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ABSTRACT

REGULATION AND ROLE OF ANTI-MULLERIAN HORMONE IN BOVINE
REPRODUCTION

By
Danielle Marie Scheetz
The hypothesis that size of the ovarian reserve (total number of healthy oocytes/follicle
in ovaries) is positively associated fertility has never been directly tested because it
requires histological procedures to count follicles and large numbers of individuals to
reliably assess fertility. Anti-Miillerian hormone (AMH) is produced in granulosal cells,
and AMH concentrations are positively associated with number of healthy follicles. Thus,
AMH may be a diagnostic marker to evaluate size of the ovarian reserve. However, the
role of AMH in females and the factors that regulate AMH production are poorly
understood. Results of present studies in cattle showed that: AMH concentrations are
static during estrous cycles of individuals; a single AMH measurement is predictive of
serum AMH concentrations during estrous cycles, ovary size and number of follicles;
pregnant mothers with high somatic cell counts in milk have daughters with low AMH
concentrations; low doses of FSH increase capacity of bovine granulosal cells to produce
AMH while higher doses decrease AMH production and promote luteinization of
granulosal cells; FSH action is diminished in cattle with low follicle numbers; and AMH
inhibits FSH action in granulosal cells from cattle with high versus a low number of
follicles. Results support the conclusions that a single AMH measurement is a reliable
marker for the relative size of the ovarian reserve, and granulosal cells from cattle with
low follicle numbers and correspondingly a diminished ovarian reserve and chronically

high circulating FSH concentrations may be refractory to FSH and AMH action.
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INTRODUCTION

It is a long held hypothesis in reproductive biology that the inherently high
variation in total number of morphologically healthy follicles and oocytes in ovaries of
mammals is correlated with fertility [2-4, 6, 7, 20-26]. However, this idea has never been
directly tested primarily because tedious histological procedures are required to count
number of follicles and oocytes in ovaries and large numbers of individuals are required
to reliably assess fertility. Therefore, simpler diagnostic procedures are needed to
determine number of follicles and oocytes in ovaries. Such procedures could be used to
develop new breeding schemes to select for reproductively superior farm animals, to
assess impact of environmental factors such as nutrition, disease and stress on number of
healthy follicles and oocytes, and to monitor alterations in number of high-quality
oocytes remaining in ovaries of women to assist with family planning. Moreover, the
factors that cause the high variation in follicle and oocyte numbers in ovaries of
individuals have yet to be identified, and the mechanisms whereby the variation in
number of follicles and oocytes per se may negatively impact fertility are unknown.

Previous research demonstrating that number of follicles in ovaries of single-
ovulating species like cattle and women may be associated with fertility [2-4, 6, 7, 21-26]
can be criticized because most follicle number measurements were taken at a single-
point-in-time, at unknown stages of follicular waves, and fertility was assessed indirectly.

Therefore, our laboratory utilized the well characterized bovine dominant follicle model



[27, 28] to determine: i) the extent of the variation in number of follicles growing during
ovarian follicular waves of estrous cycles, and ii) if the variation in number of follicles
growing during waves was associated with alterations in ovarian function and fertility in
cattle.

The ovaries of young adult cattle contain ~ 18,000 to 32,000 morphologically
healthy primordial follicles [3, 11]. A primordial follicle is an immature oocyte arrested
in meiosis I surrounded by a single squamous layer of pregranulosal cells [29]. While
mechanisms are unclear, initiation of follicular growth or recruitment occurs as the layer
of granulosal cells surrounding each immature oocyte of a primordial follicle
hypertrophies thus forming a primary follicle. As groups of unknown sizes of “recruited”
primary follicles continue growth, they form secondary or preantral follicles. Each
preantral follicle is comprised of a growing oocyte surrounded by two or more layers of
granulosal cells [29]. Henceforth, preantral follicles depend on secretion of the pituitary
hormone, follicle stimulating hormone (FSH), to mature into antral follicles. Antral
follicles contain fluid filled cavities rich in hormones, cytokines and growth factors [30-
36].

