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Preface

Fertility plays a vital role in the profitability of dairy herds as it contributes to increased
production and shorter calving intervals [13]. Over the past few decades, researchers have
extensively documented reproductive inefficiencies in lactating dairy cattle; however, in recent
years, the decline in fertility has become particularly alarming [45, 62]. Therefore, it has been
recognized that high milk production is responsible for causing or at least being connected to
the decrease in reproductive efficiency [78]. For example, conception rate was lower,
pregnancy loss and twinning rate were higher for lactating cows compared to heifers [45, 61,
63, 65]. A reasonable explanation for the connection between milk production and fertility is
the increased metabolism of ovarian steroid hormones as milk production increases [78]. The
previous study demonstrated that the high-yielding cows need an elevated feed consumption
to meet the high energy requirement, leading to increasing liver blood flow that, in turn,

increases the clearance of both estradiol (E2) and progesterone (P4) in the circulation [64].

The two periods: (1) between luteolysis and estrus (or ovulation) and (2) early luteal phase
may be essential to understand reduced fertility from the point of view of ovarian steroid
hormones. The length from luteolysis to estrus or ovulation has been reported to be connected
positively with preovulatory E> concentrations, which are necessary for uterine programming,
early embryo development, and postovulatory P4 concentrations, supporting the establishment
of pregnancy [9, 12, 53]. In the postovulatory period, P4 is crucial in establishing and
maintaining pregnancy [20]. Increased postovulatory P4 concentrations advance post-hatching
expansion and elongation of conceptuses through the changes in endometrial gene expression,
leading to changes in the composition of the histotroph [71]. The alterations of these steroid
hormones have also been recognized in repeat breeder (RB) cows, although RB cows may not
necessarily be high producers [29]. The reported alterations in the RB cows include a late
postovulatory rise [4, 37, 68] and subsequent low concentrations of P4 [4, 25, 37, 41]. The
alterations also include decreased concentrations of E; before and after ovulation on the day of
estrus [10]. These alterations have been linked to causes of early embryonic loss, including
premature termination of the corpus luteum (CL) [51] and asynchrony between the uterus and

embryonic development during the early luteal phase [22].

The alterations in the ovarian steroid hormone profile in high-yielding and RB cows could
be amplified. They may become detectable in the endometrium as a growth factor and cytokine
expression alteration since ovarian steroid hormones primarily regulate the timing and levels

of expression of these local factors [10, 58]. Among growth factors and cytokines, epidermal



growth factor (EGF) seems to be one of the most critical regulatory components of uterine
function and embryonic development [10, 58]. Estrogen stimulates EGF production in the
mouse uterus [14, 18, 26] and human oviducts [1]. Drastic adverse effects on the inner cell
mass [75], placenta formation, and viability of offspring [70, 75] have been reported in EGF
receptor knockout mice. Epidermal growth factor replaces estrogen in the stimulation of uterine
and vaginal growth and induction of lactoferrin (a major estrogen-inducible secretory protein)
in mice [54] and a nidatory estrogen surge that initiates blastocyst attachment to the
endometrium in rats [27]. The presence of EGF and its receptor in the endometrium have been
reported in many farm species, including cattle [32, 38, 56], sheep [23, 24], goats [74] and pigs
[36]. Further, EGF increases endometrial production of prostaglandin (PG) E; and the
PGE»/PGFyq ratio in pigs [80] and rats [5]. These effects of EGF on endometrial PG production
should enhance CL function in the cattle [2, 69]. Therefore, an altered endometrial EGF action

may cause uterine dysfunction, which causes early embryonic loss in dairy cattle.

In fertile cows, the endometrial EGF concentrations peak twice, on days 2 - 4 and 13 - 14,
with lesser concentrations of EGF around day 7 (day 0 = estrus) [33]. The decrease or loss of
the peak has been linked to reduced fertility in RB cows and high-yielding cows [29, 30, 33,
55]. Conception rate in embryo recipient cows with the normal EGF concentrations on day 3
(4.70 - 13.50 ng/g tissue weight) [33] was higher than that of recipient cows with a low EGF
concentration (< 4.70 ng/g tissue weight) (76.9% vs. 33.3%, respectively). By using treatments
with exogenous hormones [34], seminal proteins [3], and osteopontin [39], the peak EGF
concentration and, more importantly, fertility was restored in RB cows. Therefore, the
relationship between the endometrial EGF profile and fertility in dairy cattle has been well
demonstrated. Several risk factors for altering endometrial EGF profile have been reported in
dairy cows. High level of milk production [55], elevated body temperature on the day of estrus
[35], and elevated levels of endometrial leptin receptors [55] have been reported to increase the
risk of EGF abnormality in dairy cows. However, the exact mechanism causing the loss of EGF

peaks remains undefined.

As mentioned above, the synthesis of endometrial EGF is primarily regulated by E> and
P4 in dairy cattle [10, 14, 58]. In addition, low P4 concentration in the early luteal phase has
been demonstrated to cause global changes in the endometrial transcriptome [20]. Therefore, I
hypothesized that an alteration of E; and/or P4 in one of the critical periods from luteolysis to
estrus or ovulation (Chapter 1) and in the early luteal phase (Chapter 2) may induce the loss or

decrease of EGF peak concentrations and reduced fertility. In Chapter 1, I examined the effects



of the timing of luteolysis by administration of prostaglandin F2, (PGF24) in relation to the
stage of follicular development on the profile of steroid hormones (E> and P4) during the
preovulatory period and EGF concentrations on day 3 (i.e., EGF profile) of the following
estrous cycle (day 0 = estrus). Cows were treated with PGF», either on days 12 to 14 (selection
phase group) or on days 16 to 17 of the estrous cycle (control group). Then, endometrial tissues
were collected by biopsy on day 3 for EGF assays. In Chapter 2, I examined the effects of
differing P4 concentrations in the early luteal phase on the endometrial EGF concentration in
the late luteal phase at the time of the second EGF peak and on day 3 of the following estrous
cycle. Cows were either induced high P4 concentrations during the early luteal phase by
receiving an intravaginal P4 device from day 5 to day 9 (day 0 = estrus) or low P4 concentrations
during the early luteal phase by receiving PGF», treatments on days 3, 3.5 and 4. Endometrial
EGF concentrations were determined on day 14 of the cycle, and cows were allowed to show

natural estrus. The endometrial tissue was obtained again on day 3 of the estrous cycle.



Chapter 1
Effects of prostaglandin F2, treatment at follicular wave emergence on
endometrial epidermal growth factor concentration on day 3 of the following

estrous cycle and fertility in dairy cows

Introduction

Endometrial epidermal growth factor (EGF) concentration on day 3 of the estrous cycle
has been shown as an indicator of endometrial function and fertility in dairy cattle [29, 32]. In
normal cows, endometrial EGF concentration exhibits a cyclic change with two peaks on days
2 -4 and 13 - 14 (day 0 = estrus) during the estrous cycle [31, 32]. The decrease or
disappearance of the peak has been associated with reduced fertility in RB (repeat breeder) and
high-yielding cows [29, 33, 55]. Conception rates were higher in embryo recipient cows with
normal EGF concentrations on day 3 (4.7 - 13.5 ng/g tissue weight) [33] than in those with low
EGF concentrations (< 4.70 ng/g tissue weight) (76.9% vs. 33.3%, respectively). Treatments
with exogenous hormones [34], seminal proteins [3], and osteopontin [39] restored the peak of
EGF concentrations and, more importantly, fertility in RB cows. This clearly demonstrates the
association between endometrial EGF profile and fertility in dairy cattle. Furthermore, several
risk factors for endometrial EGF profile alteration in dairy cows have been reported, including
high level of milk production [55], elevated body temperature on the day of estrus [35], and
elevated levels of endometrial leptin receptors [55]. However, the exact mechanism causing

the loss of EGF peaks remains undefined.

The causes of reduced fertility in RB and high-yielding cows probably include
environmental, management, and animal factors [43, 77]. Examples of animal factors are
changes in ovarian steroid hormone concentrations: a slow increase in levels and low peak
levels of estradiol (E2) and progesterone (P4), and the resulting alterations in growth factors
and cytokines in the uterus [29, 44, 77]. High-yielding cows have lower concentrations of
ovarian steroid hormones during the circulation than nonlactating dairy cows and heifers [64].
Greater feed intake increases liver blood flow, thus clearance of E; and P4 from the circulation
[76, 78]. Although RB cows may not necessarily be high producers, they exhibit similar
alterations in ovarian steroid hormone concentrations to those observed in high-yielding cows

[29].



These changes in the ovarian steroid hormone environment during the periovulatory
period may cause a decrease in or loss of EGF peak levels in lactating dairy cows because EGF

synthesis is mainly regulated by E» and P4 in the endometrium [10, 14, 58].

