pathways involved in steroidal regulation of the diverse

physiology of proestrus.



40



41

REFERENCES

1. Erb RE, Randel RD, Callahan CJ. Female sex steroid changes during the reproductive
cycle. J Anim Sci 1971; 32:80-106.

2. Hansel W, Concannon PW, Lukaszewska JH. Corpora lutea of the large domestic
animals. Biol Reprod 1973; 8:222-245.

3. Sartori R, Gimenes LU, Monteiro PLJ, Melo LF, Baruselli PS, Basto MR. Metabolic
and endocrine differences between Bos taurus and Bos indicus females that impact the
interaction of nutrition with reproduction. Theriogenology 2016; 86:32-40.

4. Fortune JE, Quirk SM. Regulation of steroidogenesis in bovine preovulatory follicles.
J Anim Sci 1988; 66:1-8.
5. Alila HW, Hansel W. Origin of different cell-types in the bovine corpus-luteum as

characterized by specific monoclonal-antibodies. Biol Reprod 1984; 31:1015-1025.

6. Donaldson LE, Bassett JM, Thorburn GD. Peripheral plasma progesterone
concentration of cows during puberty, oestrous cycles, pregnancy and lactation, and effects of
undernutrition or exogenous oxytocin on progesterone concentration. J Endocrinol 1970;
48:599-614.

7. Henricks DM, Dickey JF, Hill JR. Plasma estrogen and progesterone levels in cows
prior to and during estrus. Endocrinology 1971; 89:1350-1355.
8. Bouin P, Ancel P. Recherches sur les fonctions du corps jaune gestatif. I. Sur le

déterminisme de la préparation de ’utérus a la fixation de 1’ocuf. J. Physiol. Pathol. Gen
1910; 12:1-16.

9. Puca GA, Bresciani F. Receptor molecule for oestrogens from rat uterus. Nature 1968;
218:967-969.

10.  Pierson RA, Ginther OJ. Ultrasonographic appearance of the bovine uterus during the
estrous-cycle. J Am Vet Med Assoc 1987; 190:995-1001.

11.  Morgan PM, Hutz RJ, Kraus EM, Bavister BD, Cormie JA. Ultrasonographic
assessment of the endometrium in rhesus monkeys during the normal menstrual-cycle. Biol
Reprod 1987; 36:463-469.

12. Haynor DR, Mack LA, Soules MR, Shuman WP, Montana MA, Moss AA. Changing
appearance of the normal uterus during the menstrual-cycle - MR Studies. Radiology 1986;
161:459-462.

13.  Souza AH, Silva EPB, Cunha AP, Gumen A, Ayres H, Brusveen DJ, Guenther JN,
Wiltbank MC. Ultrasonographic evaluation of endometrial thickness near timed Al as a
predictor of fertility in high-producing dairy cows. Theriogenology 2011; 75:722-733.

14.  Colazo MG, Kastelic JP, Davis H, Rutledge MD, Martinez MF, Small JA, Mapletoft
RJ. Effects of plasma progesterone concentrations on LH release and ovulation in beef cattle
given GnRH. Domest Anim Endocrinol 2008; 34:109-117.

15. Dias FCF, Colazo MG, Kastelic JP, Mapletoft RJ, Adams GP, Singh J. Progesterone
concentration, estradiol pretreatment, and dose of gonadotropin-releasing hormone affect
gonadotropin-releasing hormone-mediated luteinizing hormone release in beef heifers.
Domest Anim Endocrinol 2010; 39:155-162.



42

16.  Giordano JO, Fricke PM, Guenther JN, Lopes G, Herlihy MM, Nascimento AB,
Wiltbank MC. Effect of progesterone on magnitude of the luteinizing hormone surge induced
by two different doses of gonadotropin-releasing hormone in lactating dairy cows. J Dairy Sci
2012; 95:3781-3793.

17.  Batista EOS, Del Valle TA, Ortolan MDDV, Renn6 FP, Nogueira GP, Souza AH,
Baruselli PS. The effect of circulating progesterone on magnitude of the GnRH-induced LH
surge: Are there any differences between Bos indicus and Bos taurus heifers? Theriogenology
2017; 104:43-48.