Growth and development of antral follicles occur in two or three distinct “wave-
like” patterns during the 21-day bovine estrous cycle [27, 37-41]. Each follicular wave
coincides with a transient rise in serum FSH concentrations in cattle and growth of
dozens of very small (~ 0.5 mm in diameter) antral follicles [42]. Once antral follicles
reach ~ 3 mm in diameter their growth can be monitored accurately by serial ovarian
ultrasonography. Emergence is defined by ultrasonography as the first day of the estrous

cycle a new growing follicle > 4 mm in diameter is observed [28]. Emergence of



follicular waves typically begin on Days 2 and 11 of estrous cycles for cattle with two
follicular waves and on Days 2, 9, and 16 for cattle with three follicular waves [see
Figure 1; 43, 44]. Thus, each follicular wave is 7 to 10 days in length during the bovine
estrous cycle.

About two days after emergence, a single follicle becomes the largest growing
follicle of the wave [usually ~ 8 mm in diameter; 28, 45] while all other smaller follicles
undergo atresia (follicle death). Hereafter, the largest growing follicle of a wave is
referred to as a dominant follicle [37, 46] while all other smaller growing antral follicles
destined to become atretic are referred to as subordinate follicles [43, 44, 46, 47].

The process whereby a single growing follicle (post recruitment) becomes
dominant while all other growing follicles undergo atresia is referred to as selection [28].
After selection ends during a follicular wave in cattle, the dominant follicle continues to
grow from ~8 mm to ~ 15 to 20 mm in diameter then it either ovulates or undergoes
atresia [28]. Dominant follicles ovulate if they develop during the follicular phase or
undergo atresia if they develop during the luteal phase of the estrous cycle [48-51]. Once
the dominant follicle ovulates or undergoes atresia, a new follicular wave begins. Thus,
follicular waves, which begin shortly after birth, are recurrent throughout the
reproductive lifespan of cattle [28].

The dominant follicle is not only distinguishable from subordinate follicles by its
size, but also by the proportion of hormones in follicular fluid (FF). Estradiol
concentrations are higher than progesterone in FF of estrogen-active dominant follicles
[17,49-51]. In contrast, estrogen-inactive subordinate follicles and atretic dominant

follicles have higher progesterone than estradiol concentrations in FF [17, 49-51].



Figure 1. Model depicting dominant follicle development and alterations in
circulating concentrations of FSH, LH and progesterone during estrous cycles of
cattle with consistently low versus a high number of antral follicles growing during
follicular waves.

Model depicts dominant follicle development during estrous cycles in cattle with
arelatively low (open bars or black lines, < 15 follicles > 3 mm in diameter) versus high

(gray bars or lines, > 25 follicles) number of follicles growing during ovarian follicular

waves (hereafter referred to as antral follicle count, AFC). Solid circles (®) represent the
dominant follicle for each wave and open circles (©O) represent subordinate follicles.

Dashed circles ( * #) represent atretic follicles. Arrows indicate times of ovulation for
each animal. The model illustrates that despite the high variation in AFC during
follicular waves among cattle, peak number of follicles growing during each follicular
wave (*) is highly repeatable within individuals. Thus, cattle can be phenotyped reliably
based on AFC. Model in top panel is based on studies by [9, 10]. The lower panel
illustrates that circulating FSH and LH concentrations are chronically higher while
progesterone is lower during estrous cycles of cattle with a low versus high AFC [Based

on data from 9, 10, 13, 14, 15-18].
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To determine the extent of the variation in number of antral follicles growing
during follicular waves in cattle, our laboratory performed twice daily ovarian
ultrasonography throughout two consecutive estrous cycles to determine peak number of
growing follicles > 3 mm in diameter during each follicular wave (hereafter referred to as
antral follicle count, AFC). As depicted in Figure 1, results show that AFC is highly
variable among cattle of similar ages but very highly repeatable within individuals [9,
10]. For example, AFC can be consistently as low as 8 during each follicular wave of the
estrous cycle in one animal but as high as 56 in another animal [9]. Because AFC is
highly variable among cattle but very highly repeatable (0.85 to 0.95) within individuals,
cattle can be phenotyped reliably based on AFC.