Among the physiological changes reported in high-yielding cows [77], premature
luteolysis [51], prolonged interluteal intervals [62], and delayed ovulation [40] extend the low
P4 period before estrus (i.e., a rise in E;). Furthermore, the Ex rise itself may be smaller in cows
exhibiting these changes [44]. Therefore, this chapter examined the effects of the timing of
luteolysis by administration of prostaglandin Fa, (PGF2) in relation to the stage of follicular
development on the profile of steroid hormones (E2 and P4) during the preovulatory period and

EGF concentrations on day 3 (i.e., EGF profile) of the following estrous cycle.

Materials and Methods
Animals and eligibility for enrollment

All animal experiments were conducted from 2019 to 2021 in accordance with the Guide
for the Care and Use of Laboratory Animals in Hokkaido University, Japan (experimental
protocol #16-0071 and #19-0030). This chapter used 200 lactating Holstein cows that were
housed in 14 commercial farms in Hokkaido, Japan. All cows were multiparous between two
and six in parity and between 60 and 140 days postpartum at recruitment to the study. The cows
were examined for health conditions, estrous cycle regularity, and subclinical inflammation of
the uterus by cytology and oviductal patency, as previously described [3]. On day 3, they were
examined for EGF concentration in the endometrial tissue obtained by biopsy. Cows without

any abnormality in these examinations were used in this chapter.

Biopsy of the endometrial tissues

Uterine endometrial tissues were obtained using a biopsy instrument (3050100, Fujihira
Industry, Tokyo, Japan) under caudal epidural anesthesia with 3 mL of 2% lidocaine (2%
xylocaine, AstraZeneca, Osaka, Japan), as previously described [33]. Two pieces of uterine
endometrial tissues from the intercaruncle region (25 - 50 mg) were obtained from the middle
of three sections in the uterine horns, which were equally divided along the longitudinal axis.
The caruncle region was distinguished from the intercaruncle region as fluffy cut surface due

to its abundant blood vessels. If the biopsy sample contained a caruncle region, it was dissected



out, and the rest of the tissue was used [32, 39]. All tissue samples were obtained from the
uterine horns on the contralateral side to corpus luteum (CL). Tissues were immediately frozen

in liquid nitrogen and stored at -30°C for the EGF assay.

Measurement of EGF concentrations and judgment of the EGF profile

Uterine endometrial tissue samples were processed as previously described [28, 33] with
a modification of changing the acetic acid concentration (01021-70, Kanto Chemical Co., Inc.,
Tokyo, Japan) for extraction solution from 1 to 0.1 M. The EGF concentrations in uterine
endometrial tissue extracts were assessed using double-antibody sandwich enzyme
immunoassay (EIA) with 96-well microtiter plates (Costar 3590, Corning, NY, USA) [33]. An
anti-human EGF mouse monoclonal antibody (MAB636, R & D Systems, Inc., Minneapolis,
MN, USA) was used as the solid-phase antibody and antihuman EGF rabbit antiserum (5022-
100, Biogenesis, Poole, UK) for detection with a peroxidase-conjugated anti-rabbit IgG goat
antibody (270335, Seikagaku, Tokyo, Japan). Neither of these antibodies exhibited significant
cross-reactivity with other cytokines tested by the manufacturers. The assay system was
verified using increasing concentrations of recombinant bovine EGF [3]. Linear regression
analysis of recombinant bovine EGF concentrations and assay results gave y = 0.96x + 0.39, r
= 0.97 [3]. The sensitivity of the assay was 10 pg/well. Intra- and interassay coefficient of
variation (CV) were 5.8% and 6.3%, respectively.

Endometrial EGF concentrations were determined on day 3, and the EGF profile was

considered normal when the EGF concentration was > 4.70 ng/g tissue weight [31, 33].

Blood sampling and measurement of plasma E; and P4 concentrations

Blood was collected daily from the day of PGF2,, treatment to ovulation. Blood sampling
was conducted by puncture of the coccygeal vessels using ethylenediaminetetraacetric
(EDTA)-loaded vacuum tubes (Venoject Il EDTA, TERUMO, Tokyo, Japan, VJ-CA052L007)
and placed on ice for about 30 min before separating the plasma via centrifugation at 4,500 x

g for 15 min. Plasma samples were stored at -30°C until assayed.

Plasma E, and P4 concentrations were determined using competitive double-antibody
enzyme immunoassay, as previously described [79]. The primary antisera used for assay of E»

and P4 were anti-estradiol-17B-6-carboxymethiloxime-bovine serum albumin (CMO-BSA)



(FKA204; Cosmo Bio, Tokyo, Japan) and anti-progesterone-3-CMO-BSA (KZ-HS-P13;
Cosmo Bio), respectively. The antiserum against E; cross-reacted with estrone (3.2%), estriol
(1.7%), estrone sulfate (8.0%), and estradiol-17f (0.8%). In contrast, the antiserum against P4
cross-reacted with Sa-dihydroxyprogesterone (12.6%), 1la-hydroxyprogesterone (5.3%),
20o-hydroxyprogesterone (0.2%), and pregnenolone (2.0%). Goat anti-rabbit serum (111-005-
003; Jackson ImmunoResearch Laboratories, West Grove, PA, USA) was used as the secondary
antibody. The intra- and interassay CV were 3.5% and 12.7% for E> and 4.4% and 6.9% for P4,

respectively.

Determination of luteolysis, estrus, and ovulation

Cows were examined for the ovarian morphology by ultrasonography using an ultrasound
machine (HS-2100V, Honda Electronics, Aichi, Japan) attached to a linear transducer (5-10
MHz, HLV-475M, Honda Electronics). Corpus luteum regression was determined when the
cows with plasma P4 concentrations > 1.0 ng/mL at the time of PGF2, treatment exhibited P4
concentrations < 1.0 ng/mL 48 h later [25]. Estrus was detected using an automated activity
monitor (day 0 = estrus). True estrus alert was confirmed if the cow had at least one dominant
follicle (> 15 mm in diameter) and an absence of CL (> 20 mm) either 7:00 - 8:00 or 19:00 by
ultrasonography [26]. Animals confirmed to be in estrus were then monitored for ovulation by
ultrasonography twice a day (7:00 - 8:00 and 19:00) for a maximum of six examinations (~72
h after the first examination) in study 1-1, whereas ovulation was confirmed by transrectal
palpation every 24 h after Al (artificial insemination) in study 1-2. Ovulation was defined as
the disappearance of a large follicle, followed by observation of a CL on the same approximate
topographical location on the ovary. The time of ovulation was determined as the median time
between the two ultrasound examinations (study 1-1) and transrectal palpations (study 1-2)

wherein the ovulatory follicle disappeared.

Study design
Study 1-1
A total of 44 Holstein cows were randomly assigned to one of the following groups (Fig.

1-1): selection phase group, consisting of 20 cows treated with PGF2, (dinoprost tromethamine

25 mg im, Pronalgon F, Zoetis Japan, Tokyo, Japan) on days 12 - 14 of the estrous cycle when



growing follicles first reached a diameter of 4 mm, and control group, consisting of 24 cows
treated with PGF», on days 16 - 17. Cows were monitored for ovulation by ultrasonography
twice a day after detection of estrus. Blood samples were collected immediately before PGF2,
treatment, 24 and 48 h after treatment, at estrus, and at the time of confirmation of ovulation to
determine plasma E> and P4 concentrations. The cows were examined for EGF concentrations

on day 3 of the estrous cycle after the PGF», treatment.

Study 1-2

A total of 76 and 80 Holstein cows were treated with 25 mg of PGF2, on day 12 (selection
phase group) and day 16 (control group) of the estrous cycle, respectively (Fig. 1-2). All cows
were subjected to Al at estrus (day 0) with frozen-thawed semen. The cows were subjected to
a second Al if they failed to ovulate by 24 h after the first Al. Ovulation was monitored by
transrectal palpation every 24 h starting from the time of the first Al until day 3 (at biopsy for
EGF assay) and with an additional examination on day 12. A total of 20 randomly selected
cows in each group were examined for plasma E; and P4 concentrations at PGF», treatment, at
estrus, and on days 3 and 7. Cows, in whom ovulation was confirmed by day 3, were examined
for endometrial EGF concentration on day 3 to determine the EGF profile. Cows were

diagnosed for pregnancy by ultrasonography between 30 and 35 days after the last Al

Data analysis

Endometrial EGF concentrations between the groups were compared using Student’s ¢-
test. Changes in E> and P4 concentrations were compared by analysis of variance with repeated
measures. The proportion of cows showing different EGF profiles and the conception rate were
compared using Fisher’s exact test. P values less than 0.05 were considered different in all
analyses. Data were expressed as mean = SD in the text and tables and as means + SEM in the

figures. Data were analyzed using JMP Pro 17.0 (SAS Institute Inc., Tokyo, Japan).



Results
Study 1-1

The day of the follicular selection phase was 13.0 = 0.8 days (days 12 - 14) after estrus in
the selection phase group (Table 1-1). The intervals from PGF»,, treatment to estrus and from
PGF, treatment to ovulation in this group were longer by about 48 h than those in the control
group (P < 0.05). In contrast, the interval between estrus and ovulation in the selection phase

group was longer by about 6 h than that in the control group.