18.  Lagace L, Massicotte J, Labrie F. Acute stimulatory effects of progesterone on
luteinizing-hormone and follicle-stimulating-hormone release in rat anterior-pituitary cells in
culture. Endocrinology 1980; 106:684-689.

19.  Drouin J, Labrie F. Interactions between 17-beta-estradiol and progesterone in the
control of luteinizing-hormone and follicle-stimulating-hormone release in rat anterior-
pituitary cells in culture. Endocrinology 1981; 108:52-57.

20.  Bridges GA, Mussard ML, Burke CR, Day ML. Influence of the length of proestrus on
fertility and endocrine function in female cattle. Anim Reprod Sci 2010; 117:208-215.

21.  Ferguson JD, Galligan DT, Thomsen N. Principal descriptors of body condition score
in Holstein cows. J Dairy Sci 1994; 77:2695-2703.

22.  Melo LF, Monteiro PLJ, Nascimento AB, Drum JN, Spies C, Prata AB, Wiltbank MC,
Sartori R. Follicular dynamics, circulating progesterone, and fertility in Holstein cows
synchronized with reused intravaginal progesterone implants that were sanitized by autoclave
or chemical disinfection. J Dairy Sci 2018; 101:3554-3567.

23.  Kirby CJ, Smith MF, Keisler DH, Lucy MC. Follicular function in lactating dairy
cows treated with sustained-release bovine somatotropin. J Dairy Sci 1997; 80:273-285.

24.  Perry G, Smith M, Geary T. Ability of intravaginal progesterone inserts and
melengestrol acetate to induce estrous cycles in postpartum beef cows. J Anim Sci 2004;
82:695-704.

25.  Bolt DJ, Rollins R. Development and application of a radioimmunoassay for bovine
follicle-stimulating hormone. J Anim Sci 1983; 56:146-154.

26.  Bolt DJ, Scott V, Kiracofe GH. Plasma LH and FSH after estradiol, norgestomet and
Gn-RH treatment in ovariectomized beef heifers. Anim Reprod Sci 1990; 23:263-271.

27.  Adams GP, Matteri RL, Kastelic JP, Ko JCH, Ginther OJ. Association between surges
of follicle-stimulating hormone and the emergence of follicular waves in heifers.
Reproduction 1992; 94:177-188.

28.  Ginther OJ, Bergfelt DR, Kulick LJ, Kot K. Selection of the dominant follicle in
cattle: establishment of follicle deviation in less than 8 hours through depression of FSH
concentrations. Theriogenology 1999; 52:1079-1093.

29.  Sugiura T, Akiyoshi S, Inoue F, Yanagawa Y, Moriyoshi M, Tajima M, Katagiri S.
Relationship between bovine endometrial thickness and plasma progesterone and estradiol
concentrations in natural and induced estrus. J Reprod Develop 2018; 64:135-143.

30.  Kimmins S, MacLaren LA. Oestrous cycle and pregnancy effects on the distribution of
oestrogen and progesterone receptors in bovine endometrium. Placenta 2001; 22:742-748.



43

31. Killam AP, Rosenfeld CR, Battaglia FC, Makowski EL, Meschia G. Effect of
estrogens on the uterine blood flow of oophorectomized ewes. Am J Obstet Gynecol 1973;
115:1045-1052.

32.  Rosenfeld CR, Cox BE, Roy T, Magness RR. Nitric oxide contributes to estrogen-
induced vasodilation of the ovine uterine circulation. J Clin Invest 1996; 98:2158-2166.

33. Schams D, Hofer F, Schallenberger E, Hartl M, Karg H. Pattern of luteinizing
hormone (LH) and follicle stimulating hormone (FSH) in bovine blood plasma after injection
of a synthetic gonadotropin-releasing hormone (Gn-RH). Theriogenology 1974; 1:137-151.

34.  Atkins JA, Busch DC, Bader JF, Keisler DH, Patterson DJ, Lucy MC, Smith MF.
Gonadotropin-releasing hormone-induced ovulation and luteinizing hormone release in beef
heifers: Effect of day of the cycle. J Anim Sci 2008; 86:83-93.