To determine if the variation in AFC was associated with alterations in ovarian
function, cattle were classified into arbitrary groups based on AFC as follows: low (<15
follicles > 3 mm in diameter), intermediate (16 to 24 follicles) or high [> 25 follicles; 9,
10]. Results show that the dynamics of dominant follicle development (e.g., emergence,
length of dominance, size of dominant follicle), size of the corpus luteum (CL), and
circulating estradiol concentrations during the estrous cycle are similar between cattle
with low versus a high AFC. Thus, the high variation in AFC among cattle does not
impact dominant follicle or CL size, or serum estradiol concentrations. However, as
shown in Figure 1, cattle with low versus a high AFC have chronically higher serum FSH
and LH, but much lower progesterone concentrations during estrous cycles [9, 10, 13]. In
addition, cattle with low versus a high AFC have smaller ovaries, markedly reduced total
number of morphologically healthy follicles and oocytes in ovaries, reduced

responsiveness to superovulation, and decreased number of transferable embryos [data



not shown; 9, 10-13]. Surprisingly, the aforementioned traits in young adult cattle with
low versus a high AFC are phenotypic characteristics usually associated with ovarian
aging and infertility in old compared with younger cattle [1-8] and women [21, 52-63].
Thus, these findings support the overall hypothesis that variation in number of follicles
and oocytes in ovaries is positively associated with fertility. However, direct studies to
determine if fertility is suboptimal in young adult cattle with low versus a high AFC have
not been completed, primarily because very large numbers of animals are needed to
conduct statistically valid fertility trials [64]. For example, 1360 total or 660 animals per
group would be needed to determine if a 10% difference in fertility exists between cattle
with a low versus high AFC with 95% confidence.

Serial ovarian ultrasonography can be used to accurately determine AFC and thus
phenotype cattle based on follicle numbers (Figure 1). However, this procedure is too
time-consuming to routinely use to accurately phenotype cattle for a fertility trial,
especially because it would involve handling each animal daily for several weeks to
count number of follicles growing during the multiple follicular waves of an estrous cycle
[9, 10]. In addition, although concentrations of FSH, LH, and progesterone differ
between cattle with a low versus high AFC [9, 10, 12, 13, 65], as shown in Figure 1, daily
blood sampling for at least a week during the same stage of an estrous cycle would be
necessary to accurately determine differences in hormonal patterns for each animal.
Consequently, a much simpler diagnostic method than determination of AFC is needed to
phenotype cattle based on follicle numbers in ovaries.

Anti-Miillerian hormone (AMH), a member of transforming growth factor-beta

(TGF-) superfamily, is primarily produced by small growing follicles in the ovary, and



serum AMH concentrations are positively associated with number of healthy growing

follicles in mice and number of antral follicles in humans [19, 63, 66, 67]. In addition,

AMH concentrations remain relatively static during menstrual cycles in women [68, 69],

but decrease during aging in mice and women [67, 70, 71]. Thus, serum AMH

concentrations may be a marker not only for number of healthy growing follicles in

ovaries, but also fertility in individuals. However, the relationship between the inherently

high variation in follicle numbers and AMH concentrations in young adult cattle of

similar ages has not been examined. Moreover, little is known about the regulation and

role of AMH during reproductive cycles. Therefore, the bovine dominant follicle model

was used in my thesis research to address the following questions:

1.

2.

Do AMH concentrations change during the bovine estrous cycle?

Are AMH concentrations correlated with AFC and do AMH
concentrations differ between animals with low versus a high number of
follicles?