Progesterone concentrations before and up to 48 h after PGF», treatment were similar in
both groups (P > 0.05) (Fig. 1-3). No cows exhibited P4 concentration below 1.0 ng/mL at
PGFy, treatment. All cows exhibited complete luteolysis within 2 days after PGF2,, treatment
based on the progressive decrease in P4 concentrations after treatment. Progesterone
concentrations before PGF2 treatment were at the same levels (control: 4.61 + 1.46 ng/mL;
selection phase group: 5.03 + 1.48 ng/mL, P > 0.05). Furthermore, on the day of estrus and
ovulation, P4 concentrations were at the basal levels in both groups. On the day of estrus,
estradiol concentrations were higher in the control group than in the selection phase group
(12.34 + 3.71 vs. 825 £ 2.71 pg/mL, P < 0.05). No differences were observed in E;
concentrations between the two groups on other days (P > 0.05) (Fig. 1-3).

Endometrial EGF concentrations on day 3 of all cows (P = 0.07) showing both normal and
altered EGF profiles (endometrial EGF concentrations lower than the lower limit of the normal
range of 4.70 ng/g tissue weight) (P < 0.05) in the selection phase group were lower than those
of cows in the control group (Table 1-2). As a result, the proportion of cows with normal EGF
profile in the selection phase group (55.0%) was lower than that in the control group (79.2%)
(P < 0.05). No significant difference was observed in the interval from estrus to ovulation

between cows with normal and altered EGF profiles (Table 1-1).

Study 1-2

Of the 80 cows (88.8%) in the control group, 71 ovulated by 24 h after the first Al, and
seven out of the remaining 9 cows ovulated in the next 24 h (Table 1-3). In contrast, 58 out of
76 cows (76.3%) in the selection phase group ovulated by 24 h after the first Al, and 11 out of
the remaining 18 cows ovulated in the next 24 h. The proportion of cows that ovulated within

24 h after the first Al in the selection phase group was lower than that in the control group (P



< 0.05). All cows that had failed to ovulate by 24 h after the second Al in both groups did not

ovulate by day 12, and a large (>1.5 cm) follicle and no CL was observed on the same day.

All cows in whom the P4 concentration was examined ovulated by 24 h after the first AL
No cows exhibited P4 concentrations below 1.0 ng/mL at PGFz, treatment. Progesterone
concentrations at PGFyq treatment, at estrus, and on days 3 and 7 were at the same levels in
both the control and selection phase groups (Fig. 1-4). Contrarily, E> concentrations on the day
of estrus tended to be lower in the selection phase group than in the control group (15.61 +3.51
vs. 10.84 £4.62 pg/mL; P = 0.08) (Fig. 1-4). Estradiol concentrations on the other days were
similar in the two groups (Fig. 1-4) (P > 0.05).

The EGF concentration in the selection phase group was lower than that in the control
group (P < 0.05) (Table 1-3). As a result, the proportion of cows with EGF concentrations
within the normal range on day 3 (i.e., the EGF profile) was lower in the selection phase group
than in the control group (P < 0.01). Furthermore, the EGF concentrations of cows that had
ovulated within 24 h after the first AI were compared, which were lower in the selection phase

group than in the control group (P < 0.05).

The conception rate of cows that had ovulated within 24 h after the first Al (41.4%) and
all cows (36.8%) was lower in the selection phase group than in the control group (57.7% and

55.0%, respectively) (P < 0.05) (Table 1-3).
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Discussion

This chapter examined the effect of PGF2, administration at the selection phase of
follicular development on endometrial EGF concentration on day 3 of the following estrous
cycle through changes in steroid hormone concentrations. Cows were treated with PGF2, on
the day when growing follicles first reached a diameter of 4 mm (between days 12 and 14) to
extend the preovulatory period with low P4 concentrations (selection phase group), whereas
cows were treated with PGF», on days 16 to 17 in the control group. The selection phase group
had lower endometrial EGF concentration on day 3, resulting in a lower proportion of cows
with normal EGF profile in the following estrous cycle. Furthermore, the conception rate was
lower in the selection phase group than in the control group. These results validate the
hypothesis that the timing of PGF2, administration in relation to the stage of follicular wave
can affect the profile of steroid hormones (E> and P4) during the preovulatory period.
Consequently, this can potentially lead to an alteration of the endometrial EGF profile during

the estrous cycle in cows.

The following three scenarios are known to prolong the follicular phase, and all have been
associated with reduced fertility in dairy cows. First, clearance of circulating ovarian steroid
hormone increases due to an increase in blood flow to the liver [64, 76] in association with
increased dry matter intake to sustain high levels of lactation in high-yielding cows. As a result,
an increase in plasma E; concentration slows down, and the peak level of E, decreases [64, 66].
These changes in E cause a delay of LH surge and ovulation, thus prolonging the preovulatory
period after CL regression. Although RB cows are not necessarily high producers, they exhibit
the same changes in the circulating E; observed in high-yielding cows [29]. They also show a

delay of preovulatory E; rise, lower E> peak [78], and delay of LH surge and ovulation [40].

Second, stress and lipopolysaccharide (LPS) have been associated with prolonged
preovulatory period and anovulation in cows [67]. They both suppress the hypothalamus—
pituitary—gonad axis and suppress ovulatory signals (i.e., GnRH and LH surge) [6, 59]. The
uterus with inflammation caused by infection with gram-negative bacteria (e.g., Escherichia
coli) [46], mastitis [15], and rumen with reduced pH [60] are typical source of LPS in modern
dairy cows. Lipopolysaccharide also suppresses circulating E, levels by inhibiting its

production in the follicle [47].

Lastly, PGF2, treatment in cows in whom estrus was overlooked or cows that failed to

become pregnant after Al could cause the same condition as the selection phase group, because
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cows were often treated with PGF2, without paying attention to the stage of follicular wave.
This could be an iatrogenic cause of reduced fertility and may have occurred often in breeding

management on a typical dairy farm.

The mechanism by which the prolonged preovulatory period lowers the peak EGF
concentration on day 3 may be explained by the reduced sensitization effect before the increase
of E> at estrus. Epidermal growth factor expression in the uterus is mainly regulated by P4
sensitization and E; stimulus [10, 58]. The effect of P4 sensitization may be weakened by
extending the period from CL regression to estrus. The prolonged low P4 environment also
affects the capacity of preovulatory follicles to secrete E> [66]. This is consistent with the
results of E> concentrations in this chapter. Although the frequency of E> measurements in this
study may be insufficient to determine the peak timing or peak concentrations, the results of
E> concentrations may indicate reduced estrogenic action in the selection phase group at estrus.
The decrease in both P4 sensitization and E» stimulus may reduce the EGF concentration in the

endometrium.

As regards sensitization by P4, the P4 concentration in the previous cycle may affect the
EGF profile. The duration of low P4 concentration between luteolysis and estrus (or ovulation)
were different between the two groups in studies 1-1 and 1-2. However, no difference was
observed in P4 concentrations at PGF2, treatment between the two groups; thus, the level of P4
in the late luteal phase may not have direct and/or significant impact on the EGF profile in the
following estrous cycle. However, it is interesting to examine the effect of P4 concentration in
the early luteal phase on EGF expression in the following cycle because low P4 concentration
in this phase caused global changes in the endometrial transcriptome [21]. The endometrium
that had been exposed to different levels of P4 in the early luteal phase may respond differently

to the preovulatory Ez in EGF expression in the following cycle.

Reduction of fertility in the selection phase group occurred due to multiple factors, with
decreased EGF concentration on day 3 being one of them. The low EGF on day 3 has been
associated with reduced fertility mainly due to an increase in the early embryonic loss [33].
The prolonged low P4 environment during the development and selection of dominant follicles
may reduce fertility by impairing the oocyte quality and function of CL formed following
ovulation. However, the latter may not be critical on fertility because the P4 concentrations
during the following estrous cycle (days 3 and 7 in study 1-2) were not different between the

selection phase and control groups. The effect on the oocyte developmental competence may

12



be compromised [17], but the impact on fertility through the detrimental effect of oocyte quality

still needs to be investigated.

This chapter demonstrated the association of prolonged low P4 environment during the
development of preovulatory follicles or before estrus with the EGF profile of the following
estrous cycle and fertility. The selection phase group exhibited about 48 h longer periods in
both PGF», treatment to estrus and ovulation than the control group. The period from estrus to
ovulation in the selection phase group was 6 h longer than the control group. However, the
extent to which prolonged low P4 environment affects the EGF profile and fertility still needs
to be investigated. Understanding the exact stage of follicle development or the follicle size at
PGFy, treatment, which affects the EGF concentration in the following cycle, is important

information for improving the reproductive management of dairy herds.

In Chapter 1, I showed that the prolonged duration between CL regression and estrus (or
ovulation) leading to changes in E; concentrations at estrus and the duration of low P4 levels is
one of the potential causes by which the EGF concentrations in the following estrous cycle
decrease and reduce fertility in modern dairy cows. It is noteworthy that this condition may be
caused by PGFz, treatment to induce estrus, if treatment was given at the follicular selection

phase.
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Tables and Figures
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Table 1-1. Interval from PGF, treatment to estrus and ovulation in cows that were treated with PGF», on days 16 to 17 of the estrous cycle (control

group) and on the day of the follicular selection phase at the diestrus stage (selection phase group).