35.  Armengol-Gelonch R, Mallo JM, Ponte D, Jimenez A, Valenza A, Souza AH. Impact
of phase of the estrous cycle and season on LH surge profile and fertility in dairy cows treated
with different GnRH analogs (gonadorelin vs. buserelin). Theriogenology 2017; 91:121-126.

36.  Reeves JJ, Arimura A, Schally AV. Changes in pituitary responsiveness to luteinizing
hormone-releasing hormone (LH-RH) in anestrous ewes pretreated with estradiol benzoate.
Biol Reprod 1971; 4:88-92.

37. Keye WR, Jaffe RB. Strength-duration characteristics of estrogen effects on
gonadotropin response to gonadotropin-releasing hormone in women .1. Effects of varying
duration of estradiol administration. J Clin Endocrinol Metab 1975; 41:1003-1008.

38. Young JR, Jaffe RB. Strength-duration characteristics of estrogen effects on
gonadotropin response to gonadotropin-releasing hormone in women. Il. Effects of varying
concentrations of estradiol. J Clin Endocrinol Metab 1976; 42:432-442.

39. Wise ME, Nieman D, Stewart J, Nett TM. Effect of number of receptors for
gonadotropin-releasing hormone on the release of luteinizing-hormone. Biol Reprod 1984;
31:1007-1013.

40. Gregg DW, Nett TM. Direct effects of estradiol-17-beta on the number of
gonadotropin-releasing hormone receptors in the ovine pituitary. Biol Reprod 1989; 40:288-
293.

41.  Schoenemann HM, Humphrey WD, Crowder ME, Nett TM, Reeves JJ. Pituitary
luteinizing-hormone-releasing hormone receptors in ovariectomized cows after challenge with
ovarian-steroids. Biol Reprod 1985; 32:574-583.

42.  Bauerdantoin AC, Weiss J, Jameson JL. Roles of estrogen, progesterone, and
gonadotropin-releasing-hormone (GnRH) in the control of pituitary GnRH receptor gene-
expression at the time of the preovulatory gonadotropin surges. Endocrinology 1995;
136:1014-1019.

43.  Laws SC, Beggs MJ, Webster JC, Miller WL. Inhibin increases and progesterone
decreases receptors for gonadotropin-releasing hormone in ovine pituitary culture.
Endocrinology 1990; 127:373-380.

44.  Wu JC, Sealfon SC, Miller WL. Gonadal-hormones and gonadotropin-releasing-
hormone (GnRH) alter messenger-ribonucleic-acid levels for GnRH receptors in sheep.
Endocrinology 1994; 134:1846-1850.

45.  Goodman RL, Karsch FJ. Pulsatile secretion of luteinizing-hormone - differential
suppression by ovarian-steroids. Endocrinology 1980; 107:1286-1290.



44

46.  Turzillo AM, Clapper JA, Moss GE, Nett TM. Regulation of ovine GnRH receptor
gene expression by progesterone and oestradiol. J Reprod Fertil 1998; 113:251-256.

47.  Moss GE, Crowder ME, Nett TM. GnRH-receptor interaction .VI. Effect of
progesterone and estradiol on hypophyseal receptors for GnRH, and serum and hypophyseal
concentrations of gonadotropins in ovariectomized ewes. Biol Reprod 1981; 25:938-944.

48.  Nett TM, Cermak D, Braden T, Manns J, Niswender G. Pituitary receptors for GnRH
and estradiol, and pituitary content of gonadotropins in beef-cows .I. Changes during the
estrous-cycle. Domest Anim Endocrinol 1987; 4:123-132.

49.  Farnworth PG. Gonadotropin-secretion revisited. How many ways can FSH leave a
gonadotroph? J Endocrinol 1995; 145:387-395.



45

ACKNOWLEDGMENTS

The first author (Jessica C. L. Motta) was supported by scholarships from S&o Paulo
Research Foundation, Brazil (FAPESP; # 2017/16701-9, # 2018/09266-7, and Thematic #
2018/03798-7). The co-authors were supported by scholarships from the National Council for
Scientific and Technological Development (CNPqg) or from Coordination for the
Improvement of Higher Education Personnel (CAPES), both from Brazil. The author would
like to thank the students Rafael Domingues Reis and Victor Gomez Leon for helping with

laboratory analyses.