Is a single serum AMH measurement predictive of AMH concentrations
during the estrous cycle, number of antral follicles, and ovary size in
cattle?

Is the variation in somatic cell count of dams correlated with AMH
concentration in their female offspring?

Does follicle-stimulating hormone (FSH), which regulates follicular
development and estradiol production, also regulate AMH production in

granulosal cells?



. Is FSH-induced AMH production and FSH action in granulosal cells
similar for cattle with high versus a low number of antral follicles?
. Does AMH alter FSH-induced estradiol and progesterone production in

granulosal cells from cattle with high versus a low number of follicles?



CHAPTER 1

A. Do AMH concentrations change during the bovine estrous cycle?

Introduction

Anti-Miillerian hormone (AMH) is primarily produced by healthy growing
preantral and antral follicles in the ovary [19]. Serum AMH concentrations are positively
associated with number of primordial and growing follicles in mice [67] and number of
antral follicles in humans [19, 52, 63, 66]. However, the day-to-day fluctuations in AMH
concentrations are minor during estrous cycles of mice [67]; and, even though antral
follicles grow in multiple “waves” during menstrual cycles of women [72, 73], serum
AMH concentrations remain static in women [19, 68]. These findings support the
possibility that number of healthy growing preantral and small antral follicles may be
relatively constant in individuals during each day of their estrous or menstrual cycle, as
previously reported by others for women [53, 56, 74-76] and cattle [3]. Therefore, AMH
concentrations are hypothesized to remain static during the bovine estrous cycle despite
occurrence of multiple waves of growth of antral follicles [28]. To test this hypothesis,
the objective of the present study was to determine whether daily AMH concentrations

were altered during the bovine estrous cycle.
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Methods and Materials

Animals and Blood Collection

Cattle used in experiments were located at the Lyons Research Farm, University
College Dublin, Ireland. All experiments were performed in compliance with protocols
approved by the Animal Research Ethics Subcommittee, University College Dublin, the
Cruelty to Animal Act (Ireland, 1876) or the European Union Directive 86/609/EC. Beef

heifers (18.9 + 0.6 months of age; n = 16 animals) were synchronized with prostaglandin
F34 (PG) injections and the ovaries were subjected to daily ultrasonography to monitor

follicular development and determine day of ovulation. Jugular blood samples were
taken at 11:00 AM via venipuncture at 24-hour intervals beginning on Day 6 of the
estrous cycle and continuing until 1 day post ovulation (Day 2 of estrous cycle). Blood
samples that corresponded with ovulatory follicular waves (6 to 8 days preceding

ovulation through the day of ovulation) were analyzed for serum AMH concentrations.

AMH assay

The commercially available human MIS/AMH ELISA kit (DSL-10-14400,
Beckman Coulter, Inc.) was used to measure serum AMH concentrations in cattle per kit
instructions [11]. The two-site AMH assay does not cross react with other members of
the TGF-P superfamily including TGF-, bone morphogenetic protein-4 (BMP-4), or
activin [67]. Because AMH concentrations are relatively low in cattle in comparison
with humans [69], the only modification to the assay was to measure duplicate 40 ul
rather than 20 pl volumes of serum during assays. To validate use of the commercially

available human MIS/AMH ELISA kit (DSL-10-14400, Beckman Coulter, Inc.) with
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bovine serum, parallelism of different doses of the following sources of bovine sera or
follicular fluid with the AMH standard curve were evaluated: ovariectomized Holstein
cows (n = 4 animals), beef steers (castrated bulls, n = 2), old Holstein cows (6.8, 10 years
old, n = 2), beef heifers with a low (n = 1) or high (n = 1) antral follicle count during
follicular waves, fetal calf serum, and a pool of bovine follicular fluid obtained from
small antral follicles (< S mm in diameter). The inter- and intra-assay coefficients of

variation were <16% [n = 10 assays; 11].