Interval from Interval from Interval from estrus to ovulation (h)

roup . :
treatment (n) treatment to  treatment to Cows with Cows with Total
estrus (h) ovulation (h) normal EGF altered EGF
Control 16 (21) 16.1+03* 769+154* 110.2+17.7° 33.5+7.0 324+49 33.3+6.5°
(24) 17 (3)
Selection 12 (6) 13.0+£0.8°> 124.4+19.4°> 163.9+21.8° 40.3+94 38.5+8.1 39.5+8.7°
phase* 13 (9)
(20) 14 (5)

* PGF,q was given between days 12 and 14 of the estrous cycle when developing follicles reached 4 mm.

abValues with different letters within the same column differ significantly (P < 0.05).

Values are presented as means + SDs.



Table 1-2. Endometrial EGF concentrations on day 3 of the estrous cycle in cows received
PGFy, treatment on days 16 to 17 of the previous estrous cycle and on the day of the follicular

selection phase at the diestrus stage.

No. (%) of cows showing EGF concentrations
EGF profil
Group GF profile indicated profile (ng/g tissue weight)
Normal 19 (79.2)* 6.18 +0.852
Control Altered 5(20.8)? 2.96 £ 1.20°
Subtotal 24 (100) 551+1.61~
Normal 11 (55.0)° 6.03 £ 0.99°
Selection phase* Altered 9 (45.0)° 3.55+1.01°
Subtotal 20 (100) 4.80 +1.608
Normal 30 (68.2) 6.10 £0.90
Total Altered 14 (31.8) 3.23+0.99
Subtotal 44 (100) 5.18+1.63

* PGF2, was given between days 12 and 14 of the estrous cycle when developing follicles

reached 4 mm.

3 Values with different letters within the same EGF profiles between different groups differ
significantly (P < 0.05).

AB Values with different letters between subtotals of the different groups tended to be different
(P=0.07).

EGF concentrations are presented as means + SDs.

EGF profile was determined by the endometrial EGF concentration on day 3. EGF
concentration of between 4.7 and 13.5 ng/g tissue weight (normal range) was considered to be

normal [31, 33].
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Table 1-3. Comparison of the effect of PGF», treatments on day 12 of the estrous cycle (control group) vs. day 16 of the estrous cycle (selection

phase group) on the ovulation rate, EGF profile on day 3 of the following estrous cycle and conception rate in lactating Holstein cows.

No. (%) of cows ovulated in Proportion of cows with the ~ EGF concentrations

3 0
Group indicated period* normal EGF profile (%) (ng/g tissue weight) Conception (%)
<24 h after Al 71 (88.8)° 56/71 (78.9) 6.41 £0.75% 41/71 (57.7)
Control 24h after Al < 7 (8.8) 4/7 (57.1) 531+1.30 3/7 (42.9)
No ovulation 2 (2.5) - - 0/2 (0)
Subtotal 80 (100) 60/78 (76.9)* 6.31+1.18 44/80 (55.0)*
<24 h after Al 58 (76.3)° 33/58 (56.9) 5.92 +1.08° 24/58 (41.4)°
Sﬁ;ﬁ;ggn 24h after Al < 11 (14.5) 4/11 (36.4) 4274120 4/11 (36.4)
No ovulation 7(9.2) - - 0/7 (0)
Subtotal 76 (100) 37/69 (53.6)8 5.66 +0.92° 28/76 (36.8)°
<24 h after Al 129 (82.7) 89/129 (69.0) 6.19 +0.68 65/129 (50.4)
Total 24h after Al < 18 (11.5) 8/18 (44.4) 4.67+0.67 7/18 (38.9)
No ovulation 9(5.8) - - 0/9 (0)
Subtotal 156 (100) 97/147 (66.0) 6.00 £ 0.58 72/156 (46.2)

* Time after the first Al

abValues with different letters between the same category of different groups differ (P < 0.05).

AB Values with different letters between different groups differ (P < 0.01).
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EGF concentrations are presented as means + SDs.

EGF profile was determined by the endometrial EGF concentration on day 3. EGF concentration of between 4.7 and 13.5 ng/g tissue weight

(normal range) was considered to be normal [31, 33].
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Fig. 1-1. Diagram of experimental procedures in study 1-1.
Cows used for the study after screening by one of veterinarian in the study group. Cows were assigned into one of the two groups. In the control
group, PGF2, was given on day 16 (n = 21) or day 17 (n =3) of the estrous cycle (estrus = day 0), while cows in the selection phase group were
received PGF,q treatment on the day growing follicles first reached 4 mm in diameter (day 12, day 13 and day 14, n =6, n =9 and n = 5;
respectively) that was determined by daily transrectal ultrasonography, starting from day 10. Blood sampling for plasma E> and P4 assays was
conducted at PGF» treatment, 2 consecutive days after PGF»,, treatment, estrus and the confirmation of ovulation. The endometrial tissues were

obtained by biopsy on day 3 and EGF concentrations were examined. PGF2, = treatment with 25 mg of prostaglandin F24; USG = Ultrasonography.
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Fig. 1-2. Diagram of experimental procedures in study 1-2.

Cows used for the study after screening by one of veterinarian in the study group. Cows were assigned into one of the two groups. In the control

group, PGF2, was given on day 16 of the estrous cycle (n = 80; estrus = day 0), while cows in the selection phase group (n = 76) were received

PGF2, treatment on day 12 of the estrous cycle. All cows were subjected to Al at estrus. Cows were subjected to Al for the second time if they

failed to ovulate by 24 h after the first AI. Ovulation was monitored by transrectal palpation at every 24 h starting from the time of the first Al until

day 3 (at biopsy for EGF assay) and with an additional examination on day 12. Randomly selected 20 cows in each group were examined for

plasma E> and P4 concentrations at PGF», treatment, estrus, on day 3 and day 7. Cows, in which ovulation was confirmed by day 3, were determined
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the endometrial EGF concentration on day 3 to determine the EGF profile. Cows were diagnosed for pregnancy by ultrasonography between 30

and 35 days after the last Al. PGF2, = treatment with 25 mg of prostaglandin Fa.
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Fig. 1-3. Plasma E; and P4 concentrations at PGF»,, treatments and on the next 2 consecutive
days, at estrus, and at confirmation of ovulation in study 1-1. Cows were treated with PGF2,
on day 16 or day 17 of the estrous cycle in the control group (open bar ) and on the day of
the follicular selection phase (days 12 to 14) in the selection phase group (closed bar ). There
were no differences in the circulating P4 concentrations at all time points between two groups
(P > 0.05). (*) Estradiol concentration was lower in the selection phase group compared to the

control group on the day of estrus (P < 0.05), while there were no differences on the other days

(P> 0.05).
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Fig. 1-4. Plasma E> and P4 concentrations at PGF, treatment, at estrus, on day 3 and day 7 of

the estrous cycle in study 1-2.

Cows were treated with PGF24 on day 16 of the estrous cycle in the control group (open bar
) and on the day of the follicular selection phase (day 12) in the selection phase group (closed
bar W). There were no differences in the circulating P4 concentrations at all time points between
two groups (P > 0.05). (#) Estradiol concentration on the day of estrus tended to be lower in
the selection phase group compared to the control group (P = 0.08), while there were no

differences on the other days (P > 0.05).
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Summary

Inadequate exposure to E> and P4 may be the main cause of altered endometrial epidermal
growth factor profile, leading to reduced fertility in dairy cows. I hypothesized that PGF2
administration at different timings of the estrous cycle and stages of follicular development
could change the profile of steroid hormones between luteolysis and estrus. This results in
reduction in the peak concentration of endometrial EGF on day 3 (day 0 = estrus) in the

following estrous cycle.

In study 1-1, lactating Holstein cows were treated with PGF», either on days 12 - 14
(selection phase group, n = 20) or on days 16 - 17 (control group, n = 24) of the estrous cycle.
Blood samples were obtained before PGF»q treatment, 24 and 48 h after treatment, and on the
day of estrus and ovulation for E> and P4 assays. Endometrial tissues were collected by biopsy
on day 3 for EGF assays. The duration from PGF»,, treatment to both estrus and ovulation was
longer in the selection phase group than in the control group (P < 0.05). The time between
estrus and ovulation was longer in the selection phase group (P < 0.05). Estradiol
concentrations were higher in the control group on the day of estrus (P < 0.05). Progesterone
concentrations were not different between the groups. Endometrial EGF concentrations were

lower in the selection phase group than in the control group (P < 0.05).

In study 1-2, lactating Holstein cows were treated with PGF2,, either on day 12 (selection
phase group, n = 76) or day 16 (control group, n = 80). They were subjected to artificial
insemination (Al) at estrus, and those that failed to ovulate by 24 h after the first Al were
subjected to second Al. On day 3, endometrial EGF concentration was determined. At estrus
and on days 3 and 7, blood was collected for E> and P4 assay from 20 randomly selected cows
in each group before PGF»,, treatment. The cows in the selection phase group exhibited lower
EGF concentration, proportion of cows with normal EGF profile, and conception rate than
cows in the control group (P < 0.05). On the day of estrus, E> concentrations tended to be lower
in the selection phase group than in the control group (P = 0.08). Progesterone concentrations
were not different between the groups; however the duration of low P4 between luteolysis and
estrus (or ovulation) was longer in Selection phase group compared to Control group. These
findings suggest that low E> concentrations at estrus and low P4 concentrations for a prolonged
period due to premature termination of CL in the absence of a dominant follicle are potential

causes of altered endometrial EGF profile in dairy cows.
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Chapter 2
Effects of progesterone concentration during the early luteal phase on the endometrial

epidermal growth factor concentrations in dairy cows

Introduction

An increase of progesterone (Ps) concentration after artificial insemination (AI) showed
positive correlations to the conceptus survival and establishment of pregnancy in dairy cows
[49, 50, 52]. While, low P4 concentrations on day 5 post-ovulation [42, 68] or a delay in the
normal rise in P4 between days 4 and 5 post-ovulation have been associated with reduced
fertility [42, 72]. One of the underlying mechanisms for the impact of P4 on fertility is that low
or suboptimal concentrations delay establishment of uterine receptivity to implantation [19].
The same authors described the advanced endometrial gene expression, particularly genes
associated with energy sources or contributors to histotroph, which may contribute to advanced

conceptus development on days 13 and 16 in pregnant and cyclic cattle under elevated P4 [20].

In normal cows, the endometrial epidermal growth factor (EGF) concentrations shows a
cyclic change with two peaks on days 2 - 4 and 13 - 14 (day 0 = estrus) during the estrous cycle
[31, 32]. The decrease or disappearance of the peaks has been linked to reduced fertility in
repeat breeder (RB) cows and high-yielding cows [29, 33, 55]. Lactating dairy cows typically
show delayed increases in P4 in the early luteal phase and lower concentrations of estradiol (E»)
at estrus [78]. Therefore, it may cause a decrease or loss of the EGF peak levels in lactating
dairy cows since the synthesis of EGF is primarily regulated by E> and P4 in the endometrium

[10, 14, 58].

In Chapter 1, I demonstrated that the prolonged low P4 period between corpus luteum (CL)
regression and estrus (or ovulation) induced by prostaglandin F2o (PGF2.) treatment at the time
of follicular wave or before selection of dominant follicle reduced EGF peak concentrations on
day 3 of the following estrous cycle and reduced fertility in dairy cows. However, the effect of
a delayed increase and low P4 concentrations during the early luteal phase remained to be
examined. The objective of the present chapter was to evaluate the effect of P4 concentrations
during the early luteal phase on the endometrial EGF concentrations on the following estrous

cycle.
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Materials and Methods
Animals and eligibility for enrollment

All animal experiments were performed from 2019 to 2023, in accordance with the
Guidelines for Care and Use of the Experimental Animal Protocol of Hokkaido University,
Japan (Experimental protocol #16-0071 and #19-0030). Lactating Holstein cows from
commercial farms located in Hokkaido province, Japan were used in the study. Cows were
examined for health conditions, regularity of the estrous cycle, subclinical inflammation of the
uterus by cytology and oviductal patency as described previously [3]. Cows without any

abnormality in these examinations were used in this chapter.

Biopsy of the endometrial tissues

Uterine endometrial tissues were obtained using a biopsy instrument (3050100, Fujihira
Industry, Tokyo, Japan) under caudal epidural anesthesia with 3 mL of 2% lidocaine (2%
xylocaine, AstraZeneca, Osaka, Japan), as described previously [33]. Two pieces of uterine
endometrial tissues from the intercaruncle region (25 - 50 mg) were obtained from the middle
of three sections in the uterine horns, which were equally divided along the longitudinal axis.
The caruncle region was distinguished from the intercaruncle region as fluffy cut surface due
to rich blood vessels. If the biopsy sample contained caruncle region, it was dissected out and
the rest of the tissue was used [32, 39]. All tissue samples were obtained from the uterine horns

on the contralateral side to CL. Tissues were immediately frozen in liquid nitrogen and stored

below -30°C for the EGF assay.

Measurement of EGF concentrations and judgement of the EGF profile

Uterine endometrial tissue samples were processed as previously described [28, 33] with a
modification of changing the concentration of acetic acid (01021-70, Kanto Chemical Co., Inc.,
Tokyo, Japan) for extraction solution from 1 M to 0.1 M. Epidermal growth factor
concentrations in uterine endometrial tissue extracts were assessed using double-antibody
sandwich enzyme immunoassay (EIA) with 96-well microtiter plates (Costar 3590, Corning,
NY, USA) [33]. An anti-human EGF mouse monoclonal antibody (MAB636, R & D Systems,
Inc., Minneapolis, MN, USA) was used as the solid-phase antibody and anti-human EGF rabbit

antiserum (5022-100, Biogenesis, Poole, UK) for detection with a peroxidase-conjugated anti-
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rabbit IgG goat antibody (270335, Seikagaku, Tokyo, Japan). Neither of these antibodies
showed significant cross-reactivity with other cytokines tested by the manufacturers. The assay
system was verified for bovine uterine tissue using increasing concentrations of recombinant
bovine EGF (y = 0.96x + 0.39, r = 0.97) [3]. The sensitivity of the assay was 10 pg/well. Intra-

and inter-assay coefficient of variation (CV) at 10 pg/well were 5.8 and 6.3%, respectively.

Endometrial EGF concentrations were determined on day 3, and the EGF profile was

considered normal when the EGF concentration was > 4.70 ng/g tissue weight [31, 33].

Blood sampling and measurement of plasma P4 concentrations

Blood was collected daily from the day of PGF2, treatment to ovulation. Blood sampling
was conducted by puncture of the coccygeal vessels using ethylenediaminetetraacetric
(EDTA)-loaded vacuum tubes (Venoject Il EDTA, TERUMO, Tokyo, Japan, VJ-CA052L007)
and placed on ice for about 30 min before plasma was separated by centrifugation at 4500 x g

for 15 min. Plasma samples were stored at -30°C until assayed.

Plasma Ps; concentrations were determined using competitive double-antibody enzyme
immunoassay, as described previously [79]. The primary antibody used for the P4 assay was
antiprogesterone-3-carboxymethiloxime-bovine serum albumin (CMO-BSA) (KZ-HS-P13;
Cosmo Bio, Tokyo, Japan). Goat anti-rabbit serum (111-005003; Jacson Immuno Research
Laboratories, West Grove, PA, USA) was used as the secondary antibody. The inter- and intra-
assay CV were 4.4 and 6.9%.

Study design
Study 2-1

Lactating Holstein cows were observed for estrus (day 0) and the endometrial tissue was
obtained by biopsy for EGF assay. Cows with the normal EGF profile were randomly assigned
to one of three following groups: High P4 (n = 10), Low P4 (n = 10), and Control groups (n =
10) (Fig. 2-1). Cows in High P4 group were received an intravaginal P4 releasing device (CIDR
1900, Zoetis Japan, Tokyo, Japan) on day 5 and removed on day 9. Cows in Low P4 group were
treated with three doses of PGF2, (Dinoprost tromethamine 25 mg im, Pronalgon F, Zoetis
Japan, Tokyo, Japan) on days 3, 3.5, and 4. Cows in the control group were remained untreated.
Daily blood samples were collected from days 3 to 9 for P4 assay. The endometrial tissue
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sample was obtained for EGF assay on day 14 of the cycle, and cows were allowed to show

natural estrus. The endometrial tissue was obtained again on day 3 of the estrous cycle.

Study 2-2

Thirty cows were treated same as study 2-1, but they were induced estrus with PGF», on
day 9. Cows were observed for estrus and the endometrial tissue was obtained for the second

time on day 3 (Fig. 2-1).

Data analysis

Concentrations of progesterone were analyzed by ANOVA for repeated measures. The
effects of treatment group, day and the interactions between group and day were included in
the model as independent variables. Analysis of the endometrial EGF concentrations was
performed by ANOVA using a model that included the effects of treatment and time. P < 0.05
was considered different in all analyses, and from 0.05 <P <0.10 was designated as a tendency.
Data were presented as the mean + SD in the text and tables while the mean + SEM in the
figures. Data were analyzed using the computer software JMP Pro 17.0 (SAS Institute Inc.,
Tokyo, Japan).