Statistical analysis
All statistical analyses were performed using Statistical Analysis System (SAS
9.1 Institute, Cary, NC). Results were analyzed by linear regression analysis (P < 0.05)

[77).

Results

Validation of the human AMH kit to measure AMH concentrations in the

bovine

AMH concentrations in the different volumes of bovine sera from nulliparous
young adults, fetuses, and follicular fluids were parallel with the AMH standard curve
(Figure 2). In addition, AMH was undetectable in sera from castrated male and female
cattle, and older cows (6.8 and 10 years of age). These findings, coupled with previous

validations of the AMH assay for humans [78, 79], confirmed that the commercial human
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Figure 2: Parallelism of bovine sera and follicular fluid with the human AMH
standard curve.

Anti-Miillerian hormone concentrations were determined in different volumes of
bovine sera or follicular fluid using the commercial human MIS/AMH ELISA Assay Kit.
Std, AMH standard curve; High, animal 8—-190 with a high AFC during follicle waves
(>25 follicles); Low, animal 3—350 with a low (< 15 follicles) AFC during follicle waves;
bFF, bovine follicular fluid, pooled sample obtained from small (> 5 mm in diameter) |
antral follicles; FBS, fetal bovine serum; Steers, castrated bulls (n = 2 animals); Ovex,
ovariectomized cows (n = 4 animals); Old cows, sera from 6.8- and 10-year-old dairy
cows. Note: AMH levels were undetectable in sera from all steers, ovariectomized cows,

and old cows
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Figure 2
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MIS/AMH ELISA could be used reliably to measure AMH concentrations in serum of

cattle [11].

Alterations in serum AMH concentrations during different days of estrous

cycle

Serum AMH concentrations from 8 days prior to ovulation to the day of ovulation
remained unchanged (P > 0.72) during the ovulatory follicular wave (Figure 3). In
addition, examination of the alterations in AMH concentrations in individuals (Figure 4)
demonstrated that the relatively large standard errors at each time point depicted in
Figure 3 resulted primarily from the high variation in AMH concentrations among
animals rather than within individuals. Nevertheless, linear regression analysis indicated
that 3 of 16 individual animals had a significant (P < 0.05) albeit minor increase or

decrease in AMH concentrations during the 8-day interval before ovulation (Figure 4).

Discussion

The most significant finding of this study demonstrated that serum AMH concentrations
are highly variable among nulliparous young adult cattle, but remain relatively static in
individuals during the last 6 to 8 days of their estrous cycles [11]. These results support
previous findings demonstrating that daily AMH concentrations are relatively unchanged
during reproductive cycles in mice [67], women [19, 63, 66, 68] and older Holstein dairy
cows [80]. In contrast, although AMH concentrations are slightly lower during the luteal

compared with the follicular phase of the menstrual cycle in women, overall alterations in
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Figure 3. Mean concentrations of circulating AMH during ovulatory follicular
waves in cattle.

Prostaglandin F,, (PG) was used to synchronize estrus, and ovarian

ultrasonography was used to map follicular development and determine day of ovulation
(Day 0). Blood samples were taken daily at 11:00 AM beginning on Day 6 of the estrous
cycle and ending 1 day after ovulation. Serum samples that corresponded with ovulatory
follicular waves (obtained 6-8 days preceding ovulation through the day of ovulation)
were analyzed for AMH concentrations. Data for each animal were aligned relative to
day of ovulation. Results of linear regression analysis (P > 0.72) indicated there were no
day to day alterations in AMH concentrations. Each point represents the mean + standard

error for 16 animals.
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0.30 |
024

£

S 0.18 |
£
T 012

< 0.06

0.00

I + 1L 4+ 1L ] 4+ 4L

8.7 65432440

Days before ovulation

17



Figure 4. Circulating AMH concentrations in individual animals during ovulatory
follicular waves in cattle.
Blood samples were obtained as explained in the legend for Figure 3. Each panel

represents AMH concentrations for 4 individual animals aligned relative to the day of
ovulation. Lines in each figure were generated by linear regression analysis and * at the

end of the line denotes significance at P < 0.05.
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serum AMH during the cycle in this study were minimal [81].