Results
Study 2-1

Concentrations of P4 in plasma during early luteal phase differed among treatments (High
P4 =3.28 £ 2.62 ng/mL; Low P4 = 0.71 + 0.36; Control = 1.75 + 1.43;) (P < 0.05) (Fig. 2-2).
However, no difference in P4+ concentrations on day 3 (High P4 = 0.39 + 0.10 ng/mL; Low P4
=0.38 £ 0.12; Control = 0.39 + 0.16) and day 4 (High P4 =0.44 + 0.13 ng/mL; Low P4 = 0.40
+ 0.08; Control = 0.46 + 0.14) was observed among three treatments (P > 0.05). On day 5,
insertion of CIDR (controlled internal drug release) device increased (P < 0.05) concentrations
of P4 in High P4 group that reached a plateau on day 9, whereas cows in Low P4 and Control
groups had a continuous increase in P4 concentrations. From days 5 to 9, P4 concentrations
were lesser (P < 0.05) for Low P4 group compared with Control and High P4 groups (High P4
=4.4+2.13 ng/mL; Low P4=0.8 £ 0.35; Control = 2.3 + 1.35) and were significantly different

between High P4 and Control groups (P < 0.05).
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Endometrial EGF concentrations on day 3 of the initial estrous cycle did not differ among
groups (P > 0.05), and all cows showed normal EGF profile (the endometrial EGF
concentrations higher than the lower limit of the normal range of 4.70 ng/g tissue weight)

(Table 2-1).

On day 14, endometrial EGF concentrations were greater (P < 0.05) for High P4 group
compared with Low P4 group and tended to be higher (P = 0.06) for High P4 group compared
with Control group (High P4 = 6.65 £ 0.94; Low P4 =5.17 £ 1.07; Control = 5.78 + 1.03 ng/g
tissue weight) (Table 2-1). The number of cows showed normal endometrial EGF
concentrations on day 14 was 6 out of 10 cows in the Low P4 group, compared to 9 out of 10
cows in the Control group (Table 2-1). None of the cows in the High P4 group showed a low
endometrial EGF concentration on day 14 (Table 2-1).

There was interaction between the effect of time and treatment of P4 on EGF concentrations
(P < 0.05). On day 3 of the following estrous cycle, endometrial EGF concentrations in Low
P4 group were lower than that in High P4 and Control groups (P < 0.05). There were no
differences in EGF concentrations between High P4 and Control groups (P > 0.05) (Table 2-1).
The number of cows showed abnormal EGF profile in Low P4 group on day 3 of the following
estrous cycle was 5 out of 10 cows, compared to none of 10 cows in High P4 and Control groups

(Table 2-1).

Study 2-2

All cows in three groups showed normal EGF profile on day 3 of the initial cycle (Table 2-
2). After treatment, 4 cows showed abnormal EGF profile in Low P4 group; whereas one and
none of cows showed an abnormal profile in High P4 and Control groups, respectively (Table
2-2). As aresult, the EGF concentrations were lower in Low P4 group than High P4 and Control
groups (High P4=6.65+0.94; Low P4=5.17 £+ 1.07; Control = 5.78 + 1.03 ng/g tissue weight)
(P < 0.05) (Fig. 2-4). There was no interaction in EGF concentrations between time and

treatments (P > 0.05).

Discussion

In the previous chapter, I induced the prolonged low P4 environment between CL

regression and estrus (or ovulation) by treatments of PGF2, between days 12 - 14 (day 0 =
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estrus). The results showed that lower endometrial EGF concentrations on day 3 of the
following estrous cycle, and reduced conception rate in these cows compared to the cows in
the control group. The results in this chapter demonstrated that induced low P4 concentrations
during the early luteal phase decreased the endometrial EGF concentrations on day 14 of the
initial estrous cycle and day 3 of the following estrous cycle. This can be a mechanism by
which an alteration of the EGF profile occurs in cows. In contrast, the supplementation of P4

during the early estrous cycle did not result in an increase in EGF concentrations.

Administration of PGF24 on days 3, 3.5 and 4 led to a significant reduction in circulating
P4 concentrations, due to a change in vascularization of the CL, rather than CL size per se [8,
19, 21]. On the other hand, insertion of a CIDR on day 5 (day 0 = estrus) significantly increased
circulating P4 concentrations [49], which is similar to the findings in this chapter. As a result,
cows in Low P4 group had lower P4 concentrations from days 5 to 9 compared with High P4
and Control cows. Numerous studies have connected low concentrations of P4 during post-
ovulatory period with reductions in conceptus growth and elongation [19, 21], decreased
interferon-t (IFNT) production [48], and lower pregnancy rates in cattle [50]. In contrast,
elevated concentrations of circulating P4 in the period immediately following conception have
been associated with advancement of conceptus elongation [11], increased IFNT production

[48, 50], and, in some cases, higher pregnancy rates in cattle [52, 73].

The effect of low P4 on fertility in dairy cattle occurred by multiple causes, and decreased
EGF concentrations on days 3 and/or 14 may be one of them. The low EGF on day 3 has been
linked to reduced fertility mainly due to an increase in the early embryonic loss [33]. Although
the mechanism for the influence of EGF concentrations on day 3 on embryo is unclear, it can
be explained that the failure of the increase in EGF concentrations at this stage of the estrous
cycle impairs the uterine environment, in turn, causes asynchrony between uterus and the
blastocyst, as suggested by previous studies [16, 37, 68]. In contrast, the roles of EGF on day
14 in embryonic survival and development have been suggested. Development of elongating
(days 14 - 16) bovine blastocysts seems to depend on the maternal supply that includes EGF
[38]. Moreover, the effect of EGF to increase production ratio of PGE2/PGF2, may promote
CL function [2, 69, 80].

Progesterone plays an important role for establishment and maintenance of pregnancy in
cattle, paradoxically, the loss of P4 receptors (PR) in uterine epithelia appears to be a

prerequisite for maternal recognition of pregnancy and conceptus development in early
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pregnancy [7]. By using the similar low P4 model, the authors founded that the expression of a
number of genes correlated with the down-regulation of PR was very low or no detectable on
day 7 of the estrous cycle [19]. Conversely, elevated P4 concentrations induce early down-
regulation of PR [57] and is associated with an advancement in the normal temporal changes
of the endometrial transcriptome [20]. Moreover, the synthesis of EGF is primarily regulated
by E; and P4 in the endometrium [10, 14, 58]. Therefore, it is reasonable to hypothesize that
the low P4 concentration during the early luteal phase lower the EGF concentration on day 14
and on day 3 of the following estrous cycle by the temporal changes in endometrial gene

expression.

In conclusion, the Chapter 2 demonstrated that the low P4 concentration during the early
luteal phase is one of the potential causes by which the EGF concentrations on day 14 of the

estrous cycle and day 3 of the following estrous cycle decrease in dairy cows.
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Table 2-1. Effects of concentrations of progesterone during the early luteal phase on endometrial EGF concentrations in dairy cows in Study 2-1.

Day 3 of the present cycle Day 14 of the present cycle Day 3 of the following cycle

1313

Group' EGF No. (%) of No. (%) of
(No. of cows) profile EGF concentrations 0- (%) O. cows EGF concentrations 0. (%) O. cows EGF concentrations
. (ng/g tissue weight) showing (ng/g tissue weight) showing (ng/g tissue weight)
& indicated profile indicated profile
‘ Normal 5.65+1.04 10 (100) 6.65+0.94 10 (100) 6.36 +0.94
High P4 Altered ; 0 (0) _ 0 (0) -
(10)
Subtotal 5.65+1.04 10 (100) 6.65 £ 0.94* 10 (100) 6.36 +£0.942
Normal 5.82+0.72 6 (60) 5.76 £0.95 5(50) 570 £1.28
Low Py Altered - 4 (40) 4.28 +0.46 5(50) 3.68+0.45
(10)
Subtotal 5.82+£0.724 10 (100) 517 +1.07° 10 (100) 4.69 + 1.408
Normal 5.81 £0.98 9 (90) 599 +£0.82 10 (100) 6.04 +£1.03
Control Altered - 1(10) 3.84 0 (0) -
(10)
Subtotal 5.81£0.98 10 (100) 5.78 £1.03Y 10 (100) 6.04 +1.032
Normal 5.76 £0.90 25(83.33) 6.20 +0.95 25 (83.33) 6.10+1.13
Total Altered - 5(16.67) 4.19 +0.45 5(16.67) 3.68 +£0.45
(30)
Subtotal 5.76 £0.90 30 (100) 5.87+1.16 30 (100) 5.70 £1.39

! High P4 = Cows were received a CIDR device on day 5 and removed on day 9; Low P4 = Cows were treated with three doses of PGF», on days

3, 3.5 and 4; Control = Cows were remained untreated (day 0 = estrus).

3 Values with different letters within the same EGF profiles between different groups differ significantly (P < 0.05).
XY Values with different letters within the same EGF profiles between different groups tended to be different (P = 0.06).
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AB Values with different letters within the same EGF profiles within the same groups differ significantly (P < 0.05).
EGF concentrations are presented as means + SDs.

EGF profile was determined by the endometrial EGF concentration on day 3. EGF concentration of between 4.7 and 13.5 ng/g tissue weight

(normal range) was considered to be normal [31, 33].



Table 2-2. Effects of concentrations of progesterone during the early luteal phase on

endometrial EGF concentrations in dairy cows in Study 2-2.