The precise reason serum AMH concentrations are static during reproductive
cycles of women and cattle, despite “waves” of growth of antral follicles, is unknown.
Nevertheless, unlike numbers of /arge antral follicles (> 3 mm), which vary greatly
during follicular waves [9, 72, 73], other studies report that total number of growing
preantral and smaller antral follicles remains relatively constant in cattle until 7-9 years
of age [3, 74] and in women until 3540 years of age [56, 75, 76]. This finding implies
that as preantral and antral follicles in the growing pool become atretic, they are rapidly
replaced by a similar number of healthy growing follicles. As already mentioned, AMH
is primarily produced by granulosal cells of healthy growing preantral and small antral
follicles in mice [67, 82-84], and number of these types of follicles remain relatively
constant during reproductive cycles [3, 56, 74-76]. Consequently, a relatively constant
numbser of healthy growing preantral and small antral follicles during each day of the
reproductive cycle would likely explain why daily AMH concentrations also remain
static during reproductive cycles of individual cattle despite follicular waves, as observed
in the present study.

Analysis of alterations in daily AMH concentrations during the ovulatory wave in
individual cattle showed that one animal (Figure 4, Panel A, solid squares) had an AMH
value 4 days before ovulation that was much lower than her other AMH values. In
addition, results of ovarian ultrasonography showed a corresponding decline in number of
small (3-5 mm) growing follicles from 24 to 14. The reason for an occasional transient
alteration in AMH concentration in individuals is unknown, but may potentially be

explained by unexpected fluctuations in number of growing follicles, as already
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mentioned, and (or) a transient suppression in AMH production, perhaps as a result of
environmental factors such as acute stress or abrupt changes in diet or temperature. For
example, heat stress reduces estradiol secretion [85, 86], prolongs follicular dominance,
delays ovulation, and results in development of a greater number of relatively large
follicles, but a reduction in number of smaller antral follicles in cattle [87, 88], which
could also result in a decrease in AMH production. While it has yet to be determined if
environmental changes can affect AMH production in cattle, serum AMH concentrations
are reduced as follicle numbers decline during aging in humans [63, 70, 71] and mice
[67]. Thus, environmental factors that reduce follicle numbers could also reduce AMH
concentrations in cattle.

In summary, serum AMH concentrations are highly variable among nulliparous
young adult beef heifers, but remain relatively constant in individuals during the last 6 to
8 days of their estrous cycle [11]. These results support the conclusion that, like women
[19, 63, 66, 68], mice [67] and older dairy cows [80], AMH concentrations are static
during estrous cycles of young adult beef heifers. In addition, these findings, coupled
with histological observations that number of preantral and antral follicles remain
relatively constant in women [56, 75, 76] and cattle [3, 74] during most of their
reproductive lifespan, strongly support the possibility that size of the growing pool of
preantral and small antral follicles remains relatively constant during reproductive cycles

in cattle.
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CHAPTER 2
B. Are AMH concentrations correlated with AFC and do AMH concentrations

differ between cattle with low, intermediate or a high AFC?

Introduction

Circulating AMH concentrations are static during reproductive cycles of women
[68, 69], mice [67], and cattle [11, 80, Figure 3, Chapter 1], but positively associated with
the high variation in total number of healthy follicles and oocytes in the ovaries of mice
[67] and number of antral follicles in women [52, 63, 66, 69]. However, it has yet to be
determined if the high vanation in AFC in cattle [9, 10], which comprises < 1% of the
total number of morphologically healthy follicles in ovaries [11], are positively
associated with the high variation in AMH concentrations among cattle (as shown in
Figure 4, Chapter 1). Based on previous results in women [72, 73] an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>