Day 3 of the present cycle

Day 3 of the following cycle

Group' EGF
0
(No. of profile EGF concentrations No. ih/z)woiflgows EGF concentrations
COWS) . . . .
(ng/g tissue weight) indicated profile (ng/g tissue weight)
‘ Normal 5.77+0.73 10 (100) 5.77 £0.74
High P4 Ajtered ; 0 (0) -
(10)
Subtotal 5.77+0.73 10 (100) 5.77+0.74%
Normal 5.76 £ 0.65 6 (60) 5.88 £0.91
LowPs  Ajtered - 4 (40) 4.04 + 0.59
(10)
Subtotal 5.76 + 0.654 10 (100) 4.88 +0.91B
Normal 5.77+£0.73 9 (90) 5.86 £ 0.68
Control  Ajtered ; 1 (10) 4.53
(10)
Subtotal 5.77+0.73 10 (100) 5.73+0.772
Normal 5.77 £ 0.68 25(83.33) 5.72 £0.68
Total Altered ; 5(16.67) 4.14 +0.55
(30)
Subtotal 5.77 £ 0.68 30 (100) 5.46 +0.88

! High P4 = Cows were received a CIDR device on day 5 and removed on day 9; Low P4 =

Cows were treated with three doses of PGF2, on days 3, 3.5 and 4; Control = Cows were

remained untreated (day 0 = estrus).

% Values with different letters within the same EGF profiles between different groups differ

significantly (P < 0.05).

AB Values with different letters within the same EGF profiles within the same groups differ

significantly (P < 0.05).

EGF concentrations are presented as means + SDs.

EGF profile was determined by the endometrial EGF concentration on day 3. EGF

concentration of between 4.7 and 13.5 ng/g tissue weight (normal range) was considered to be

normal [31, 33].
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Fig. 2-1. Timeline of the treatment sequences for studies 2-1 and 2-2.

Cows were observed for estrus (day 0) and the endometrial tissue was obtained by biopsy for EGF assay on day 3 of the estrous cycle. Cows were
assigned to High P4 (n = 10), Low P4 (n =10) and Control group (n = 10). Cows in High P4 group were received a CIDR device on day 5 and
removed on day 9; while cows in Low P4 group were treated with three doses of PGF2, on days 3, 3.5 and 4. Cows in Control group were remained

untreated. In study 2-1, daily blood samples were collected from days 3 - 9 for P4 assay. All cows were observed for natural estrus and the
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endometrial tissue sample was obtained for the second time on day 3. In Study 2-2, cows were treated same as study 2-1 but treated with PGF2,

on day 9 to induce estrus. Cows were observed for natural estrus and the endometrial tissue sample was obtained for the second time on day 3.



-@- HighP, (n=10)
- -O- LowP, (n=10) a
- Control (n=10)

Progesterone (ng/mL)

Day of the estrous cycle

Figure 2-2. Plasma P4 concentrations from days 3 - 9 in study 2-1.

Cows in High P4 group (closed circle ®) were received a CIDR device on day 5 and removed
on day 9; while cows in Low P4 group (open circle O) were treated with three doses of PGF2,
on days 3, 3.5 and 4. Cows in Control group (closed bar B) were remained untreated. The mean
concentrations of P4 from days 3 - 9 were: High P4=3.28 +2.62; Low P4=0.71 £ 0.36; Control
=1.75 £ 1.43 ng/mL) (P < 0.05). Effects of treatment (P < 0.05); time (P < 0.05), interaction

between treatment and time (P < 0.05). Errors bars represent SD.

ab indicates that within the day, P4 concentrations differed among High P4, Low P4 and Control

groups.

AB indicates that within the day, P4 concentrations lesser for Low P4 group compared to High

P4 and Control groups; but no difference between High P4 and Control groups.
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Figure 2-3. Endometrial EGF concentrations in study 2-1.

Cows in High P4 group (closed circle ®) were received a CIDR device on day 5 and removed
on day 9; while cows in Low P4 group (open circle O) were treated with three doses of PGF2,
on days 3, 3.5 and 4. Cows in Control group (closed bar M) were remained untreated.
Endometrial EGF concentrations on day 3 of the present estrous cycle did not differ among
groups (P> 0.05). On day 14, endometrial EGF concentrations were greater (P < 0.05) for High
P4 compared with Low P4 and tended to be higher (P =0.06) for High P4 compared with Control.
Concentrations of EGF on day 3 of the following estrous cycle was affected (P < 0.05) by the

interaction between time and treatment.
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Fig. 2-4. Endometrial EGF concentrations in study 2-2.

Cows in High P4 group (closed circle ®) were received a CIDR device on day 5 and removed
on day 9; while cows in Low P4 group (open circle O) were treated with three doses of PGF2,
on days 3, 3.5 and 4. Cows in Control group (closed bar M) were remained untreated.
Endometrial EGF concentrations on day 3 of the present estrous cycle did not differ among
groups (P > 0.05). On day 3 of the following estrous cycle, endometrial EGF concentrations
were lesser (P <0.05) for Low P4 compared with High P4 and Control. Treatment affected EGF
concentration in Low P4 group (P < 0.05). There was no interaction between time and

treatments (P > 0.05).
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Summary

Expression of endometrial EGF is primarily regulated by E> and P4. Low P4 concentrations
in the early luteal phase has been demonstrated as a causative factor in the low pregnancy rates
observed in dairy cows. Lower circulating concentrations of P4 in this period altered the normal
temporal changes in uterine gene expression, and these changes were associated with a reduced
capacity of the uterus to support conceptus development. However, the action of low P4
concentrations on the endometrial EGF profile are not known. Therefore, the studies in this
chapter aimed to evaluate the effects of different P4 concentrations during the early luteal phase

on EGF concentrations.

In study 2-1, lactating Holstein cows were assigned randomly to one of three treatments:
High P4 (n = 10) received an intravaginal P4 device from days 5 - 9 (day 0 = estrus); Low P4 (n
= 10) received PGF2, injections on days 3, 3.5 and 4; Control (n = 10). They were allowed to
show natural estrus. Endometrial biopsy for EGF assays was conducted on day 3 and day 14
of the estrous cycle, and day 3 of the following estrous cycle. On day 14, the number of cows
showed normal endometrial EGF concentrations was 6 out of 10 cows in Low P4 group,
compared to 9 and 10 out of 10 cows in Control group and High P4 group, respectively.
Endometrial EGF concentrations in Low P4 group were lower than that in High P4 and Control

groups (P < 0.05).

In study 2-2, cows were treated same as in study 2-1; however, all cows received PGF2,
treatment on day 9 of the estrous cycle to induce estrus. Cows were observed for estrus, and an
endometrial tissue sample was obtained on day 3 of the initial and the following estrous cycle
(day 0 = estrus). Epidermal growth factor concentrations were decreased after treatment only
in Low P4 group (P < 0.05). Four cows showed abnormal EGF concentrations in Low P4 group;
whereas one and none of cow showed abnormal EGF concentrations in Control group and High
P4 group, respectively. Reducing Ps concentrations during the early luteal phase altered

endometrial EGF concentrations.
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Summary and Conclusions

Fertility reduced significantly in the modern high-yielding cows compared with traditional
moderate-producing cows. Substantial evidence indicates that the difference in calving rate
between the two groups of cows may reflect an increased frequency of early embryonic loss
occurring before day 16 of pregnancy. A considerable proportion of early embryo loss could
be attributed to changes in ovarian steroid hormones during the two periods: (1) between
luteolysis and estrus (or ovulation) and (2) early luteal phase. Epidermal growth factor (EGF)
profile in the uterine endometrium has been identified as an indicator of endometrial function
and fertility. The loss or decrease of these peaks has been linked to reduced fertility in repeat
breeder (RB) cows and high-producing cows. Since the expression of EGF in the endometrium
is primarily regulated by estradiol (E2) and progesterone (P4), changes in circulating E; and P4
concentrations may be amplified in the endometrium as an altered EGF profile. In Chapter 1
of the present study, I examined the effect of the timing of luteolysis induced by prostaglandin
F2qa (PGF24) administration in relation to the stage of follicular development on the profile of
E> and P4 between luteolysis and ovulation and EGF concentrations on day 3 of the following
estrous cycle. In Chapter 2, I manipulated the P4 concentrations during the early luteal phase

and examined the effects of these alterations on the EGF peaks and fertility.

In Chapter 1, I examined the effects of PGF2, administration at different timings of the
estrous cycle on the profile of steroid hormones during the preovulatory period and the peak
concentration of endometrial EGF on day 3 (day 0 = estrus) in the following estrous cycle. This
chapter consists of two studies. All lactating Holstein cows were examined for health
conditions, the regularity of estrous cycle, and the uterine cytology for subclinical
inflammation and oviductal patency. Cows were also examined for the EGF concentration on
day 3. Cows without any abnormality in these examinations were used. In the first study, cows
were treated with PGF», either on the first day that follicles reached 4 mm (days 12 - 14,
selection phase group, n = 20) or on days 16 or 17 in the presence of a dominant follicle and a
corpus luteum (CL) (control group, n = 24). Endometrial tissues were collected to determine
EGF profile, which was considered normal when the EGF concentration was >4.70 ng/g tissue
weight. Endometrial EGF concentration of cows with both the normal and altered profiles was
lower in the selection phase group than that in the control group (P <0.05). Then, in the second
study, lactating Holstein cows were treated with PGF»q either on day 12 (selection phase group,
n = 76) or on day 16 (control group, n = 80) to examine the effect of treatment on fertility. All

cows were subjected to artificial insemination (Al) at estrus. The endometrial EGF profile was
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determined on day 3. The cows of the selection phase group showed lower EGF concentration,
proportion of cows with the normal EGF profile, and conception rate than those of the control

group (P <0.05).

The mechanism by which the prolonged preovulatory period lowers the peak endometrial
EGF concentration on day 3 may be explained, at least in part, by the decrease in both P4
sensitization and E; stimulus. This is consistent with the results of E> concentrations in this
chapter. Estradiol concentrations were lower in the selection phase group than the control group
on the day of estrus, while there were no differences on the other days. The duration of low P4
concentrations between luteolysis and estrus (ovulation) in Selection phase group was longer
than those in Control group. However, there was no difference in P4 concentrations at PGF2,
treatment between the two groups, so the P4 concentration in the late luteal phase may not have
a direct and/or significant impact on the EGF profile in the following estrous cycle. This chapter
demonstrated that the prolonged duration between CL regression and estrus (or ovulation)
leading to changes in E» concentrations at estrus and the duration of low P4 concentrations is
one of the potential causes by which the EGF concentrations in the estrous cycle decreased and

reduced fertility in the dairy cows.

In Chapter 2, I examined the effects of different P4 levels during the early luteal phase on
endometrial EGF concentrations. In the first study, 30 lactating Holstein cows were assigned
randomly to one of the three groups: High P4 group (n = 10) that received an intravaginal P4
device from days 5 to 9 (day 0 = estrus); Low P4 group (n = 10) that received PGF»,, treatments
on days 3, 3.5 and 4; Control group (n = 10) received no further treatment. Endometrial tissue
biopsy was conducted on day 3 and day 14 of the estrous cycle, and day 3 of the estrous cycle
naturally occurring after treatment to determine the EGF concentrations. There was no
difference in endometrial EGF concentrations at the first examination on day 3 (P> 0.05), thus
all cows were considered to have normal EGF profile. On day 14, the proportion of cows that
showed endometrial EGF concentrations lower than the lower limit of the normal range on day
14 was greater for Low P4 compared with Control (40% vs 10%; Low P4 vs. Control, 10 cows
each]. While none of cows in High P4 group showed alteration of endometrial EGF
concentration on day 14. On day 3 of the following estrous cycle, EGF concentrations in Low
P4 group were lower than those in High P4 and Control groups (P < 0.05). In the second study,
30 cows were treated as in the first study, but they were induced estrus with PGF», treatment
on day 9. Cows were observed for estrus and the endometrial EGF profile was examined for

the second time on day 3 of the following estrous cycle. Four cows showed abnormal EGF
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concentrations in Low P4 group; whereas one and none out of 10 cows showed abnormal EGF
concentrations in High P4 and Control groups, respectively. As a result, the EGF concentrations
were lower for Low P4 group than those of the High P4 and Control groups (P < 0.05). The
results suggested that low P4 concentrations during the early luteal phase impair the
endometrial EGF profile of the later stage of the same estrous cycle (i.e., day 14) and that in
the following estrous cycle (i.e., day 3) in dairy cattle.

The present study indicated that the alterations of E> and/or P4 during different timing of
estrous cycle in relation to the follicular developmental stages is one of the potential causes by
which EGF concentrations in the following estrous cycle decrease and reduce fertility in the
dairy cow. Although further study is necessary in the future, the findings of the present study
enhance our understanding of the etiology of this problem, providing more information to
select potential markers that are easy and sensitive enough to detect an alteration in the EGF
profile or a physiological change associated with the alteration of the EGF profile under field

conditions.
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Summary in Japanese

TR FENRD O ERSER T (EGE) IRER X U0 Z2 D&M, TEKED
WIZRZIRTEDIRE L s, EZBFoBKIEHI N TS, IEERZHEEZRT
A D FENEE EGE B, AERb 0 2~4 HHE X O 13~14 HH ic—#fk
DIRELAZRL, ZOE—V7REOET £7I3RE LAOHERIE, YVE—F7Y
—%— (RB) 8 XUEHWALFOZIBMETORKICKR 2 Z ERHMoNTWS, 15
WEIZB 1T %5 EGF OFHIZ, FICZA M7V A=V (E) ¢ 7vyz X570y (P) I
KoTHflignz o, ZnsDEZRAICHE L CRESNTw B B, XD
P, EDOZIZ . TENBICE T EGF BEA(LORE L LTHIES NS L £ 2
55, LIz, (1) #EEfT EF#E (X238 o, (2) Eixwo 2 5
DN, PP R T a4 FrRLE ViREOZ L ZIAE DK T 23R AT 5 1
TW5IENS, IN6DINRFILE Y DEFEDFETO EGF BERFEZNL TR
REZET S5 &) R, BB OREZ AT 2 L OREHICiE T 5, 2
ZCAME TR, BRI SR (X3P ool 6B 1 %) BXOH
IR (55 2 %) 12812 E, B KO PIREOZED, Z0B%oOFERIICET 2
[ 7 EGF IREALOBR E I E— 7 BEOE T 251 S L, ZHE2ET
I3 L OIRFE R L 72,

1 ETlR, BERWYORE84 v e TuRy 5y (PG) F,
ZEG L TERRfTEZFHE L, HERTL o E co P E, 8 XU P,IREZL L
ROFEHBNC B 5 3 HHD EGF RIS TR EZRE L7, 7T, IifY =
— 7 OEHRY (UIEAREOERSWOHT 4 mm Z#EALH) ITH 35EH 12~14
HE GEBIIRE. n=20) 7 3EEBITHICH2 16~17 HEH (WNIEHEE n=24)
DA PGF,, 25 L THG2FHKL L, LEROILT E, 8 X PIREZHRS &
EdIc, FEE® 3 HHIC = NBRIEZ 4B X D BREL T BGF B % HIE L 7,
Z OfER, Wit PGR, & 580 PRE, B X002 0B E oo PiREEIIE
MR ICER RO s ko, L L, BRI, 65 L PN co i
IER L 722 LT XD P IREEORMED R L 72 HMDIER L 72, 72, HER D E,
TR LEBIPRECIET L7z (P<0.05), F5 EGF IREEDNIEHHEFH O T REUT DA% AE
2 LI 0EIA R, MBI RN O 2N o 72 (79.6% vs. 53.6%, P
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< 0.05), F7. EHEIWEEDOF IR BED S L D b ZBRPMED > 72 (36.8% vs.
55.0%, P < 0.05), PAEDORIRE D BEHINHEC & 6 U BIFRIT D 5 3 E H %
RSN £ COMBDIER MY E, 8 X O POREHE OZLRROFHE I E T 5
T NIE EGF B2 DER TN Ic ooz &2 o,

o2 W, MR PORIEAFE LT, 2 ORI P,IREDE Y
B (FE% 13~14 HH) 8 X OXOFEEE 3 HHOFENIE EGF BEICIE
TR Z N, E9, FEIEER 5~9 HH X TENIK PAREHIZz@EET 52 & T2
DR PIREZ M S ¢ 2 E (5 P, n=10). FM#% 3 HH. 3.5 HHE &
N4 HHIC PGF,, %5 U CHEMABIT2 M3 2 L& (K P, #E. n=10). &3k
WINOLIE S TO VR OSIEE, n=10) Z3E L. KOFNE F CTo Wk I3 R
BEE L7, TRTOATREL 7O FEER 14 HHE X OROFER MO 3 HH
ICTFE NI EGF IRE A2 FANT, ZOfEH. 14 HHOFE N EGF BE X, X P,
BECIEE P BEICHIREME 2R L7z (P <0.05), Kk, & P, #0 EGF EEI1Z XD
FERM 3 HEHIZBWTHE P, B XD EGF IRE LD &1 -7 (P <
0.05), K\, [FABRICALIE L 72 3 B LCRIE% 9 HHIC PGE,, % #45. L CH1E
AL, FE® S HHO EGFBEZHN L 25, BRKBEOLA L FERICEP,
HECEGFBEMEMEZ R L7z, o OfHIE, SO PR R D FEH
D EGF MEELICEREZ JIFT I 2R LTV, £k, BAKEE X O%ER
9 HHICHBZFHR L 2H#EAE oM CHEOBEMG o s, B2
P, REEICN$ 2 A BRI O FEHNIRD)IEEDE N Z DFEKR & 72 5 T L DIRB S
ni,

AW XD | EZIBAF IS B W THRE ST % s iRRIT &S £ 3PN
. & X OBEHETH O 2 DO BT 2 IMHIER 7o A4 FALVE VIREDZE
L3 7= D EGF IRERE 20 LTRIBEZE NS5 2 LB E o7,
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